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INVESTIGATING THE POSSIBILITY OF REGENEARATION BY HARDFACING FOR FORGING TOOLS BASED
ON ANALYSIS OF TOOL WORKING CONDITIONS AND WEAR EVALUATIONY

Tests were performed on example tools applied in hot die forging processes. After withdrawal from service due to excessive
wear, these tools can be regenerated for re-use through machining and hardfacing. First, analysis of worn tools was carried out for
the purpose of identifying tool working conditions and wear mechanisms occurring in the surface layer of tools during forging.
Testing of worn tools included observations under a microscope, surface scanning and microhardness measurement in the surface
layer. The results indicate very diverse work conditions, which suggest the application of different materials and hardfacing tool
regeneration technology in individual die forging processes.
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1. Introduction

In industrial forging processes, the tools used to implement
forming play a special role. During forging, forming tools remain
in contact with the material of the forging, exerting pressure on
its surface, which deforms the material of the forging and rep-
resents the shape of the tool on the forging. Forging tools can
be classified in many ways. Concurrently with [1], the author
adopted a classification of tools into groups according to their
purpose.

Hammer forging dies are distinguished, typically charac-
terized by large overall dimensions as they are formed from
uniform cuboid blocks, with a working impression on the top
surface and so-called dovetail fixation at the base. Exchangeable
die inserts can be used in hammer forging dies. Such inserts are
working parts that undergo wear faster and can be replaced,
while the insert’s frame or housing remains in service for much
longer. Similarly as in the case of press forging, die and tooling
inserts are popular, fastened in frames and entire sets fixed to
the table and press slider. Other forging instrumentation is also
distinguished, such as punches, cutters, pushers and a broad
spectrum of structural, fastening, transporting elements and ele-
ments serving other purposes, which are also indispensable for
performance of forging processes. All of these tools are subject
to wear processes and are characterized by a specific lifetime,

generally understood as the number of forgings or forging cycles
guaranteeing a good forging [1].

The problem of lifetime particularly pertains to dies, die
inserts and trimming tools as forming tools playing an active part
in the process of forging and trimming the forging. These tools
are first exposed to the action of destructive mechanisms that
cause their accelerated wear. Analysis of the influence of destruc-
tive mechanisms on tool wear led to the formulation of a more
fundamental and scientifically justified definition of lifetime.
From a scientific perspective, tool life is the capacity to withstand
mechanisms destroying the tool in forging processes. It is nearly
synonymous with resistance to wear, which may be caused by
many factors present during forging on the tool’s surface and in
its surface layer [2].

The defined problem of durability as the capacity to with-
stand mechanisms destroying forging tools is a scientific prob-
lem for research. It requires in-depth analysis of the destructive
phenomena occurring in the surface layer, knowledge concerning
metalworking processes and familiarity with methods of improv-
ing tool life, mainly in the fields of surface engineering. Thus,
this article covers a study of forging tool destructive mechanisms
with respect to selected cases.

The wear of forging tools is caused by conditions on the
surface of dies, coming into contact with the forging material
being deformed. The first step on the road to correct analysis of
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wear is therefore to identify its causes, i.e. forging tools’ work-
ing conditions. The site of contact between the forging and the
die is, in this aspect, extraordinarily difficult to analyze, since
the forging process occurs relatively quickly under conditions
of high temperature, enormous pressure and the intensive fric-
tion associated with it [3]. In addition, multiple repetition of the
forging process causes cyclic changes of these conditions, and
this may be intensified by the introduction of additional factors
such as spraying with lubricating coolant, surface contamination
with hard particles (e.g. iron oxides), different positions of the
forging on die surfaces, and numerous irregularities that may
occur during the forging process [4].

Among the phenomena affecting tool life, those occurring
in the surface layer have the most significant impact. Consider-
ing the multitude of simultaneously occurring phenomena, it is
necessary to distinguish mechanisms whose influence on wear is
significant or even dominant. In the subject literature, the greatest
attention is devoted to the study of five basic phenomena, being
abrasive wear, adhesive wear, cracking due to thermomechani-
cal fatigue, plastic deformation and oxidation. These and other
destructive mechanisms remain in a strict relationship, mutually
intensifying or canceling out one another. Usually, however, one
of them is the main cause of wear, and its influence can be said
to be dominant [5].

To counteract the mentioned destructive phenomena,
multiple methods of extending the lifetime of forging tools are
applied [6]. These methods mainly involve modification of: tool
material, heat treatment, surface layer, instrumentation design,
tool geometry [7], tribological conditions, etc. [8,9]. This article
is dedicated to hardfacing surface treatment technology, which
still remains one of the more frequently applied methods of
creating layers with enhanced wear resistance. Regenerative
hardfacing, which involves removal of a layer of material from
the surface and coating of the surface with a new layer made
of melted substrate material and weld metal, is most frequently
used to regenerate worn out forging dies. The hardfaced layer
is tasked with ensuring the best possible operational properties
of the surface layer. This can be a preventive measure (enrich-
ment), or in the case of regenerative hardfacing, restoration of
these properties through reconstruction of the surface. Hard-
facing of forging tools can be performed by various welding
methods: shielded electrodes, with self-shielded powder wire,
with covered arc, by the MIG (with solid wire or powder wire)
or TIG method. All of these methods can be considered effec-
tive but different in terms of performance, precision of pad weld
passes, possibilities of controlling and automating the process,
and the possibility of applying diverse additional materials (weld
metals). Since there are so many known solutions, selection
of the hardfacing method requires knowledge in the field of
metallurgy, materials engineering and welding [10]. Hardfac-
ing provides nearly unlimited possibilities of admixing various
alloying additives into the surface layer and makes it possible
to apply layers with a complex structure or create zones with
local properties and special resistance [11]. However, no single
layer or hardfacing method guaranteeing the highest quality of

tools can be distinguished, but every case should be considered
separately. It is only possible to distinguish certain methods on
the background of others, if their effectiveness in increasing the
lifetime of forging tools has been demonstrated.

In practice, hardfacing using the MAG/MIG method with
solid or powder wire is most frequently used. This is a very
efficient method, and there are numerous examples confirming
its efficacy in enhancing the lifetime of forging tools. Hardfac-
ing can be performed in two stages, through preliminary filling
with weld metal (rebuilding), laying the bead of the intermediate
buffer layer, which is subsequently surface-hardened with a layer
having enhanced mechanical properties (i.e. hardfacing) [12,13].
Numerous examples of increasing tool life through hardfacing
using this method are known [14], and it can be counted among
the most popular and effective method among those available.

Hardfacing with a shielded electrode is a method that has
been well-mastered. This method enables manual hardfacing or
semi-automatic by means of simple manipulators. As early as in
the mid-20th century, hardfacing “flooding” the die’s impression
has been widely used, by means of electrodes developed and
placed on the market by Weld Mold [15]. This is a very efficient
method, since the amount of weld metal applied may reach up to
45 kg/h. This method is also successfully applied for local regen-
erative repairs [16,17]. Its main disadvantage is difficulty in auto-
mation, and because of this, it is now increasingly being replaced
by MIG and MAG methods as well as laser metal deposition.

Among welding techniques, the TIG method is noteworthy,
as it provides a stable arc, a small weld pool, and no spatter. The
resultant pad weld is devoid of pores, has a more uniform struc-
ture and properties. TIG hardfacing is characterized by lower
efficiency, but in exchange, by better functional properties of
the pad welds. The TIG method is used to improve the lifetime
of forging tools through hardfacing with stellites (cobalt- or
nickel-based superalloys) [18-21].

Many other applications where the lifetime of forging tools
was improved through hardfacing can be cited. Selective hardfac-
ing, involving the local introduction of material with different
properties for the purpose of preventing wear in a given area,
yields interesting results [22]. Hardfacing can be performed in
zones [23] and in layers by building gradient and bimetallic layers
[24,25]. There is a great opportunity to increase the lifetime of
hardfaced forging tools by nitriding. It was presented first in paper
[26], which showed its potential and it was widely discussed in
other paper, which describes the positive impact of nitrides and
the beneficial effect of this thermo-chemical treatment on the
microstructure of hardfaced, welded material [27]. Hardfacing
can be combined with nitriding, which can extend the lifetime
of forging tools even three times [28].

Remelting and melting techniques are also distinguished
among welding techniques, and they can be called hardfacing
if the melted metal of the substrate is enriched with the weld
metal. This technique is widely used to produce and regenerate
tools with an enriched surface layer with enhanced wear resist-
ance. [t was demonstrated that electromagnetic melting makes it
possible to create gradient layers applied to increase the lifetime



of forging tools [26]. Hardfacing through laser melting is also
extraordinarily effective. In recent years, laser techniques have
dominated many fields of engineering. In surface engineer-
ing, lasers are generally used as a source of rapid local heating
(focused), where the thermal effects of the laser beam’s action
on the surface are mainly used. The continuous development of
laser beam machining (LBM) arises from the many advantages
of these processes. The most important among them include: high
efficiency, possibility of process automation and control, cost re-
duction, elimination of finishing operations, better product qual-
ity, savings of materials, contactless machining, and the absence
of thermal deformations [29]. In surface treatment until now,
laser techniques have most commonly been used for quench-
ing, annealing and tempering the surface [30]. Laser treatment
is applied increasingly often to modify surface layers, where the
process of very rapid melting and crystallization of a thin layer
of material near the surface is used. These conditions make it
possible to obtain microstructures of the material that vary from
those obtained under equilibrium conditions, which is used for
melting hardening, amorphization and concentration [31]. La-
ser treatment also makes it possible to create new alloy layers
(alloying) in the surface layer. The base material can be melted
simultaneously with another alloy or alloying element, and the
materials are mixed. In this way, not only new elements but also
compounds like: carbides, borides, nitrides can be introduced,
creating a new structural and functional surface quality [30,32].

The latest laser techniques used in the case of forging tools
include additive technologies, such as LMD (laser metal deposi-
tion), which are used for both broadly construed regeneration
and for the creation of new tools [33,34]. Additive technologies
employing lasers make it possible to generate complicated three-
dimensional shapes, which are very difficult to execute using
traditional methods [35,36]. This type of treatment has also been
applied to manufacture forging tools, where the simple base part
was made conventionally, while the complicated working shape
was obtained by LMD technology [36,37].

The application of LMD may lead to enhanced lifetime
of forging dies. Dies manufactured additively can be built of
materials with properties different than that of the base mate-
rial. Thanks to this, it is possible to adjust the material to the
conditions present at the specific site of its application, thereby
enhancing the die’s overall lifetime. Additive manufacturing of
dies also makes it possible to make cooling channels inside the
die. This is a new functionality, which, thanks to incremental
technologies such as LBM and with numerical modeling support,
makes it possible to design and implement such channels for
coolant flowing inside the dies or punches heated to the highest
temperatures. Thus, overheating of the die can successfully be
prevented despite strong thermal loads. Research conducted by
IWU Fraunhofer in Germany demonstrated the positive effect
of increased lifetime in punches used for hot forging [38,39].

As shown based on the literature, there are many methods of
hardfacing forging tools that can be used to increase tool lifetime
in forging processes. Nevertheless, to ensure the best effects,
one must display knowledge of the destructive phenomena that
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occur in the surface layer of tools in die forging processes when
selecting hardfacing technology and selecting the weld metal.
This is why this article starts with an in-depth analysis of worn
forging tools, selected from among 4 groups representing the
4 main categories of tools applied in forging processes. These
tools wear as typical for the given category, which will make
it possible to infer the hardfacing technology dedicated for the
entire tool group. The second part of the article concerns analysis
and selection of materials and indicates dedicated welding tech-
niques and parameters for hardfacing by means of these methods.

2. Materials and methods

Research was conducted in the following order:

*  Selection of representative forging tools from among the
4 categories — for each category one forging process was se-
lected in which the tool most exposed to wear was indicated.

*  Analysis of tool working conditions in the 4 selected rep-
resentative forging processes

*  Study of tool wear phenomena for the purpose of determin-
ing causes of wear in critical areas indicated on the working
surface of each tool — determination of dominant destructive
phenomena accelerating wear

*  Selection of additional materials for laying pad welds

*  Selection of the technology and parameters of the regenera-
tive hardfacing process

*  Analysis of the microstructure, microhardness and chemical
composition of obtained pad welds
Analysis of the working conditions of forging tools was

conducted based on observations of critical process parameters

such as temperature, pressures, friction path, etc. This data was
measured by means of a rapid thermovisual FLIR T840 camera

(temperature on the surface of dies) and computed by numeri-

cal modeling in FORGE software (temperature in contact with

forging, pressures, friction path).

The study of destructive phenomena was carried out by
means of light microscopy on an Olympus GX51 microsope
(observation of microstructure in the cross-section of the surface
layer, etched with nital). and by means of scanning electron
microscopy — SEM (observation of cracks on the surface layer
and changes visible on the surface). Similarly, microhardness
measurements were carried out in the surface layer by means
of a LECO AMH43 hardness tester using the Vickers method
under 500 g load.

Additional materials were selected by considering, above
all, the possibilities of achieving the expected parameters of the
surface layer, such as hardness and cracking resistance. These
materials were mainly selected from among the materials avail-
able on the market, since the authors did not have the opportunity
to develop their own materials.

Regenerative hardfacing technology was selected according
to the criteria of efficiency, economic feasibility and availability,
so as to ensure a useful effect of application of the developed
technology under industrial conditions.
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Examinations of the microstructure of hardfaced samples
were conducted under conditions similar to those in tool tests,
however, more and different reagents were applied to etch the mi-
crostructure, including nital, Mi3Fe and picric acid, and aqua regia.
Microhardness measurements were performed ona LECO AMH43
hardness tester using the Vickers method under a load of 100 g.

3. Results and discussion

Results are presented according to the adopted methodol-
ogy, described in section 2. Analysis was conducted in division
into tool categories. Separate analysis was carried out for each
group of tools, leading to selection of the material and hardfac-
ing technology.

3.1. Selection of representative forging tools

In die forging processes, there is a natural division into pro-
cesses performed on forging hammers and processes performed
on presses, screw presses and additionally on rolling mills. This
is why hammer forging dies are the first category. The second
most numerous group are die inserts applied for forging on
presses. This group is divided into two categories according to
the degree of complexity of the working impression — inserts
with an axially symmetrical structure and inserts with an irregular
shape of the impression are distinguished. Axially symmetrical
inserts can be hardfaced on turntables and machined on lathes,
which significantly facilitates the regeneration process. Inserts

550 x 550 x 280

c) d)

with an irregular shape require the application of a welding ro-
bot for the hardfacing process and CNC mill for the machining
process before and after hardfacing. The next group are cutters,
which accompany all forging processes with flash. Fig. 1 shows
examples of 4 tools, representing the 4 mentioned categories of
forging tools.

3.2. Analysis of working conditions and wear
of hammer forging dies

The process of forging a lever was selected for analysis.
The lever forging is made from C45 steel. The stock material is
a cylinder with dimensions: diameter d = approx. 50 mm, height
h=approx. 170 mm, with a weight of approx. 3 kg. After forging
and trimming, the weight of the forging is about 2.5 kg. After
cutting, the prepared preforgings are heated in an induction heater
to approx. 1180°C and subjected to forging processes. Forging
operations are performed on an MPM hammer with a drop ham-
mer weight of 2 tons, and the nominal energy of the hammer’s full
impact is 68.65 kJ. The forging process consists of five stages,
and each one is performed with several strikes of the hammer:
Upsetting — 1 strike;
Flattening in center — 2 strikes;
Bending — 1 strike;
Preliminary forging — 3 strikes;
Finishing forging — 2 strikes.
Die working conditions were analyzed on the selected die
cavity for preliminary forging, which is subjected to 3 succes-
sive impacts in every forging cycle. These conditions (max.

M

®270 H110

b)

Fig. 1. Examples of forging tools: a) hammer forging die, b) axially symmetrical die insert, c¢) die insert with irregular cavity shape and d) trim-

ming tool (dimensions given in millimeters)
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Fig. 2. Tool working conditions of the hammer forging die preliminary forging cavity determined by FEM: a) temperature, b) Huber-Mises

reduced stress

temperature values on the surface and reduced stresses on the
die surface) were determined based on the numerical model of
the forging process, made in FORGE software. Fig. 2 presents
selected results of this analysis.

As demonstrated, hammer forging tools work at a tempera-
ture up to 350°C and are exposed to high pressures. These condi-
tions contribute to faster tool wear, which mainly occurs due to
abrasive wear. Successive figures show the results of analysis of
die wear in this process, where the die underwent 2411 forging
cycles and was then withdrawn from operation. The die was made
from S5NiCrMoV6 steel, which was hardened, heat-treated by
hardening and double tempering in order to achieve a hardness
of approx. 35-37 HRC (approx. 330-350 HV) throughout its
entire volume. The tool was not subjected to surface treatment
for improving its lifetime. Wear analysis was first conducted by
scanning, where the scan before forging was compared to the
scan after forging. This measurement made it possible to identify
critical areas where the greatest wear occurred. Fig. 3a presents
the results of wear analysis, and Fig. 3b indicates critical area X
where wear was analyzed.

a)

The effects of wear, i.e. cracks, abrasive furrows and oxides,
were observed under a scanning electron microscope. In addi-
tion, microhardness was measured in the surface layer in order
to determine whether tempering of the material occurred. The
results of observations in area X are presented in Fig. 4.

The wear analysis results presented in Fig. 4 indicate the
presence of abrasive wear, which causes removal of layers of the
material from the die’s surface. Tempering does not occur, since
the temperature does not rise above 350°C, as previously dem-
onstrated and confirmed by hardness measurement. Cyclically
variable stresses cause the occurrence of cracks with a depth of
approx. 200 um, however, they are not dense and do not readily
propagate into the die.

3.3. Analysis of working conditions and wear of axially
symmetrical die inserts

The hub forging process was selected as the representative
forging process in this category. Forging of the preforging was

-0.50

Fig. 3. Results of worn hammer forging die preliminary forging cavity surface analysis: a) comparison of scans of the tool’s working surface
before and after forging and b) site from which the sample was cut out for analysis
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Fig. 4. Results of worn hammer forging die preliminary forging cavity analysis in cross-section: a) view of working surface in SEM, b) magnifi-
cation of crack and measurement of its depth, c) results of microhardness measurement as a function of distance from the tool’s working surface

performed in 3 operations on a Massey press with pressing force
of 2500 tons and in a single additional operation on a P-450T
press. The forging operations were: upsetting, preliminary forg-
ing and finishing forging. Additional collar eversion is performed
on the P-450T press, where a special instrument is installed,
performing collar eversion in two press strokes. First, the nar-
rower end of the hub is pre-everted at an angle of about 45°,
then, after transfer to the second impression, finishing eversion
is performed at an angle of 90°. The initial temperature of the
stock material is about 1170°C, and the material is heated in an
induction heater. After forging operations and prior to eversion,
the forging is heated in a gas furnace to a temperature of about
1150°C. The material of the forging is S355J2 steel. The stock
material is a rod with a square cross-section: wall width 1000 mm
and length about 95 mm. The net weight of the pre-forging is
about 5.5 kg.

Die working conditions were analyzed on the lower forg-
ing die for preliminary forging, which is subjected to succes-
sive impacts in every forging cycle. These conditions (max.
temperature values on the surface and reduced stresses on the
die surface) were determined based on the numerical model of
the forging process, made in FORGE software. Fig. 5 presents
selected results of this analysis compared with the result of
thermovision analysis.

As demonstrated, axially symmetrical forging tools work
at a temperature up to 380°C and are exposed to high pressures.
Thermovision examinations revealed that, in the forging process,
the tool reaches an instant temperature even above 500°C. These
conditions contribute to faster tool wear, which mainly occurs
due to abrasive wear and tempering of the material. Successive
figures show the results of analysis of die wear in this process,
where the die underwent 11000 forging cycles and was then with-
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Fig. 5. Tool working conditions of the preliminary forging die insert determined by FEM: a) temperature, b) Huber-Mises reduced stress and
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drawn from operation. The die was made from X37CrMoV5-1
steel, which was hardened, heat-treated by hardening and double
tempering in order to achieve a hardness of approx. 45 HRC (ap-
prox. 450 HV) throughout its entire volume. The tool was not
subjected to surface treatment for the purpose of improving its
lifetime. Wear analysis was first conducted by scanning, where
the scan before forging was compared to the scan after forging.
This measurement made it possible to identify critical areas
where the greatest wear occurred. Fig. 6a presents the results of
wear analysis, and Fig. 6b indicates critical area X where wear
was analyzed.

The effects of wear, i.e. cracks, abrasive furrows and oxides,
were observed under a scanning electron microscope. In addi-
tion, microhardness was measured in the surface layer in order
to determine whether tempering of the material occurred. The
results of observations in area X are presented in Fig. 7.

The wear analysis results presented in Fig. 7 indicate the
presence of abrasive wear, which causes removal of layers of
the material from the die’s surface. Tempering also occurs,
since the temperature rises above 500°C in instants, as it was
previously demonstrated in numerical modelling. Cyclically
variable stresses cause the occurrence of cracks with a depth

Fig. 6. Results of worn preliminary forging die insert surface analysis: a) comparison of scans of the tool’s working surface before and after

forging and b) site from which the sample was cut out for analysis
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Fig. 7. Results of worn preliminary forging die insert analysis in cross-section: a) view of working surface in SEM, b) magnification of crack

and detailed view of die surface

of approx. 500 um, which are dense and readily propagate into
the die. This is why the cause of wear should be accepted to be
abrasive wear, which is intensified by the action of the thermo-
mechanical fatigue mechanism and tempering of the material’s
surface layer.

3.4. Analysis of working conditions and wear
of die inserts with an irregular shape
of the die cavity

Tools for forging processes of forked forgings were selected
for analysis from among this group of tools. The yoke forging
is made from C45E steel. The stock material is a cylinder with
dimensions: diameter d = approx. 35 mm, height h = approx.
130 mm, with a weight of approx. 0.3 kg. After the rod is cut to
stock dimensions, it is heated to about 1150°C and then subjected
to 3 hot forging operations:

1. Upsetting — 1 press stroke,
2. Preliminary forging — 1 press stroke,
3. Finishing forging — 1 press stroke.

This process is performed in a dual system, meaning that
two details are executed simultaneously during forging. In the
first operation, the part of the material intended to be the yoke
is flattened, and the unflattened part of the stock will constitute
the filler for the rear part of the yoke, which has a larger cross-
section. Subsequent preliminary and finishing forging operations
are performed in die inserts and endow the material with the
shape of the ready product. Next, the forging is trimmed, i.e.
the flash is separated from the useful part. The forging process
is performed on a Massey 1300 T press. All tools are pre-heated
to about 250°C. For this purpose, a specially developed system
for induction heating of tools is applied. During forging, tools
are lubricated and cooled by an aqueous graphite solution with a

concentration of 1:20. It should be emphasized that this process
is performed on a robotized forging station, which has a signifi-
cant impact on the tools, as it guarantees high repeatability and
stable working conditions.

Die working conditions were analyzed on the lower forging
die for preliminary forging, which is subjected to successive im-
pacts in every forging cycle. These conditions (max. temperature
values on the surface and reduced stresses on the die surface)
were determined based on the numerical model of the forging
process, made in FORGE software. Fig. 8 shows distribution
of temperature and Huber-Mises reduced stress on the surface
of the die’s cavity.

As demonstrated, axially symmetrical forging tools work
at a temperature up to 380°C and are exposed to high pressures.
Thermovision examinations revealed that, in the forging process,
the tool’s temperature is about 300°C. These conditions contrib-
ute to rapid tool wear, which mainly occurs due to abrasive wear,
and partially, tempering of the material. Successive figures show
the results of analysis of die wear in this process, where the die
underwent 7500 forging cycles and was then withdrawn from
operation. The die was made from X40CrMoV5-1 steel, which
was hardened, heat-treated by hardening and double tempering
in order to achieve a hardness of approx. 50-52 HRC (approx.
500-550 HV) throughout its entire volume. The tool was not
subjected to surface treatment for the purpose of improving its
lifetime. Wear analysis was first conducted by scanning, where
the scan before forging was compared to the scan after forging.
This measurement made it possible to identify critical areas
where the greatest wear occurred. Fig. 9a presents the results of
wear analysis, and Fig. 9b indicates critical area X where wear
was analyzed.

The effects of wear, i.e. cracks, abrasive furrows and
oxides, were observed under a scanning electron microscope.
In addition, microhardness was measured in the surface layer
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Fig. 9. Results of worn preliminary forging die insert surface analysis: a) comparison of scans of the tool’s working surface before and after

forging and b) site from which the sample was cut out for analysis

in order to determine whether tempering of the material occurred.
The results of observations in area X are presented in Fig. 10.
The wear analysis results presented in Fig. 10 indicate the
presence of abrasive wear, which causes removal of layers of
the material from the die’s surface. Tempering of the material
also occurs, which may be caused by overheating in contact
with the hot material of the forging and intensive friction. The

tempering effect is confirmed by the hardness measurement
result (Fig. 10c). Cyclically variable stresses cause the occur-
rence of cracks with a depth of approx. 200-300 um, which are
dense and readily propagate into the die. This is why the cause of
wear should be accepted to be abrasive wear, which is intensified
by the action of the thermomechanical fatigue mechanism and
tempering of the material’s surface layer.



1404

SEM HV: 30.0 kV
View feld: 25,3 mm

SEMMAG: 14 x

WD: 44.45 mm
De: BSE
Date{midly): 1215/20

Smm

Parfarmance in nanospace

VEGAJ TESCAI

SEM HV: 30.0 kV
View field: 1,19 mm
SEM MAG: 291 x

WD: 32.28 mm Ll | 11 ]

L VEGA3 TESCA
Del: BSE 200 pm
Date{midhy): 1211520

Parfarmances in nanospace

iy

T’L_

Microhardness HV0.1

~i— Specimen no 1 - vector 1 —

== Specimen no 1 - vector 2

ww g

=== Specimen no 1 - vector 3

0,5

c)

Distance from the working surface [mm

15
]

Fig. 10. Results of worn preliminary forging die insert analysis in cross-section: a) view of working surface in SEM, b) magnification of cracks
and detailed view of die surface, c) results of microhardness measurement as a function of distance from the tool’s working surface

3.5. Analysis of working conditions and wear
of trimming tools

The fourth group of tools analyzed as part of the project is
represented by the tool used to trim flash. The process of forg-
ing and trimming a lever was selected for study. The technology
for manufacturing of this part has multiple stages and covers
operations like: preparation of the pre-forging through rolling
in two passes, preliminary forging, finishing forging, trimming
and straightening. The stock material for the process is S355J2
steel in the form of a rod with a diameter of about 65 mm and
length of about 350 mm. The weight of the stock is approx. 9 kg,
and the weight of the ready forging is about 6.5 kg. This means
that the weight of the flash is about 2.5 kg, and it is removed in
a hot trimming operation on a P-350T press.

Tool conditions were analyzed on the lower trimming tool,
which is subjected to longer contact in every trimming cycle.

These conditions (max. temperature values on the surface and
reduced stresses on the die surface) were determined based on
the numerical model of the forging process, made in FORGE
software. Fig. 11 shows distribution of temperature and Huber-
Mises reduced stress on the surface of the tool’s trimming edge.

As demonstrated, trimming tools work at a temperature up
to 260°C and are exposed to relatively lower pressures. Ther-
movision examinations revealed that, in the forging process, the
temperature of tools is about 200°C. It should therefore be pre-
sumed that these tools will work under conditions of the strong
friction that occurs when flash is trimmed from the forging. These
conditions contribute to rapid tool wear, which mainly occurs due
to abrasive wear, without tempering of the material. Tools are
not cooled, so the thermomechanical fatigue mechanism should
not occur. Successive figures show the results of analysis of tool
wear in this process, where the tool underwent 3000 forging
cycles and was then withdrawn from operation. The trimmer
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measured by thermovision

was made from X37CrMoV5-1 steel, which was hardened, heat-
treated by hardening and double tempering in order to achieve
a hardness of approx. 50 HRC (approx. 500 HV) throughout its
entire volume. The tool was not subjected to surface treatment
for the purpose of improving its lifetime. Wear analysis was
first conducted by scanning, where the scan before trimming
was compared to the scan after trimming. This measurement
made it possible to identify critical areas where the greatest
wear occurred. Fig. 12a presents the results of wear analysis,
and Fig. 12b indicates critical area X where wear was analyzed.

a)

The effects of wear, i.e. cracks, abrasive furrows and oxides,
were observed under a scanning electron microscope. In addi-
tion, microhardness was measured in the surface layer in order
to determine whether tempering of the material occurred. The
results of observations in area X are presented in Fig. 13.

The wear analysis results presented in Fig. 13 indicate the
presence of abrasive wear, which causes removal of layers of
the material from the die’s surface. Tempering of the material
also occurs, which may be caused by overheating in contact
with the hot material of the forging and intensive friction. The

Fig. 12. Results of worn trimming tool surface analysis: a) comparison of scans of the tool’s working surface before and after trimming and b) site

from which the sample was cut out for analysis
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tempering effect is confirmed by the hardness measurement
result (Fig. 13c). Not too many cracks were observed. This is
why the cause of wear should be accepted to be abrasive wear,
which is intensified by tempering of the material’s surface layer.

3.6. Selection of additional materials
for laying pad welds

Based on the results obtained in tests of tool working
conditions in the 4 selected groups and on the results of wear
analysis of representative forging tools, guidelines for selection
of material for hardfacing were developed. This material should
meet expectations by ensuring the following properties:

*  Resistance to present wear-inducing destructive factors,
*  Possibility of cohesive joining with the base material,
*  Sufficiently high performance of the hardfacing process.

Results of material selection are presented in tabular form
in TABLE 1. Calculation of the required depth of machining was
made on the basis of knowledge about tool wear in the analysed
forging processes. If the tool is worn through cracks, the material
must be removed to the depth of these cracks. If the material
is worn down by abrasion, then at least as much as is lost over
the entire surface shall be removed. If it is tempering, remove
a layer of softened material.

3.7. Analysis of the microstructure, microhardness
and chemical composition of obtained
pad welds

The results presented in TABLE 1 have shown the potential
of using materials such as Castolin DO*341 in relation to ham-
mer forging dies, Castolin DO*360X to axially symmetrical die
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TABLE 1
Selection of additional material for the purpose of hardfacing forging tools in selected groups
Hammer forgin Axially symmetrical | Die insert with irregular . .
Tool group die B ({ie)i,nsert cavity shape ¢ Trimming tool
Working temperature [°C] 200-400 400-600 300-500 150-300
Primary wear mechanism abrasive wear abrasive wear abrasive wear abrasive wear
. . . Thermomechanical Thermomechanical .
Other wear mechanisms Fatigue cracking . . . . tempering
fatigue, tempering fatigue, tempering
Max. wear depth [mm], g, 0.69 1.62 1.60 0.98
Max. crack depth [mm], g, 0.210 0.680 0.340 0
Max. depth of tempered layer [mm], g3 0 0.4 0.5 0.25
Required depth of mechanical processing [mm)]
W =15%g,+ 1.5%g,, when g,> g3 1.35 3.45 2.95 1.75
W=1.5%g,+ 1.1*g; , when g, < g3
Proposed hardness range of pad weld material 40-45 50-55 45-50 50-60
[HRC]
Castolin DO*360X Castolin DO*04
Examples of hardfacing material Castolin DO*341 Eureka Alloys 852 Castolin DO*360X Castolin DO*15
UTP A702 Eureka Alloys 852

inserts, Castolin DO*04 to die inserts with irregular cavity shape
and Castolin DO*15 to trimming tools. Therefore, preliminary
tests on specimens were conducted for the mentioned materi-
als. Castolin DO*341, Castolin DO*04 (Castolin DO*360X as
similar to DO*04 was omitted) and Castolin DO*15 powder
wires were used in these tests.

The tests included hardfacing carried out on samples with
H11 tool steel as base material. For each material, 3 layers were
deposited using GMAW welding technology in a fully robotic
process. The base material was preheated to 400°C and after
the surfacing the material was annealed for min. 2 h at the same
temperature, then cooled in the furnace together with the furnace.

Subsequently, the metallographic specimens were made
and the microstructure of the welds was observed. Similarly,
the microhardness and approximate chemical composition
of the welds were also studied. The Fig. 14 shows photographs
of samples after the surfacing process.

The samples were planed on the surface and then cut trans-
versely to the direction of surfacing. The microstructure of the
surfacing layer was observed in this section. Selected results of
these observations are shown in Fig. 15.

The results of the microstructure observations confirm the
homogeneous structure of the deposited layers containing HAZ,

the mixed zone and 3 layers of deposited cladding. The layers
are characterised by high metallurgical purity, good fusion both
with the base material and between the individual welded lay-
ers. No welding imperfections such as blisters or cracks were
observed.

The layer made of DO*341 is characterised by a fine-
grained martensitic structure with a relatively high number of
austenite separations in the interdendritic spaces.

The layer of hardfacing material obtained on DO*04 wire
is characterised by high metallurgical purity, good penetration
into both the base material and the individual welded layers. No
welding imperfections such as blisters, non-metallic inclusions
or cracks were observed. The weld deposited layer contains co-
lumnar grains, perpendicular to the fusion line, with a dendritic
structure. In the top layer of the deposit, the structure consists
of austenite with small amounts of chromium and molybdenum
carbides and a small amount of martensite.

In the DO*15, the structure is similar to that of DO*341,
but with a higher content of carbides, which has an influence on
the higher secondary hardness of the deposit.

The next stage of the research was the measurement of the
microhardness of the obtained welds. Fig. 16 shows the results
of these tests.

(¢]
~

Fig. 14. Photographs of samples after the surfacing process: a) DO*341, b) DO*04, ¢c) DO*15
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a) b)
Fig. 15. Microstructure test results of samples made of a) DO*341, b) DO*04, ¢) DO*15
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Fig. 16. Results of the microhardness test of deposited layers
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4. Conclusion

The research carried out has led to the following conclu-

sions:

Hammer forging dies are exposed to temperatures in the
range 200-400°C and are damaged by abrasive wear and fa-
tigue cracking. It is recommended to use a material with
a hardness of 40-45 HRC, e.g. Castolin DO*341, for their
surfacing. The possibility of making a surfacing from this
material has been confirmed.

Axially symmetrical insert dies are exposed to temperatures
in the range of 400-600°C and are damaged by abrasive
wear, thermomechanical fatigue and tempering. It is recom-
mended to use a material with a hardness of 50-55 HRC,
e.g. Castolin DO*360X, Eurcka Alloys 852, UTP A702 for
their surfacing. The possibility of surfacing with a similar
material Castolin DO*04 has been confirmed.

Die inserts with irregular cavity shape are exposed to
temperatures in the range of 300-500°C and are damaged
by abrasive wear, thermomechanical fatigue and temper-
ing. It is recommended to use hard facing material with
a hardness of 45-50 HRC, e.g. Castolin DO*04, Castolin
DO*360X, Eureka Alloys 852 for their surfacing. The
feasibility of hard facing with Castolin DO*04 has been
confirmed.

Trimming tools are exposed to temperatures between
150-300°C and are subject to abrasive wear and temper-
ing damage. It is recommended to use a hardness grade
50-60 HRC, e.g. Castolin DO*15 for their surfacing. The
feasibility of surfacing with this material has been con-
firmed.

Based on the pre-developed surfacing technology tested
on samples, it will be possible to develop robotic surfac-
ing technology for forging tools in the indicated groups
mentioned in this article.
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