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Abstract
The study performs an analysis as well as makes a comparison of the durability of forging tools used in the die forging process
made of high-strength steel Unimax. For tool steel WCL (1.2343 according to DIN), which has been applied so far, the obtained
average durability has been at the level of about 6000 forgings. Additionally, in order to increase the durability of the Unimax
material, two surface treatment variants were applied: in the form of ion nitriding (for nitrides A) and gas nitriding together with a
PVD-Alvin coating, which were compared with the results for an insert without surface treatment. For each variant, three tools
were produced, in order to obtain repeatable and verified results. In the first place, an analysis of the working conditions of the
tools was performed through thorough observations of the industrial forging process, particularly the tribological conditions,
including the manner of lubrication as well as the temperature distributions, by means of, among others, thermovisual examina-
tions. Additionally, numerical modeling of the process was carried out with the purpose of a more accurate analysis of the tool
work in contact. Next, a detailed analysis of the exploitation of the worn tools was performed, including a macroscopic and
geometrical analysis through 3D scanning, microscopic optical, and SEM tests as well as microhardness measurements. The
obtained results demonstrated that only the application of the new material, Unimax, itself caused a durability increase by 2.5
times with regard to theWCL steel used so far. In turn, with the application of additional surface engineering techniques, Unimax
tools characterized in better operational properties (high thermal and abrasive wear resistance at elevated temperatures), which
made it possible to forge over four times more forgings, i.e., 26,000 items, after nitriding with a PVD-Alvin coating had been
applied to the tool.
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1 Introduction

The durability of forging tools is an important as well as dif-
ficult issue in both the scientific and economical aspect, in the
case of plants producing forgings [1, 2]. This results from the
significant share of the tool costs in the total costs calculated
based on the production of one single forging. That is why,
often, the durability itself is described by the number of forg-
ings which has properly produced geometry and quality wise
by the given tool. At present, it is estimated that the cost of a
forging is on average about 8–15% of the cost of the tools,
whereas it can reach even 30% in the case of small production
series, and in extreme cases, for complicated shapes of steel
forgings or for austenitic forgings, it can be as high as 50–60%
[3, 4] and also lubrication [5]. A majority of these costs is
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covered by the dies or die inserts. The remaining instrumen-
tation elements, such as mounts and flattening plates, undergo
wear to a much lesser degree. In turn, trimming dies and
piercing dies, which wear quite quickly, can be easily regen-
erated through pad welding and regeneration of only the cut-
ting edges, which significantly lowers their share in the total
cost of the forging [6].

The wear of forging tools used in hot forging processes is
complicated and difficult to analyze, as it is affected by many
phenomena, which often occur simultaneously [7]. Among
the most important ones, we can name thermo-mechanical
fatigue, plastic deformation, abrasive wear, and oxidation
(Fig. 1). All these factors simultaneously contribute to the
wear of forging tools, while the share of the effect of the
particular factors is different depending on the type of the tool
(its size, shape, and production manner) as well as on the
operation conditions (type of the forging aggregate, pressures,
process temperature, etc.) [8]. In the case of die inserts whose
hardness is significantly higher (the hardness of tool steel after
thermal treatment reaches even 58–60 HRC, i.e., 650–
700 HV), the plastic deformation does not take place very
quickly [6]. Due to high hardness, numerous cracks are
formed on the working surface, which is described as the
effect of the mechanism of thermal and mechanical fatigue
[9]. These cracks form a characteristic network of a regular
or irregular shape in the surface, visible in Fig. 1a. Usually,
during further operation, these cracks become deeper and
wider as a result of the accumulating oxides, which work as
“wedges” [7]. The deepened cracks gradually transform into
grooves, which are usually formed parallel to the direction of
the material flow. The surface of the die near the groove un-
dergoes local deepening, and the edges of the cracks become
smooth (Fig. 1c). On the surfaces, one can also observe adhe-
sive wear that is oxidation and tearing-off of fragments from
the die surface (Fig. 1d). The share of particular mechanisms
in the total wear of the given tool can vary during the operation
[7, 10]. As a rule, at the beginning, a network of fatigue cracks
appears, and next, abrasive wear, material tempering, and lo-
cal plastic deformation simultaneously occurs [11, 12].
Depending on the forging process and its conditions, one

can also observe a secondary fatigue crack network originat-
ing from both thermal fatigue [13–15] and, intensifying the
degradation process, mechanical fatigue [16] as a result of
high forming forces. All this causes rapid and accelerated
wear as well as tearing-off of increasingly bigger particles of
the material, in which case, abrasive wear is not necessarily
the dominant phenomenon [3].

Often, the biggest share in the wear of tools used in hot
forging processes is also attributed to abrasive wear, while, in
fact, other mechanisms are dominant, and abrasive wear is only
the final and most easily measurable effect. The intensity of the
occurrence of the particular mechanisms is significantly affect-
ed by the forging conditions, andmore precisely the lubrication.
In the case of lubricated and cooled tools, thermo-mechanical
fatigue is mostly dominant, whereas for non-lubricated and
cooled tools, abrasive wear and plastic deformation dominate
[4]. The wear of the forging tools as well as the remaining
instrumentation causes a change in the geometry of the product,
and any surface flaws of the tools (cracks, defects) are reflected
in the forged product, affecting its quality [17–19].

There are many methods of improving the durability of
forging tools [1, 4]. Procedures aiming at an improvement of
a tool’s durability are usually performed in three different
directions. The first one takes into account the technological
and construction aspects of the forging process [20]. Here, the
most crucial is the optimization of the construction of dies and
impressions. As the finishing impression has to reflect the
ready forging and it cannot be changed without consulting
the recipient, the modification usually refers only to the
roughing passes and auxiliary impressions [21]. Through the
proper selection of shape, the aim is to synchronize the wear of
the roughing passes and finishing impressions, especially
when they are in the same die [22]. This is also supported
by modern production supervision systems, which stabilize
the process and eliminate errors [23], (https://www.
thomasnet.com/articles/custom-manufacturing-fabricating/
forging-parts-supplies/). The second direction concerns
modification of the material used to make the tools [24]. The
steels used to produce die impressions for presses have to
exhibit high strength, hardness, and abrasive resistance, at

a b c d

Fig. 1 The most common degradation mechanisms of forging tools. a Thermo-mechanical fatigue. b Plastic deformation. c Abrasive wear. d Oxidation
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the same time characterizing in proper ductility at the working
temperature [25, 26]. The above-mentioned properties can be
obtained through the proper selection of the steel’s chemical
composition. The small content of carbon (0.30 ÷ 0.55%)
ensures ductility, whereas alloy elements such as tungsten,
molybdenum, and vanadiummaintain high hardness at elevat-
ed temperature [27, 28]. From this reason, the new hot work
steels are used and developed, like Supreme, Thermodur, and
Unimax steel. For example, the Unimax steel has been found
to be more wear-resistant than conventional tool steels such as
H11 or H13. The publication presents a comparison showing
that tools made of Unimax have up to 250% longer durability
[29]. In addition, in other works, the resistance of this steel to
abrasive wear was analyzed [30, 31], which is much higher
compared with other steels. The application of Unimax steel
as a material for hot forging tools [32] can also be pointed out,
also as an excellent substrate for nitriding [33] and as a sub-
strate for hybrid layers combining nitriding and PVD coatings
[34].

In order to obtain the assumed mechanical properties, it is
necessary to perform the appropriate thermal treatment, which
usually consists of quenching and, performed twice, high tem-
pering [34]. The third direction refers to modern surface engi-
neering techniques [35]. Among the most popular ones, we can
name welding techniques (pad welding), thermo-chemical
treatment (nitriding, etc.), beam techniques, and mechanical
methods (shot peening) as well as hybrid layers and techniques
[36, 37]. There are no clear criteria for the selection of a partic-
ular durability improvement method, as each case should be
analyzed individually with respect to the conditions present
during the forging process [3]. Also, oftentimes, certain
methods are combined in order to obtain the optimal solution
or the effect of synergy, which makes it possible to increase the
durability of forging tools. An important criterion is also the
availability of solutions, of which some require access to a big
and costly industrial infrastructure (nitriding furnaces, coating
application apparatus). The selected improvement manner has

to be justified economically, and it should be analyzed whether
the gain resulting from an increase of tool life will be higher
than the sum of the expenses (material, machining, thermal and
thermo-chemical treatment) [38].

2 Research objective and methodology

In the investigations, an attempt was made at increasing the
hardness of the tools used so far (upper die inserts applied in
the roughing operation) through the use of another tool
material—steel with the commercial name Unimax. Also, for
this material, two surface treatment variants were applied—in
the form of ion nitriding (for nitridesα) and gas nitriding together
with the application of a PVD-Alvin coating—which were com-
pared with the results for an insert not subjected to surface treat-
ment. The properties of the newly applied material make it pos-
sible for the Unimax steel to find its application for tools assigned
for hot and semi-hot operations, which require both high hard-
ness and ductility. Alvin coating is a nanocomposite CrAlSiN
coating with high chromium content and high resistance to oxi-
dation and adhesion to the shaped material of the tool (https://
shm-cz.cz/pl/powloki-pvd/). The chemical compositions of both
steels have been compared in Table 1. It can be inferred from the
comparison that the Unimax steel contains more molybdenum
(Mo) and slightly more carbon, with a similar share of the other
alloy additions. The recommended quenching and tempering is
constituted by the following: quenching at 1025 °C as well as,
performed twice, tempering at minimum 525 °C, which guaran-
tees hardness at the level of 56–58 HRC. Table 2 presents the
denotations as well as the applied thermo-chemical treatment
variants together with the number of performed cycles.

The prepared tools underwent performance tests (three
tools for each variant), where, by means of each of the three
variants, the maximal number of forgings fulfilling the re-
quired criteria was made. Next, the tools, after their operation,
were subjected to an in-depth analysis in order to compare and

Table 1 Chemical composition of the Unimax steel compared with the standard WCL steel used so far

Chemical content
Material (%)

C Mn Si Cr Mo V Fe

X37CrMoV5-1 (1.2343, WCL) 0.32–0.42 0.2–0.5 0.8–1.2 4.5–5.5 1.2–1.5 0.3–0.5 Residue

Unimax 0.5 0.2 0.5 5.0 2.3 0.5 Residue

C45/1.0503 0.42–0.50 0.50–0.80 Max 0.40 Max 0.40 Max 0.10 - Residue

Table 2 Data concerning the state
of the examined inserts and the
number of cycles performed by
them

Denotation No. 1 No. 2 No. 3

Surface engineering techniques - Nitriding the SECO
company on α nitrides

Nitriding in the Jawor Forge,

PVD-SHM-ALVIN coating

Number of cycles 16 thousand 16 thousand 26 thousand
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evaluate the effectiveness of the durability improvement using
another material.

3 Test results

3.1 Analysis of the industrial forging process

An analysis of the industrial process of producing a yoke-type
forging (a key element of the steering column in motor cars)
was performed with the aim to determine the performance con-
ditions of the upper die inserts used during the operation of
roughing. The examinations were supported by temperature
measurements with the use of a thermovision camera as well
as the results of numerical modeling. The forging process is
realized in four operations on a Massey press with the load of
13 MN (Fig. 2). The tools visible in Fig. 2—die inserts—in the
case of the standard forging process, are made of steel
X37CrMoV5-1 (1.2343—WCL according to DIN), which
was thermally treated through quenching from 1000 °C and
twofold tempering at 540 °C, and they characterize in diversi-
fied durability. The initial charge material made of C45 (1.0503
according to DIN) in the shape of a cylinder with a diameter of
35 mm and a length of 53 mm heated inductively from the
ambient temperature to the target equals 1150 °C, for about
2 min. The chemical composition of steel is shown in
Table 1. Immediately after the forging process, the hot trimming
of flash takes place. The full production cycle of one forging is
about 14–15 s, which gives about four pieces per minute and
about 240 forgings/hour. The quality control is carried out every
300 forgings. For lubrication and cooling, an automated lubri-
cating device developed and built by the authors was used, in
which the lubricant was a mixture of graphite with water in a

ratio of 1:20 in a dose of lubricant 10ml during spraying for 2 s.
This device allows for precise and repeatable dosing with si-
multaneous possibility of varying the proportions for subse-
quent nozzles as well as the possibility of free setting of the
air blow sequence and application of lubricant. Detailed infor-
mation on the developed lubrication system ensuring optimal
and repeatable tribological conditions, which translates into
quality and reduction of production costs, is presented in the
papers works [39-41].

The lowest durability is exhibited by the roughing inserts (the
middle center—the biggest plastic deformations as well as pres-
sures and forging forces). Therefore, for these tools, steps aiming
at increasing their durability were taken. In the first place, the
forging process parameters were analyzed, especially the temper-
ature of the forging and the tool as well as the pressures present in
the contact between the surface of the working pattern and the
material of the forging. To that end, a measurement of the tool
temperature wasmade bymeans of a thermovision camera, and a
MES simulation of the forging process was performed. The tem-
perature measurement results are shown in Fig. 3.

In the thermogram shown in Fig. 3, it is possible to deter-
mine the value of the temperature on the working surface of
the roughing pass and the finishing impression, which equals
about 250 °C. The values are in accordance with the technol-
ogy, as the tool temperature recommended for this process
equals 250–300 °C. The measurement was made directly after
the forging was removed from the tool. Generally speaking,
the temperature of the forging tools periodically changes, as
the die impressions rapidly heat up in contact with the hot
forging and then cool down when they give up heat into the
body of the tool as well as during the evaporation of the
cooling and lubricating liquid. The precise values of temper-
ature and pressure in contact present in the forging process

Upsetting

I and II operations

Preliminary forging –

operation III Finishing forging –

operation IV

Upsetting Preliminary forging Finishing forging 

operation I 

operation II 

operation III operation IV

a

b

Heating 

of charge

material 

Hot 

trimming 

of forging

Fig. 2 The view of a the lower tools fixed on the Massey 13 MN press table—work station. b The schematic diagram
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were determined through numerical modeling in the Forge
software, in which the values of temperature and pressure, as
well as distribution of abrasive wear on the tool surface, were
determined. Selected results of this simulation are shown in
Fig. 4, where one can see that the highest pressures are present
in the central part, between the fork arms of the forging, which
results from the preform being the most deformed in this area.

3.2 Performance tests and macroscopic observations
of forging tools

During the tests, all the selected tools (three items for each of
the three variants) were operating until reaching the maximal
accepted wear. The decision of removing the tool from further
operation was made based on the quality control performed on
the forgings during the process. During the tests, with the use
of the selected inserts for the first variant—the Unimax steel
without an additional thermo-chemical treatment—the aver-
age of 16,000 items were produced, which corresponds to an
over 2.5 times higher average of tool durability in this process
in respect of the tool material used so far, i.e., WCL steel. In
turn, under similar forging conditions, by means of inserts
made of the Unimax steel nitrided for alpha nitrides (variant
II), as many as 16,000 forgings were produced, while for the
tools made of Unimax steels nitrided with an Alvin layer (var-
iant III), the mean durability was as much as 26,000 forgings.
After the tests, in the first place, the tools underwent a macro-
scopic analysis. The results of the macroscopic comparative
analysis for the representative inserts, for each of the three
variants, are presented in Fig. 5.

The non-nitrided tool (Fig. 5a) exhibits numerous traces of
abrasive wear on the whole bridge area, especially on the
edge, in the spot of the formation of the flash. The abrasive
wear has the form of grooves radiating from the center of the
die. It is very deep and undesirable, as it may cause big chang-
es in the geometry of the produced forgings. Owing to the

application of nitriding, the abrasive wear was reduced, which
is confirmed by the image shown in Fig. 5b. It can be inferred
from the observations that no abrasive grooves are present on
almost the whole surface of the die, which are visible only to a
small degree near the ejector. In turn, the hardening of the
surface layer through nitriding caused the occurrence of a
different wear mechanism, i.e., fatigue cracking, which re-
veals itself in the form of a network of cracks visible on the
surface as well as numerous minor spallings visible on the
bridge of the die. In spite of this, it can be stated that the
nitriding operation brought a positive result, as it significantly
increased the durability, reduced the wear, and made it possi-
ble to prolong the tool’s performance. In turn, in the case of the
tool for variant III (Unimax with gas nitriding and a PVD-
Alvin coating), it can be noticed that the wear in the whole
impression of the insert is similar to that observed for the insert
in variant II. In this configuration, the tools operated much
longer, reaching the average durability of 26,000 items. The
tool wear visible in Fig. 5c has the character of many minor
cracks on the surface. This confirms the dominating effect of
thermo-mechanical fatigue on the wear, which, at a further
stage of performance, is intensified by abrasive wear. The
presence of small losses after such a long operation time com-
pared with the non-nitrided tool constitutes a confirmation of
the effectiveness of the applied treatment. The periodical con-
trol of the exploitation of the inserts for variant III, performed
through observations of the geometrical changes and the state
of the tools being within the acceptable tolerance scope, en-
abled such a long operation of these tools and the production
of an average of 26 thousand forgings.

3.3 Tool wear analyzed through surface scanning
with a 3D laser scanner

The subsequent stage of the research was a dimensional anal-
ysis, for which the working patterns of the tools were scanned

Fig. 3 Tool thermogram—a view
directly after spraying performed
by the cooling and lubricating
nozzles
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after their operation. For the determination of the geometrical
loss of the tool material after producing a certain number of
forgings, a measuring arm with a laser scanner ROMER
Absolute ARM 7520si was used, which enabled 3D scanning
of the surface and comparing the obtained results with the
CADmodel. The comparison was made by means of the local
best-fit algorithm in the GOM software. The result of the
comparison has been presented in Fig. 6. This made it possible
to determine the wear (material loss) in the form of a geomet-
rical distance of the scanned surface from the surface of the
CAD model. For the insert denoted as no. 1 (Fig. 6a), one can
observe significant material losses marked with dark shades of
blue, which assume values reaching 0.8–0.9 mm in the vicin-
ity of the die insert’s bridge. Their localization results from the
highest pressure and temperature observed in Fig. 3 and 4 and
thus the highest friction in the forging’s contact with the tool in
those areas.

Also for this tool, one should note the deep losses situated on
the bridge, which locally assume the shape of deep pulling out.
In the remaining part of the bridge, one can see areas with a
smaller loss, at the level of 0.4–0.5 mm, where, under magni-
fication, a large number of vertical grooves is visible. While
analyzing the wear of the insert made of the Unimax steel after
nitriding for alpha nitrides (Fig. 6b), which worked through the
same number of cycles, one can notice that the global wear on
this tool is, qualitatively and quantitatively, much smaller, and
the local material losses are about twice as small. On this insert,
we can also see, marked with blue, local wear areas with the
maximal depth of 0.44 mm, situated near the bridge on the side
of the stem as well as arms of the yoke-shaped impression.
Additionally, one can notice a slightly bigger material loss in
the central part of the right arm in respect of the left one, which
is probably caused by a non-uniform cooling process. The geo-
metrical analysis of the material loss for the insert denoted as

Fig. 5 Macro-view of the lower die insert made of a Unimax steel after
16,000 forging cycles (no. 1), b made of Unimax steel with glow
discharge nitriding (for nitrides A) 16 thousand forging cycles (no. 2),

and c made of Unimax steel with gas nitriding together with PVD-Alvin
coating after 26,000 pieces (no. 3)
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Fig. 4 Result of FEM simulation. a Maximum normal stresses. b Distribution of abrasive wear on the surface of the tool in contact with the forging
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no. 3 shown in Fig. 6c illustrates the abrasive wear on the whole
surface. Slightly higher values of material loss (0.35–0.45 mm)
were observed on the front surface between the fork arms,
where the forging is placed directly before the forging process,
as well as in the initial part of the right arm. In the central part,
the pressures are high (Fig. 3) and they are present throughout
the whole time of material formation. That is why it is under-
standable that a small wear is present after such a big number of
forging cycles. In turn, in the case of a bigger material loss near

the right arm, similarly to the insert denoted as no. 1, it is
probably caused by both the intensive flow of the forging ma-
terial to the groove and non-optimal lubrication. Despite the
observed losses, it can be stated that the tool covered with an
additional coating worked through about 10 thousand more
cycles than the other tools, and, based on the performed analy-
sis, it can be established that it is worn only slightly more than
the insert made of the Unimax steel with the nitriding. It seems
that the hybrid layer in the form of nitriding and an applied

Fig. 6 Geometrical analysis of wear through a comparison of the tools’ scans with the CAD model for tools a no. 1, b no. 2, and c no. 3

die insert no. 1

die insert no. 2

die insert no. 3

Fig. 7 Comparison of volumetric loss of tool material in shaped area for all analyzed die inserts
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Alvin coating is the best option in the aspect of improving the
durability of inserts used for this type of forgings. In order to
better illustrate the loss of material on the working surfaces of
the tools analyzed, a global volumetric analysis was carried out,
which is shown in Fig. 7. Only wear areas that directly shape
the forging—without areas near the ejector hole and forming
the flash, which is trimmed after forging—between the forging
arms are subjected to analysis.

As can be seen in Fig. 7 that the largest volume loss of mate-
rial was observed for insert no. 1, for which it was 290 mm3, the
smallest for insert no. 2, which was about 120 mm3. A slightly
larger loss of tool material at 190 mm3 was determined for insert
no. 3, but this die insert produced the largest number of forgings.
The volumetric material loss analysis confirmed earlier macro-
scopic observation and 3D scanning.

3.4 Microstructure studies in a tool’s cross-section

The analysis of the microstructure and the surface layer as
well as the hardness measurements were performed for two
different cross sections of the inserts. For each insert, an iden-
tical test scheme was applied. The structural test samples were
etched in nital, and the microstructure was recorded by means
of an optical microscope Olympus GX51, with the use of a
camera Olympus DP12.

On the microstructure images for the inserts denoted as
no.1, no structure tempering was observed in points 5, 7
(Fig. 8a), and 13. Locally, cracks on the insert surface were
noticed, especially in the areas where the surface was not flat.
A martensitic structure was recorded on the whole examined
surface, also at the edge of the sample. In points 3, 4 and 8, 9

P5 P7a

b

c

Fig. 8 Microstructure of Unimax steel, inserts no. 1 in points a 5 and 7, b 8 and 9, and c 14 at different magnification
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(Fig. 8b) as well as 14, 15, tempering of the insert’s surface
layer was observed. The depth of the tempering reaches
200 μm. On these areas, numerous cracks are present, whose
depth equals even 0.5 mm. In the areas of an intensive flow of
the forging material, the crack gaps have a characteristic bent
shape. This is caused by the flow of the insert material, in the
direction of the forging material flow, after the formation of the
crack. At the depth of about 50μm from the examinedmaterial
surface, a divorced pearlite structure was recorded (Fig. 8c).

It is a mixture of spheroidal cementite, which is visible
in the form of minor precipitates (as well as other car-
bides) on the background of recrystallized ferrite. Such a
microstructure is present in a material that has been sub-
jected to the operation of a temperature above 650 °C for
a longer period of time.

The inserts no. 2 were nitrided by the SECO/WARWICK
company, in such a way so that α phase would be obtained. In
the microstructure images, no tempering of the structure was
observed in points 5, 7 (Fig. 9a), and 13.

Locally, cracks on the insert’s surface were recorded, espe-
cially in the areas where the surface was not flat. The depth of
the cracks was usually equal to the depth of the nitrided layer,
which did not exceed 200 μm. No material losses in this area
of the nitrided layer were observed. Amore fine-grained struc-
ture can be observed in points 3 and 4 (Fig. 9b), despite the
fact that these points are located close to each other.
Additionally, in the nitrided layer in point 3, no white nitride
precipitates were noticed, which are present in every other
point of the insert. The observations of the surface layer in
points 8 and 15 of insert no. 2 did not show tempering of the

P5 P7a

c

b

Fig. 9 Microstructure of Unimax steel, inserts no. 2 in points a 5 and 7, b 3 and 5, and c 8 and 15
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structure in any of the examined points. Despite the numerous
cracks and spalling of the nitrided layer, the continuity within
the whole insert was maintained (Fig. 9c).

Figure 10a shows the nitrided layer together with the PVD
coating. The white PVD coating is located on the surface and
reaches the thickness in the scope of 1–2 μm. Under the PVD
coating, there is a nitrided layer ɛ and ɣ’ (by definition, these
two phases are present on the surface of the nitrided layer),
whose thickness is within the scope of 2–4 μm. In Fig. 10a,
one can clearly see that the nitrided layer for the inserts denot-
ed as no. 3 is richer in nitrides than that nitrided by SECO,
with no. 2, which is proved by a higher number of white
nitrides on the grain boundaries. In the microstructure images,
no tempering of the structure was observed in points 5, 7, and

13 (Fig. 10b), which are situated on the vertical walls of the
insert.

Locally, cracks on the insert surface were noticed, especial-
ly in the areas where the surface was not flat. In some areas,
the depth of the cracks exceeded 500 μm, where material
losses and spallings were observed in the nitrided layer; how-
ever, on the whole length of the flat walls, the layer maintained
its continuity. A big number of cycles and the prolonged
operation of temperature caused not only degradation of
the nitrided layer of insert no. 3 but also tempering of
the native material located directly beneath this layer as
well as the formation of characteristic bent crack gaps
(Fig. 10c), pointing toward the occurrence of plastic de-
formations. In the areas visible in Fig. 11, the

b)a)P10 P4a

c

b

Fig. 10 Microstructure of UNIMAX steel, inserts no. 3 in point a 10 and no. 2 in point 4, b 5 and 7, and c 3 and 4
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microstructure is close to that observed in point 14 of
insert no.1.

3.5 SEM analysis of the surface

The examinations of the inserts’ surface were performed by
means of a scanning electron microscope VEGATESCAN-3,
operating with the accelerating voltage of 30 kV. The analysis
of the surface of the selected inserts showed significant

differences in the changes on the surfaces of their impressions.
Figure 11a presents those tool surfaces on which the material of
the forging was clearly flowing (points 14, 15), forming an
outer and inner flash (point 13) between the arms of the forging.
Based on the test results for the insert made of the Unimax steel
without an additional thermo-chemical treatment, one can ob-
serve numerous grooves as well as, probably, remains of the
primary network of cracks originating from thermo-mechanical
fatigue, due to a large geometrical loss of the material in these

a)P14 P3

c

b

a

Fig. 11 SEM test results—view of the surface in point 14 and in point 3 in inserts a no.1, b no. 2, and c no. 3
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areas, for the tool that produced 16,000 forgings. One can also
observe characteristic bents of the cracks, which points to a
significant operation of high temperatures, causing local mate-
rial tempering as well as cracks bent in the direction of the
forging material flow. In turn, for insert no. 2 (Fig. 11b), no
characteristic grooves formed as a result of the forging material
flow were observed, which makes it possible to establish that
the insert material itself did not flow either. These images con-
firm the microstructure observations, from which it could be
inferred that the nitrided layer maintained its continuity on the
whole surface of the insert, and so, no plastic deformation of its
surface or the formation of grooves took place. However, there
is a clear crack network of the layer itself to be observed on the
surface of the insert as well as its numerous spallings and losses,
which, with further operation of the tool, could cause an inten-
sive material loss as well as rapid wear.

In turn, on the surface of insert no. 3, which originally had a
nitrided layer as well as a PVD coating, as it performed a bigger
number of cycles, total abrasion and spalling of not only the
PVD coating but also the nitrided layer took place, which is
confirmed by the microstructure images (Fig. 11c). And so, on
the surface of this insert, plastic deformation of the native ma-
terial as well as the formation of grooves occurred, similarly to
the case of insert no. 1. Based on the images with a higher
magnification, one can also state that the gaps of the cracks

running from the surface of the inserts are perpendicular to
the insert only in the case of no. 2. In other two cases, the crack
gaps are bent, which are a result of the flow of the insert
material.

3.6 Hardness measurement results

The hardness tests were carried out by means of a microhard-
ness tester LECO LM-100AT, with the use of the Amh43
computer software, by the Vickers method, with the load of
100 g. Figure 12 shows the results of microhardness measure-
ment for the selected points. The hardness measurements for
insert no. 1 in the selected exemplary points 8, 9, and14, i.e., in
the areas which are the most exposed to the operation of the
temperature and the flow of the material, showed a significant
drop of hardness, from the level of over 600HV0.1 to as little
as about 300HV0.1. The hardness measurement for insert no.
2 demonstrated the presence of a nitrided layer, with the hard-
ness of about 1000–1100HV0.1, with the thickness of about
200 μm. In the selected exemplary areas which were the most
exposed to the operation of the temperature and the flow of the
forgingmaterial (points 8 and 14), the surface of the insert was
tempered, as a result of which the hardness dropped even to
the level of about 800HV0.1. Based on the previously per-
formed microstructure and surface analyses, a smaller

Point no 8 Point no 9

Point no 12 Point no 14

Distance from tool surface Distance from tool surface

Distance from tool surface
Distance from tool surface

Fig. 12 Measurement results for the selected measurement points for all variants (three die inserts in selected areas)
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thickness of the nitrided layer in these points was also ob-
served, which is a result of the partial abrasion of the layer
(point 14). The hardness measurements of insert no. 3 showed
the presence of a nitrided layer, with the hardness exceeding
1100HV0.1, with the thickness of over 200 μm.

The higher hardness as well as thickness of the layer is
caused by the presence of an additional PVD coating on its
surface.What is interesting, in the selected areas, i.e., in points
8, 9, and 14, a bigger hardness drop of insert no. 3 was ob-
served as compared with insert no. 2, especially at the distance
of about 0.15 mm from the surface, which is probably caused
by a higher number of performed cycles. Additionally, in the
selected areas, i.e., in points 8 and 14 for insert no. 3, the
distribution of hardness on the surface was determined in the
following two areas: where the nitrided layer was still present,
and where the layer had completely worn off (the area of the
biggest wear of the insert), which were located close to each
other. It is clear that, in the areas of the insert’s most intensive
wear, a total abrasion and destruction of the layer as well as the
coating occurred, and the hardness of the material reached a
similar level to that for insert no. 1, which had no layer at all.

4 Summary and conclusions

The utilitarian aim of the study was to determine the effect of
the applied tool material—Unimax—(also, after different treat-
ment variants with the use of surface engineering techniques),
in respect of the 1.2344 steel tool for hot operations used so far,
on the increase of the hardness of forging tools. The analysis of
the industrial forging process supported by temperature mea-
surements as well as numerical modeling enabling the determi-
nation of many difficult, or even impossible to establish by
other methods, parameters made it possible to point to the key
process parameters, which decides about the wear. The first
macroscopic observations showed that the best resistance was
exhibited by the inserts for variants 2 and 3, although it should
be noted that only the introduction of the new tool material itself
caused an over twofold increase of hardness. The geometrical
analysis of the wear provided valuable information on the de-
gree of wear, and also enabled its quantitative evaluation and a
comparison of both tools. It can be inferred from the analysis
that the tools made of the Unimax steel without an additional
thermo-chemical treatment wear off much faster and in a very
irregular manner, as opposed to the tools made of the same steel
but after nitriding or a hybrid layer application, for which the
tool exploitation proceeds in a stable way. Also, the wear of the
insert made of the Unimax steel was more uniform, as opposed
to the inserts made of the standard steel 1.2343 examined so far,
for which traces of local spalling and damage have been ob-
served, which are also confirmed by the observations per-
formed bymeans of a scanningmicroscope. The wear observed

during macroscopic analysis was then subjected to careful ob-
servation in scanning and optical microscopy. The result of this
analysis is to observe the effects of wear on the surface and in
the surface layer. This wear was caused by mechanisms that
result from the adopted surface treatment. The tool made of
Unimax steel was mainly subjected to abrasive wear, which
was manifested through abrasive furrows forming along the
direction of flow of the material on the surface of the tool.
These furrows are deep (up to 1 mm, which was measured in
Fig. 6a) and smoothed at the edges (Fig. 11). They are located
on the rounded edges near the matrix bridge (Fig. 8). Their
presence is undesirable and causes the tool to be withdrawn
from use. The nitrided tool underwent other wear mechanisms,
among which cracking due to thermal and mechanical fatigue
predominated. Observations of the microstructure show small
defects in the form of chipping and cracks that are shallow and
densely arranged. Wear occurred locally by cracking and
chipping fragments from the surface, followed by further abra-
sive wear in a place weakened by cracks and chipping (Fig. 9).
Similar wear but to a lesser extent was observed with the tool
with Alvin coating. The presence of the coating led to long-term
wear resistance. However, in the areas with the highest load
indicated in the FEM analysis (Fig. 4), damage was caused by
cracking and chipping, which led to the removal of both the
coating and the nitrided layer (Fig. 10).

The obtained results suggest that despite the higher price of
the Unimax steel (about 6 euro per 1 kg), in the case of the
analyzed die inserts (1 kg/ 3euro), its application is economical-
ly justified.We need to manufacture 2.5 die inserts in relation to
1 die insertmade ofUnimax steel to achieve similar durability of
forging tools. Also, taking into account the costs of themechan-
ical treatment of the tools and their thermal treatment as well as
the costs of the shutdown of the production line resulting from
the necessity of replacing the worn tools, the benefits coming
from the use of a better tool material are much greater.

It should be pointed out that the results presented in the
study were obtained for three variants with three repetitions,
which creates the necessity of performing further tests in order
to standardize the durability improvement process by way of
applying an alternative material together with an additional
thermo-chemical treatment as well as to determine the stability
and cost-effectiveness of the introduced changes depending
on the production scale.
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