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EFFECT OF THE HEATING TEMPERATURE OF A NICKEL-CHROMIUM STEEL CHARGE MATERIAL
ON THE STABILITY OF THE FORGING PROCESS AND THE DURABILITY OF THE DIE

The study discusses the issues of low durability of dies used in the first operation of producing a valve type forging from high
nickel steel assigned for the application in motor truck engines. The analyzed process of manufacturing the exhaust valve forg-
ings is realized in the coextrusion technology, followed by forging in closed dies. This process is difficult to master, mainly due to
elevated adhesion of the charge material (high nickel steel - NCF3015) to the tool substrate as well as very high abrasive wear of
the tool, most probably caused by the dissolution of hard carbide precipitates during the charge heating. A big temperature scatter
of the charge during the heating and its short presence in the inductor prevents microstructure homogenization of the bearing roller
and dissolution of hard precipitates. In effect, this causes an increase of the forging force and the pressures in the contact, which,
in extreme cases, is the cause of the blocking of the forging already at the beginning of the process. In order to analyze this issue,
complex investigations were conducted, which included: numerical modelling, dilatometric tests and hardness measurements. The
microstructure examinations after the heating process pointed to lack of structure repeatability; the dilatometric tests determined
the phase transformations, and the FEM results enabled an analysis of the process for different charge hardness values. On the basis
of the conducted analyzes, it was found that the batch material heating process was not repeatable, because the collected samples
showed a different amount of dissolved carbides in the microstructure, which translated into different hardnesses (from over 300 HV
to 192 HV). Also, the results of numerical modeling showed that lower charge temperature translates into greater forces (by about
100 kN) and normal stresses (1000 MPa for the nominal process and 1500 MPa for a harder charge) and equivalent stresses in the
tools (respectively: 1300 MPa and over 1800 MPa), as well as abrasive wear (3000 MPa mm; 4500 MPa mm). The obtained results
determined the directions of further studies aiming at improvement of the production process and thus increase of tool durability.
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1. Introduction

The suction and exhaust valves in combustion engines
of motor trucks and tractors operate at the temperatures of
600-800°C [1]. The high pressure values inside the engine
chamber exceeding 200 MPa cause cyclic thermal and mechani-
cal pressures onto the valves, which makes the material they are
made of the key aspect [2,3]. Engine valves are usually produced
in the process of hot plastic treatment from high nickel austenitic
steels or a nickel superalloy (about 80% Ni), which character-
ize in high corrosion resistance in combustion gases, hardness
abrasion resistance at high temperatures and high temperature
creep resistance [4].

At present, in the valve production processes, the applied
technology is based on a process of forging in closed dies consist-
ing of two operations: hot extrusion of a long shank tipped with

a preliminarily formed element called “pear” and next finishing
forging of the valve head. Despite the fact that this technology is
difficult to master, it makes it possible to obtain products (forg-
ings) characterizing in better mechanical properties and surface
quality (high performance properties) [5,6].

Currently, the most frequently applied material for the pro-
duction of valves according to the second technology are nickel
alloys type Nimonic 80A [7]. In the global literature, there are a
few studies devoted to the forging of this alloy, which, however,
mainly refer to the microstructural changes taking place during
their deformation [8,9]. We can also find works discussing the
issue of tool durability [10]. Nickel alloys characterize in high
creep resistance and corrosion resistance at high temperatures,
which is conditioned by their precipitation-hardened micro-
structure [11,12]. The microstructure of these alloys consists
of a solid solution y and precipitates of phase y’ coherent with
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the matrix, which are constituted by the intermetallic phase
Ni3(ALTi,Nb) [13,14]. The high price of nickel enforces the
necessity of searching for other replacements of this steel,
hence the attempts at introducing chromium-nickel steels [15].
One of the representatives of this group of materials is steel
commercially named Nireva, known also as NCF 3015, which
nominally contains 30% nickel and 15% chromium. Alloys with
such a chemical composition in the as-delivered state consist of
an austenitic matrix and carbide precipitates distributed inside
the grains as well as on their boundaries. The presence of a chro-
mium content is a factor which contributes to the formation of
oxide layers, which translates to a high heat resistance of this
alloys. It increases with the chromium and nickel content in the
steel. A long term operation at high temperatures contributes
to the formation of complex oxide layers [16]. The literature
data points to the fact that, in alloys from the Ni-Cr-Fe system,
carbides type MC, MyC and M,3C6 mostly precipitate [17].
MC type carbides precipitate during solidification as a result of
carbon segregation. They are distributed in the form of regular
precipitates localized inside the grains. Carbides of this type are
formed by carbon mainly with titanium, niobium and molybde-
num. They are stable even at high temperatures; however, they
have a tendency for decomposition into complex carbides. M,;Cg
type carbides are formed mainly by chromium and localized on
the grain boundaries. The temperature scope of the chromium
carbide formation is determined between 550°C and 1050°C
[17], where the highest intensity of precipitation is observed in
the vicinity of 850°C. The formation of carbides on the grain
boundaries has also been observed in nickel alloys during heat-
ing to high temperatures and slow cooling [18]. M,;Cg4 carbide
obviously lowers the strength of the steel when it precipitates
along the grain boundaries [19]. On the one hand, their pres-
ence on the grain boundaries favours the increase of the creep
resistance as well as blocking of the austenite grain growth. On
the other hand, however, it significantly lowers the material’s
ductility as well as hinders the forging process by lowering the
tool durability. The formation of chromium carbides on the gain
boundaries leads also to the formation of chromium depleted
zones, which lowers their intergranular corrosion. At the same
time, the presence of carbides on the grain boundaries improves
the stress corrosion by limiting the possibility of crack propaga-
tion. Ageing of alloy NCF 3015 after supersaturation, similarly to
the case of nickel alloys, leads to precipitation of fine precipitates
which reinforce the alloy. A properly performed thermal treat-
ment aims at supersaturation conducted at 1050°C, followed by
ageing at 750°C performed for 4 hrs [20].

The biggest problem in the forging processes are very
high pressures, which translate to lowered die durability (in
extreme cases, even a dozen or so forgings) and the formation
of faulty products resulting from the difficulty in forming steel
with a high nickel content and the selection of optimal process
parameters [21,22]. We can often observe an increased adhesion
of the charge material made of chromium-nickel steel (25-35%
nickel and about 15-20% chromium) to the substrate of a tool
made of typical tool steel (e.g.: W360 or WLV) during the hot

coextrusion process [23,24]. As a result of high pressures and
temperatures, as well as a long path of friction, we observe
blocking of the extruded material in the die’s eye. Additionally,
another occurring problem is the lack of stability of the charge
material heating process. It is so because, in the case of steel
NFC3015, with a relatively low heating temperature in the last
phase (1040°C), the hard precipitates do not dissolve in the pre-
form, which results in its increased hardness. In consequence, it
causes higher forming forces and higher pressures, which lead to
premature wear and blocking of the die in the impression. And
so, in the case of steels used as the charge for the production of
valve forgings, it is also important to control and stabilize the
heating, and it is sometimes even necessary to heat the charge
for a short time in order to dissolve the hard particles.

At present, for the heating of the charge, induction heating
is applied, which ensures fast heating times correlated with the
production cycle. The charge material heating processes for the
die forging are being constantly improved and still constitute
a challenge in the scientific, technological and economical aspect
[25,26]. One of the most frequent methods of heating to a specific
temperature in die forging and extrusion processes is induction
heating, which has a big advantage over other alternative charge
heating methods [27]. The main problem to be solved during the
charge heating are undoubtedly the oxidation and decarburization
of the charge surface, which has its consequences in the quality
of the produced forging. Moreover, for economic reasons, the
production cycle has to be very short, which, in extreme cases,
prevents the possibility of total dissolution of the hard carbides.
The current technologies with the use of induction heating, in
terms of solutions for the heating system itself, are based on
devices equipped with sector inductors, with the possibility to
regulate the voltage and the travel speed in the heating section,
which makes the temperature gradient of each section changeable
[28]. The most frequent solution is dividing the heating section
of'the induction heater into three or more parts, depending on the
size of the device [29]. Currently, the most advanced technologies
enabling an even bigger universality of the induction heater, in
respect of the constant frequency inductors, is the application
of varying frequency inductors [30].

The low durability of tools made of tool steels for hot opera-
tions is the main problem in the case of forming forgings from
austenitic steels, and this currently constitutes a difficult and
still unresolved problem, which is a big challenge for scientists
from the field of materials engineering as well as technologists
of processes such as die forging. It is of key importance to select
the proper technological parameters, such as tribological condi-
tions, including lubrication, the optimal shape of the forming
tools ensuring reduced forming forces as well as minimized
residual deformations [31,32].

The relatively low durability of tools used to produce valves
is a consequence of the presence, with different frequencies,
of many destructing phenomena and mechanisms. The most
important ones include: abrasive wear, thermo-mechanical fa-
tigue, plastic deformation, fatigue cracking as well as adhesive
wear and oxidation. This, in combination with cyclic thermo-
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mechanical loads to which the forging tools are exposed, as well
as the dynamics and instability of the forging process, makes the
forging processes one of the most difficult to realize and analyze.
The key aspect is also the dissolution of the hard carbide precipi-
tates during the charge heating, which often causes premature
wear of the forging tools (dies). And so, it is justifiable to perform
advanced complex studies enabling an analysis of the destruc-
tive phenomena and mechanisms, especially investigations and
analyses of the microstructure of the charge material and the
dies. On this basis, it will be possible to undertake reparatory
and preventive measures as well as propose methods enabling
an increase of the forging tool durability [33-35]. This, in turn,
will reduce the costs per unit of the production of valve type
forgings as well as other elements manufactured in die forging
processes from high nickel austenitic steels, for which the mean
durability is much lower than for carbon steels.

2. Materials and methods

A detailed analysis was performed on dies used in I opera-
tion of hot coextrusion of a long shank ended with a preliminarily
formed element called “pear”, for which, in the case of the hard
precipitates not being sufficiently dissolved in the heated mate-
rial, blocking or rapid damage occurred (Fig. 1).

a) b) c)

Fig. 1. View of: a) tool section, b) ,,pear”, ¢) charge material

The dies are made of hot operation tool steel QRO90, subjected to
thermal treatment and next gas nitriding. The impression surface
of the ready tools characterizes in hardness of about 1100HV.
The ready tools are heated to the working temperature of about
200°C and mounted in the press. The temperature of the charge
material equals 1040°C. During the extrusion process, the tools
are lubricated and cooled with a cooling and lubricating agent
based on graphite. The mean die durability is about 1000 items.
A detailed analysis was made of a series of bearing rollers after
the heating and before the extrusion. The inductor length after
the heating equals 680 mm, and the mean time of the charge’s
presence in the inductor is over 100 sec. The bearing rollers,
after exiting the inductor, were cooled with water.
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During the analysis, the following research techniques
were applied:

—  FEM modelling of the tool operation under different fric-
tion and temperature conditions performed in the Forge3.0
program;

— achemical analysis of the Nireva material, carried out with
the use of the LECO 750-GDS-QDP spectrometer (LECO
Corporation, St. Joseph, MI, USA) with a glow discharge
in an argon shield;

—  microscopic tests by means of a scanning microscope Phe-
nomProX coupled with an EDX detector;

— adirect dilatometer Linseis L75 HS;

—  examinations of the charge material microstructures after
etching in a 10% oxalic acid solution;

—  ahardness measurement with a LECO hardness tester.

3. Results and discussion

To make the deep problem analysis, there were several
complex researches performed, e.g. numerical analysis, chemical
composition as well as microstructure and dilatometric checks.
Based on that, there was a trial to simulate the heating system
of charging material, to ensure the possibility of correct heating
and dissolution of hard phases.

3.1. Analyze of Finite Element Modeling

For a more thorough analysis, numerical modelling was
conducted of I operation for two variants. The first one is a
nominal process, for which, with the charge temperature of
1040°C, the hardness was at the level of 230 HV. In the second
variant, the assumed charge temperature was lower by 100°C,
and thus the charge material hardness was about 300 HV. The
simulations were carried out in order to compare the selected
key parameters deciding about the tool durability (von Misses
reduced stresses, normal stresses, path of friction and forging
forces). In the numerical simulations of the valve forging, an
axisymmetric model with deformable tools was applied in the
Forge 3.0 Nxt program. The material for the tools (steel W360
ISOBLOC — BOHLER) were assumed from the program data-
base. As the forging material, steel 1.4981 (X8CrNiMoNb16-16)
was used, which had the chemical composition for the analyzed
chromium-nickel steel (NCF3015). Fig. 2 shows a general
view of the model before and after the simulation of I forging
operation.

For the simulation, the data based on the industrial process
were assumed, presented below:

e Temperatures: charge — 1040°C, tools — 200°C, environ-
ment — 30°C;

. Press: Metal Pres 700 E;

*  Friction model according to Tresca: /= 0.4;

e Thermal conductivity in the contact — 10 kW/m?xK (de-
noted as the medium in the program);
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Fig. 2. A general view of the model: a) before, b) after [ forging operation

*  Thermal conductivity with the environment — 15 W/m?xK
(determined experimentally);

*  Contact time of the preform with the die before the stroke
—-15s;

*  Charge hardness for the nominal process 220 HV — for
the second variant corresponding to lack of dissolution of
the hard precipitates, the assumed hardness was at the level
of 300 HV.

Fig. 3 shows exemplary distributions of deformations and
temperatures on the forging at the last forging stage. Based on
the obtained results, we can observe that the biggest defor-
mations occur in the “leg” of the forging and equal about 2.

a)

View 1
Case 1 [1op_oryginal_wydech.don]
o Mises Equialent Stress [30

Frin

View 1

Case 1 [1op_oryginal wydech.don]
VenHsss Equrvdent Sirsss (30 ..

Lt M

2000

b)

51 W 0000 NG 23 (1/L,1) Iy TIVE: LI01 LM OO0 BN 234U,

Fig. 3. Distributions on the forging at the last forging stage: a) deforma-
tions and b) temperatures

The case was similar of the temperature distributions, whereas,
we can see that, as a result of mostly the change of the deforma-
tion work into heat and friction, in the vicinity of the forging
leg, the temperature increased from the initial 1040°C by
about 60°C to 1100°C. In turn, in the non-deformed or slightly
deformed area, as a result of contact with the cooler tools, the
temperature was lowered right at the surface even to as much as
about 900°C.

Fig. 4 presents a comparison of the reduced stress distribu-
tions at the beginning and end of the process for both variants.

b)

View 2

Case 2 [1op_oryginal_wydech_940ste.don]
Yion ises Equrealent Stress [30 ..

e ‘
i

*z o =

View 2
Case 2 [lop_oryginal wydech 940stc.don]
YoMz Eqert Stess (30 ..

=

20

B

o

i

Fig. 4. Distributions of reduced stresses in the die at the beginning and end of the forging process in I operation: a) nominal variant, b) for a higher

charge hardness



Analyzing the results for both variants, we can notice that
the highest values occur in two areas: the upper cylindrical part
of the die and the degree of reduction of the forging section
area, where much higher stress values are present for a higher
hardness of the charge, which reach almost 2000 MPa, while, for
the nominal process, they reach about 1600 MPa. In turn, in the
last process phase, for both cases, the stresses are lower, while
being still higher, and equal: 1200 MPa in the nominal process
and in the process with a higher charge hardness.

Fig. 5 shows a comparison of the normal stress distributions
for both variants and at the end of the forging process.

The unit stress distributions shown in Fig. 5 present them-
selves similarly to the von Misses reduced stresses, where, in
the case of the formation beginning, high stresses are present
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on the cylindrical walls of the die for a higher charge material
hardness, while, in the part of the die with a reduction of the
section area, the pressures for both cases are the same and equal
about 1800 MPa. Towards the end of the forging process, the
situation is analogical, with the pressures being slightly lower.
The higher values in the cylindrical part of the die for a harder
charge can be caused by a reaction activated by the fact that the
first contact of the charge with the die takes place on the conical
part of the tool, where the diameter is smaller than that of the
charge, which translates to increased pressures in the cylindrical
part for the harder charge material.

Fig. 6 shows the abrasive wear distributions in the final
phase of the forging process for both cases.
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Fig. 5. Unit stress distributions in the die at the beginning and end of the forging process in I operation: a) nominal variant, b) for a higher charge

hardness
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Fig. 6. Distributions of abrasive wear in the die at the end of the forging process in I operation: a) nominal variant, b) for a higher charge hardness
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As we can notice, higher values of abrasive wear occur for the
harder charge material, and the highest ones, equaling over
4500 MPa mm, are localized in the transition zone of the die at
the beginning of the section area reduction. The obtained results
point to the possibility of blocking of the forging material in this
area, especially for a harder charge material.

Fig. 7 presents the courses of the forging forces in I opera-
tion in the function of time for both analyzed variants.
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Fig. 7. Forging force courses in I operation for both analyzed variants
(nominal and with an increased charge hardness)

The obtained courses suggest that, in the case of the harder
charge material, the maximal force values are higher by about
100 kN. What is more, the force increases more rapidly in the last
forming phase. In paper [36], the authors, conducting numerical
modeling, noticed changes in the grain size for a similar material
forging in closed dies in the temperature range of 950-1250°C,
which may also affect the amount of carbides. Similarity in works
[37,38] numerical modeling was used to forecast grain size in
relation to temperature or cooling rate, deformation heterogeneity
in the deformed material at high temperatures.

The obtained FEM results point to the fact that, in the case
of the harder charge material, the selected physical quantities
based on which we can conclude about the die durability are
higher in respect of the nominal process, which can be the cause

of premature wear of the die or blocking of the forging inside it,
thus disqualifying such a tool from further operation.

3.2. Chemical composition determination

TABLE 1 presents the chemical composition determined
by means of a spectrometer LECO 750-GDS. The NCF3015
material characterizes in a very high content of chromium and
nickel. The numerous alloy additions (Al, Ti, Nb) form interme-
tallic phases as well as carbides and nitrides. Received chemical
composition results for analysed material are according to the
material specification.

3.3. Microstructural tests

Researches have been divided into two steps: Ist step
Related with material coming from ironwork, 2nd step Related
with verification of charging material after heating.

3.3.1. Tests of material as-delivered

In the as-delievered state, a very fine-grained austenitic
microstructure with carbide precipitates forming a continuous
halo on the grain boundaries was established. Also, two types of
precipitates were observed — with bigger dimensions distributed
in the austenitic matrix, with a grey and orange colouring. The
surface element distributions obtained from such exemplary
precipitates have been presented in Figs. 8 and 9. On their basis,
it was established that they were constituted by precipitates of
large primary alloy carbides (Ti,Nb,Mo,Zr)C as well as titanium
nitrides, respectively. The microscopic observations demon-
strated that the nitride precipitates can form a crystallization
base for alloy carbide precipitates, which proves their higher
crystallization temperature (Fig. 10). The material hardness in

TABLE 1
Chemical composition of the forging material (NCF3015)
Element C Si Mn Ti Ni Mo Al Cr Nb Cu \4
NCF3015 0.04 0.25 0.43 2.69 32.20 0.61 1.61 14.16 0.46 0.02 0.05
a) 200 um b) [50um | ¥ ' )

~

Fig. 8. Microstructure of Nireva as-delivered. Light microscopy, etched
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Fig. 9. Surface element distribution obtained from an exemplary precipitate observed in the microstructure of the Nireva material. FEM/EDS

(]

Fig. 10. Element surface distribution obtained from an exemplary precipitate observed in the microstructure of the Nireva material. FEM/EDS
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the as-delivered state equaled 351+£7 HV 1. The presence of high-
stability primary carbide precipitates in alloys with high nickel
content was also observed by other authors [39].

3.3.2. Tests of material after heating

Atthe following stage of studies, tests of nine samples were
performed after one-time induction heating followed by cooling
in water. The test samples were collected randomly at distances
of 100 items. The microstructure images of the materials with the
highest and lowest obtained hardness have been shown in Figs.
11 and 12. The microstructure of the other seven preforms have
been shown at large magnifications in Fig. 13 according to the
decreasing hardness values. As a result of the performed inves-
tigations, it was established that the samples after the one-time
heating combined with the following supersaturation demonstrate
a significant variability in the obtained hardness values, which
is connected with different degrees of dissolution of the carbide
precipitates present on the grain boundaries. The presence of
precipitates distributed along the grain boundaries is related
to the high density of dislocations occurring in this area [40].
Precipitates should dissolve in the matrix during heating, and the
following rapid cooling rate inhibits their re-precipitation. De-
spite the maintained same parameters, not each sample obtained
dissolution of carbide precipitates present on the boundaries of
the austenite grains. This indicates that the solutioning process
has not been completely completed while heating. In the same
way, the material after saturation demonstrated a varying hard-

Fig. 11. Material microstructure with the hardness after heating of 333 HV10 (sample H). Light microscopy, etched

LN EXES ! SRS,
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ness equaling from 192 to as much as 333 HV10. The presence
of carbides promotes higher hardness, and the increase in this
hardness depends on the type and content of carbides [41,42]. The
microscopic observations clearly show the higher the material
hardness, the higher the content of the carbide precipitate on the
austenite grains. In the case of the material with the highest hard-
ness, it was possible to observe segregation of the chemical com-
position, typical of an as-delivered material. It was established
that this can be affected by two factors, i.e. too short heating
time or the changeability of the heating temperature. However,
the obtaining of properly supersaturated microstructures with the
same heating time suggests that the key importance in this respect
is probably that of the temperature variability. This will translate
to tool material durability, as the harder the material, the shorter
the tool operation time. A frequent phenomenon occurring during
extrusion from an underheated material is the problem with the
initiation of the extrusion process: at the first stage, the forging
is blocked in the tool, which makes it impossible to continue the
forming process. For this reason, proper dissolution of carbides
will stop the homogenized microstructure from significantly
affecting the tool durability.

3.4. Dilatometric studies
For a precise determination of the temperaturre scope in
which we observe dissolution of the phases occurring on the grain

boundaries in the austenite, dilatometric tests were conducted
for two steel suppliers (2 samples for each supplier, dimensions

b i

) [_40um ]

S

Fig. 12. Microstructure of the material with the hardness after heating of 192 HV10 (sample E). Light microscopy, etched
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288 HV10 (sample A)

255 HV10 (sample D)

195 HV10 (saple F)
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283 HV10 (sample B)

221 HV10 (sample J)

210 HV10 (sample G)

Fig. 13. Microstructure of the other seven preforms according to the decreasing hardness values. Light microscopy, etched

4+0,1 mm and length 30+0,1 mm). The samples were heated to
1050°C at the rate of 5°C/min and cooled at the same rate to about
200°C. Fig. 14 shows the base line as well as the first deriva-
tive, which were obtained as a result of the performed thermal
analysis. Taking into consideration the analyzed issue, the curves
obtained during the heating are important. The diagram course
makes it possible to state that, during the heating and the cool-
ing, we observe transformations which can be combined with

the dissolution and the precipitation, respectively, of the phases
observed on the grain boundaries. It is worth pointing out that,
in this alloy, no other transformations occur which could result
in analogical changes in the course of the dilatometric curves.
The matrix phase remains austenite at temperatures throughout
the analyzed range, the observed peaks must be related to the
phase evolution within the austenitic matrix. The inititation of the
dissolution of these phases takes place during the heating of
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the alloy at 702.1°C, and the process lasts until the temperature
of 921.9°C is reached. This means that, at the temperature to
which the charge material is heated, we should observe disso-
lution of the phases present on the boundaries of the austenite
grains. Mainly carbides of the MC, MC and M,;Cy4 type can
be formed in Ni-Cr-Fe alloys [17]. Research suggests higher
decomposition temperature of the M,C; carbide compared to
the M,;C¢ carbide [43]. For this reason, it should be noted that
the precipitates are probably M236 type carbides. The diffusive
nature of the carbide dissolution process explains the significance
of the heating temperature, holding time and heating rate on the
kinetics of the dissolution process. It should be noted that this
process takes place in a wide temperature scope, and the the most
intensive dissolution occurs at high temperatures. Kostoj et al.
[44] were also found that the size of the carbides also influences
the rate of transformation. Each temperature fluctuation taking
place during the heating leading to charge material inderheat-
ing, especially in the case when it is accompanied by its rapid
heating, can casue incomplete dissolution of these precipitates.
We should also remember that the final temperature of their dis-
solution can also be affected by the occurring variations of its
chemical composition. Kegg et al. [45] found that increasing the
nickel content facilitates the nucleation of M,;Cq type carbides.
Taking into consideration the temperature scope of the forming
phases, the latter are probably formed by chromium carbide
precipitates. We should, however, not exclude the possibility that
they are constituted by precipitates of the sigma phase, which
is favoured by a high chromium content in the steel, and which
can also precipitate on the grain boundaries [21,22].

On the basis of the obtained diagram, we can also state that,
during the cooling of the alloy, the precipitation temperature of
these phases is lower and equals 850.5°C. This process lasts until
the temperature of 618.2°C is reached, were the most intensive
stage is observed also at high tenperatures.

3.5. Results of modelling of the Nireva heating process

Also performed was a numerical simulation of the process
of heating and annealing of the NCF3015 material. The presented
diagram (Fig. 15) shows the dependence of the temperature on
the inductor length, which equals the time of the charge material
being present in the coil. The presented curves were determined
for the surface layer and the bearing roller core. We can clearly
see that the temperature for the bearing roller surface reaches the
predetermined temperature, i.e. 1050°C after covering 0,8 m of
the inductor length. In turn, for the core, this distance is 1.1 m
of the inductor length. The distance for which the surface layer
and the bearing roller core are at similar temperatures equals
0.2 m. At this time, we observe microstructure homogenization
and proper preparation of the charge material for the extrusion
process, thus ensuring repeatability of the microstructure and the
hardness in the production process, as well as an increase of the
tool durability in the extrusion process. With the introduction of
a longer inductor into the process without a change in the time
of the charge material feed time, the time of the charge material’s
presence in the inductor will be prolonged by about 90 seconds.

4. Summary

The performed complex analysis of the wear of forming
tools in the process of producing an engine valve forging made it
possible to determine the causes of their lower durability result-
ing from insufficient dissolution of the hard carbide precipitates
during the heating of the charge material.

The wear analysis was aided with numerical simulations
of the examined forging process, which showed that, for higher
charge material temperatures, the normal stress distribution is
higher by 400 MPa than in the case of a material with a lower
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Fig. 14. Dilatometric curves for Nireva
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Fig. 15. Dependence of the Nireva temperature on the inductor length made with the use of a numerical simulation program

hardness. Very big differences were also observed for the abra-
sive wear distribution, where, on the tool for the charge material
with a lower temperature in the intermediate zone, the abrasive
wear equaled over 4500 MPa. This is analogical to the increase
of the extrusion force by 100 kN for the charge material extruded
from lower temperatures. The increase in the measured values
of stresses, unit pressures and extrusion force on the tool, during
the forming of a forging with higher hardness, is the cause of
premature tool wear, especially in the cylindrical zone as well
as in the area of the forging section reduction field.

The microstructural tests demonstrated that the amount of
the dissolved carbides, nitrides and intermetallic phases is in
a strong correlation with the hardness of the charge material. The
larger amount of carbides on the grain boundaries, the higher
the charge material hardness. A worrying fact was the lack of
repeatability of the charge material heating process, as the con-
secutively collected forgings after the heating process differed
in the amount of dissolved carbides in the microstructure as well
as hardness, which equaled from over 300 HV to 192 HV. At the
same time, the lack of repeatability after the heating process
directly translates to the tool durability in the extrusion process.

The performed dilatometric tests demonstrated that the
phase precipitates present on the grain boundaries can occur up
to the temperature of 922°C. We should, however, remember
that the temperature and rate of the transformation is strongly
connected with the intensity of the heating. With an increase in
the heating rate, the transformation time will be shorter, but, at
the same time, it will begin at higher temperatures, as the driving
force of the transformation will be the increasing difference in the
free energy in respect of the equilibrium state. For this reason,
we should expect that, with the rapid heating typical of induction
heating, the temperature of the final dissolution of these phases
will be higher. This, in combination with the cyclic changeability

of the heating process, contributed to selective underheating of
the preforms at the production stage.

The results of numerical modelling of the charge material
heating process showed that the time needed to homogenize
the core’s microstructure is much longer than in the case of the
charge material edges. The longer heating and annealing time
of the charge material will provide the possibility to shorten the
time of the production cycle and thus also increase the processes
efficiency and shorten the time of the forging’s contact with the
tool, which directly translates to increased tool durability.
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