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Abstract Tools used for hot forging are subject to
simultaneously acting process-related high mechanical,
tribological, chemical and thermal cyclic loads. In com-
parison to other manufacturing methods, the resulting load
spectrum leads to a failure of the form-giving tool com-
ponents after a short tool life. Wear is the main reason for
die failure in hot forging processes, accounting for 70 % of
all causes. Other kinds of failures are thermal and
mechanical cracks as well as plastic deformation (a result
of the loss of hardness due to the high thermal charge). In
order to reduce wear, several kinds of wear reducing
methods are subject of industrial applications as well as
research works. For example, nitriding and optional thin
hard coating or overlay welding are effective methods to
increase the wear resistance of hot forging dies. Beside the
process related stresses during the service, manufacturing
of forging tools itself initializes microstructural changes in
their subsurface zones. During fabrication, the general
influence of the fabrication method on the tool lifetime has
not been considered so far. The implementation of the
knowledge of this influence into the fabrication process
could lead to an increased productivity of hot forging
processes without using expensive and complex wear
reducing methods.
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1 Introduction

Hot forging processes are characterized by severe loads.
These loads act simultaneously, which leads to several
kinds of die failures. Particularly, the thermal conditions
lead to initial failures in the form-giving tool parts by
initiating a material softening in the edge layers. The loss
of hardness in the edge zones leads to a reduced resistance
against abrasion. In addition to thermal and mechanical
surface cracks, a continuously advancing surface abrasion
is the consequence. The work environment of hot forging
processes is a non-vacuum environment without the use of
inert gas. Due to this environment, the oxidation process on
the surface of the work-pieces is unavoidable and hard
particles (like forging scale) cause extensive abrasive wear.
Furthermore, adhesive wear occurs as a result of the tem-
perature-increased reactivity of the tool material and the
workpiece.

The applied lubricant and the cooling medium protect
against high temperatures but also intensify the cyclic
thermal stress. Wear mechanisms occurring at hot forging
dies are described in Fig. 1.

During production these mechanisms lead to the failure
of the form-giving die parts causing enormous costs for the
forging industry. Previous methods of wear reduction were
successfully examined in several research works and
implemented in industrial processes.

1.1 Methods of wear reduction for forging tools

As shown in several research works, thin layers with higher
hardness than the basic material, supported by nitrided
cases, were effectively used to increase the wear resistance
of forging dies. The effect of a combined coating of thin
boron-containing PACVD layers (about 3 pm) and
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Fig. 1 Failure causes of hot
forging tools [17]

nitriding on the tool lifetime quantity is shown in [1, 2].
The additional coating increases the tool lifetime up to
50 % compared to merely nitrided dies. In [3, 4] forging
dies for gears were coated with titanium in combination
with boron cover layers in a duplex nitriding process. The
nitride layer supports the coating and reduces chipping as
well as material adhesion [5]. In [6] laser alloyed and
nitrided dies were successfully used to increase the tool life
time quantity. The effect of only nitrided dies on the tool
life time was investigated in [7]. Here, the wear resistance
of forging dies could be increased significantly but the
variance was high with an average ratio of 50 %.

Positive influences of martensite layers on the surface of
forging dies are demonstrated in [8, 9]. The formation of
martensite in the edge layers of hot forging dies is forced
by lowering the eutectoid-temperature using manganese as
additional alloying element. An increased wear resistance
of the tools could be directly correlated with the martensite
layers in different forging applications. In contrast to this
positive effect of martensite layers on the tool life, also
negative effects are documented in the literature. In [10]
the formation of martensite was held responsible for early
die failure on the example of a punching tool for Hatebur
forging units.

All of the described methods lead to additional costs for
special treatments or investments in new technologies. The
majority of the companies in the forging industry are small
and medium sized enterprises (SME). Particularly, SME
enterprises are interested in comparably cheap methods of
wear reduction.

The general influence of the fabrication method on the
tool life in forging dies was examined at the Institute of
Metal Forming and Metal-Forming Machines (IFUM). The
research project was founded by the German Research
Foundation (DFG). It could be demonstrated that micro-
structural changes in the edge layers influence the tool life.
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upper die

wear 70 %

mechanical cracks 25 %

thermal cracks 3 %

plastic deformation 2 %

The choice of the manufacturing method can lead to a
higher wear resistance and an enhanced tool life without
additional wear reducing treatments.

1.2 Outline of the article

In Sect. 2, the chosen manufacturing methods for forging
dies are defined with respect to the resulting microstruc-
tural edge layer conditions. This was necessary to manu-
facture forging dies with defined edge layer conditions. The
resulting edge layer changes are typical for the appropriate
fabrication method. Therefore, the occurring die wear
could be correlated with the different edge layer conditions
and with the manufacturing methods.

The manufactured dies were than adopted in serial
forging tests to investigate the wear behaviour. To char-
acterize the wear behaviour, tactile contour measurements,
photographic and metallographic documentations as well
as micro hardness measurements were carried out. The
corresponding results are presented in Sect. 3. Finally, in
Sect. 4 a conclusion and future outlooks were given.

2 Fabrication routes

All analyses were accomplished based on the example of
the hot working steel 1.2367 (X38CrMoV5-3, AISI
H10 + Cr). First of all, the influence of turning with sub-
sequent hardening and electro discharge machining (EDM)
as well as high speed cutting (HSC) on the edge layer
conditions were examined. For this purpose, specimens for
beam impact tests were manufactured and the ductility as
well as the general influence on the edge-layer texture were
investigated in previous works [11, 12].

Turning with subsequent hardening led to the least
microstructural changes within the edge layers with respect
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to residual stresses, hardening effects or mechanical dam-
ages (example: cracks). Regarding EDM and HSC, the
manufacturing parameters were diversified and character-
istic impacts on the edge layers were examined.

2.1 Electrical discharge machining (EDM)

The EDM process parameters are combined in a set of
parameters by the VDI 3400 guide line. The classes are
defined by the resulting surface roughness (Table 1).

A solidification process of the melted material on the
part’s surface is the major impact of the EDM process on
the edge layer condition. The size of the affected zone rises
with an increasing VDI class number. The electric
amperage and pulse time are known as the main parameters
affecting the size of the solidification zone [13]. To

Table 1 Eroding classes by VDI 3400

examine the influence on the tool life, two different sets of
parameters were chosen (K15 and K30). EDX- and XRD-
analyses were performed to characterize the composition of
the resulting zone within the project. With the help of the
EDX-analysis, possible fusing of copper on the tool’s
surface was investigated. The fusing of copper onto the
tool’s surface could lead to a reduction of hardness in the
surface zones depending on the part or electrode material
[14].

Figure 2 depicts, that during the eroding process a local
fusing of copper is possible but only occurs at a very small
ratio. Micro hardness measurements, down to a minimum
load of 10 mN, were examined for a large number of
specimens. A loss of hardness could not be detected [12].

To characterize the microstructure of the layers XRD-
analyses were examined as shown in Fig. 3.

VDI class
R, (pm)

12
0.4

15
0.56

18
0.8

21
1.12

24
1.6

2
2

7
24

30
3.15

33
4.50

36
6.30

39
9.0

42
12.5

45
18.0

Fig. 2 EDX-analysis of eroded
specimen at the white edge layer
and the basic material
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The microstructure of the white layers is martensite with
a high amount of the iron carbide cementite. This result
correlates with light microscope microstructure analyses
and the micro hardness measurements [12]. The formation
mechanism of the white edge layer is therefore a trans-
formation hardening. During the melting process, the fer-
rite structure changes into austenite. The following charge
abruption together with the dielectric fluid lead to a rapid
solidification process and the result is a basic martensite
structure.

2.2 High speed cutting (HSC)

The experiments with high speed cutting processes were
carried out by varying the parameters v, (cutting rate), a,
(cutting depth) and f, (tool feed speed). They were exe-
cuted by a multifactorial diversification in the process
parameters as shown in Table 2.

Depending on the parameters, the plasticity of the
machined part rises and the short cyclic mechanical and
thermal charges can lead to hardening effects in the edge
layers [15]. The major impacted zone is located in a very
small edge layer and mostly removed with the milling
chips. In any case, a total removal of the impacted zone
does not take place and as a consequence, the affected
areas remain in the edge layers of milled parts. To examine
the influence of these edge layers on the performance of hot
working tools, defined parameters where chosen to obtain a
maximum impacted zone. A clear correlation between the
varied parameters and the size of the affected zone could
not be found within the arranged investigations. Addi-
tionally, the impacted zones are very thin with an average
size of about 2 pm. For the tool life quantity tests the set of
parameters from experiment 15 were chosen. This set of
parameters led to a white layer up to 2 pm.

2.3 Residual stresses after fabrication

Residual stresses are known as the major influences of the
fabrication method on microstructural edge layer condi-
tions. To characterize the remaining residual stresses after

Table 2 Parameter table for HSC-experiments

the fabrication, XRD-analyses were carried out. A clear
dependence of the fabrication method on the residual
stresses was examined as demonstrated in Fig. 4.

The wear level of hard machine tools could significantly
influence the residual stresses [16]. For this reason each die
used in the forging tests was produced with a completely
new tool.

2.4 Manufacturing impacts on edge layer conditions

In addition to the XRD-analyses, surface roughness mea-
surements and beam impact tests were carried out to
evaluate the influence of the manufacturing method on the
surface roughness and ductility in the case of the chosen
parameters.

The major impacts of the considered fabrication meth-
ods and parameters are presented in Table 3.

After the general investigation of the major fabrication-
induced edge layer impacts, forging tests and wear inves-
tigation were carried out to correlate these impacts with the
tool lifetime.

3 Forging tests and wear investigations

Raw parts consisting of C45 (1.0503/AISI 1043) with a
diameter of 30 mm and a length of 40 mm were used on an

800
TS + tumed + eroded K30| |,
- 600 (o a milled x eroded K15[ | %
£ Z
=
= 2
#
2 2
= =
E g
=] Z
‘w400 &
] £
g
2
-800 :

0 10 20 30 40 50 60 70
distance from surface in pm

Fig. 4 Residual stresses after fabrication

Experiment 1 2 3 4 6 7 8 9 10

v (m/min) 120 120 120 120 120 120 120 120 120 180

f (mm) 0.12 0.12 0.12 0.15 0.15 0.15 1.17 0.17 0.17 0.12
a, (mm) 0.25 0.5 0.75 0.25 0.5 0.75 0.25 0.5 0.75 0.25
Experiment 11 12 13 14 16 17 18 19 20

Ve (m/min) 180 180 180 180 180 180 180 180 250 250

f (mm) 0.12 0.12 0.15 0.15 0.15 0.17 0.17 0.17 0.15 0.17
a, (mm) 0.5 0.75 0.25 0.5 0.75 0.25 0.5 0.75 0.25 0.25
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Table 3 Major impacts of the examined fabrication routes

Fabrication Turning HSC EDM (K30) EDM(K15)
Edge hardening No Yes, not penetrable with Approx. +50 % Approx. +50 %
Vickers test HVO0.1 HVO0.01
Residual stress (surface distance) Compression stress Tensile stress (0—10 pm) Tensile stress Tensile stress
(0-10 pm) Compression stress (>60 pum) (0-50 pm) (040 pm)
Texture change (max. surface No White layer (0-2 pm) White layer White layer
distance) (0-15 pm) (0—4 pum)
Surface roughness (R,) (0 °/90 °) 0.44/0.49 0.35/0.26 3.41/4.03 0.52/0.52
Ductility 22] 215 201) Unstated
Crack formation No No Yes Yes

eccentric press with a 315 tons pressing force (Fig. 5). This
press is equipped with an automated billet handling, suit-
able for long term tests. Constant and reproducible process
parameters were guaranteed by additional equipment, such
as a tool heating device and an automated cooling and
lubrication. The heating of the billets up to 1,150 °C is
performed in an inductive furnace. The process operates
with an average cycle time of about 7 s for each forged
part. For all tests, a die temperature of 150 °C was chosen.

To characterize the tool performance and to correlate it
with the process-induced edge layer impacts, the following
was carried out: tactile contour-, topography-, residual
stress- and micro hardness measurements and metallo-
graphic analyses.

Fig. 5 Automated forging line
for long term tests

Automated forging line:
1 - forging press

2 - induction heating device
3 - raw material feeder

3.1 Visual comparison and tactile contour
measurement

First, a visual comparison was performed (Fig. 6). The
comparison shows a difference in the wear behaviour with
regard to the fabrication route. In contrast to the eroded
tools, the turned and milled tools show heavier mechanical
and thermal cracks on the center radius as well as plastic
deformation on the radius and along the flank. In the case
of the milled tool, extensive damage is also caused to the
center cone.

To quantify the occurring wear, tactile contour mea-
surements were performed. For this purpose, a combined
contour and topography analyzer T8000 RC by Co.

4 - cooling and lubrication device
5 - handling device
6 - forgings
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Fig. 6 Visual comparison after 2,000 forgings

Hommel-Etamic was used. An evaluation software based
on MATLAB was developed for this purpose. In contrast to
the system-immanent software, the newly developed soft-
ware can compensate effects like warm deformation. Fur-
thermore, different areas of the tools can be compared
easier than with the original software. Figure 7 depicts an
exemplary profile of a contour measurement with a
graphical banking factor of 10.

The tools were removed from the process and measured
after 500, 1,250 and 2,000 forging cycles. The defined tool
areas 1-9 were compared for each manufacturing method.
The results of the contour measurements, in dependence of
the fabrication and forging cycles, are illustrated in
Fig. 8a—d. To differentiate material adhesion from material
abrasion, the measured data were separated into negative
and positive deviation from the geometry before forging.

Each of the figures describes the deviation from the
original geometry after 500, 1,250 and 2,000 forging
cycles. The values are generated by the mathematic aver-
age of six profiles allotted over the perimeter. Positive
deviations are caused by material adhesion or plastic
deformation. Negative aberrations are caused by plastic
deformation or material abrasion. To differentiate among
plastic deformation and material abrasion as well as
adhesion, additional investigations will be displayed.

An initial differentiation by the tactile measurements
can be made. In the case of the milled tool, the occurring
negative aberrations show the same absolute value as the
positive aberrations. Hence, material bulk is a more prob-
able result of plastic deformation than material adhesion. In
the case of the eroded tools, basically positive geometry

Fig. 7 Contour profile with

defined tool areas wear critical zone

contour

meehanical crack

--__adhesion

heavy material abrasion
on the convex radius

thermal
cracks

material >7""

deformation
material adhesion

EDM K15

EDM K30

aberrations occur. Material adhesion is probable. Alto-
gether, an increased geometry change can be detected for
all defined tool areas in the case of the turned and milled
dies.

In the case of the eroded dies, positive and negative
aberrations do not occur simultaneously. Material adhesion
without plastic deformation is the main wear mechanism.
In case of the turned and milled tools, material abrasion as
well as plastic deformation occurs. In the areas 1 and 9
only negative deflections are found. And in areas 4 and 6
negative as well as positive deflections could be deter-
mined. Supposedly, the main wear mechanisms are plastic
deformation and material abrasion. Thus, the eroded tools
show a highly increased resistance against plastic defor-
mation and material abrasion up to 2,000 forging cycles.

To evaluate the entire wear across the contour, addi-
tional investigations were carried out. Six contour profiles,
allotted over the diameter, were measured and the entire
wear was defined by the following formula with the

and the tool area “i” according to

[T 1)

number of profiles “n
Fig. 7.

9
1 . .
Total wear = — Z (max . positive aberration;
=
+ | max . negative aberration;|)

The total wear in dependence of the fabrication methods is
shown in Fig. 9. Each bar results from the mathematic
average of six profiles.

The total wear investigation depicts that in case of the
K15 eroded die, the wear was reduced by a factor of 2.2

material adhesion
on the shoulder

contoured forging die }

F 9

La

g
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Fig. 9 Total wear and factor of wear increase

compared to the turned die. The increase of wear between
500 and 2,000 forgings is also small compared to the turned
die. In the case of the milled die, a comparatively low wear
increase was found as compared with the turned die. But in

relation to the eroded dies, the wear was significantly
higher after 500 forgings.

In comparison of the eroded dies, a reduced wear was
measured at the variant K15. The white layer of this variant
was at its maximum 4 pm deep, compared to 15 pm at the
variant K30. Therefore, eroding with higher amperage and
deep white layers is not the best option for receiving a high
wear resistance. It could be demonstrated that deep layers
(K30) are suitable for reducing crack depth but show also a
higher vulnerability to material adhesion.

3.2 Metallographic analyses and micro hardness
measurements

In Fig. 10 metallographic analyses of the wear-critical
zones are shown to evaluate crack formations, remaining
martensite areas and heat affected zones.

On the basis of the metallographic analyses, a heat-
affected zone was detected on the convex radius. The
highest values of material abrasion occur in this area. This
can be explained with the loss of hardness. The measure-
ment of micro hardness showed a loss of about 200 HVO0.1
for all variants. An effect of the fabrication-induced
microstructural edge layer changes on the soft annealing
process could not be detected (see Fig. 12).

As estimated before in the tactile contour measurements,
the eroded tools show material adhesion but less material
abrasion than the milled and turned dies. In the case of the
K30 eroded die, remaining martensite could be identified.
This proves that martensitic layers can resist up to 2,000
forging cycles. Beneath the martensite layer, almost no
surface damage could be detected. In comparison to the K15
eroded die, more material adhesion occurs. The milled and
turned tools show less material adhesion and larger cracks,
as well as plastic deformation. Material adhesion can be
found in particular areas but less than at the eroded tools. To
estimate the crack depth the cracks were measured with a
light optical microscope. The results are compared in
Fig. 11. The tool areas 1-5 are analogous to Fig. 7.

Figure 11 does not evaluate the number of cracks
appearing in each zone and the crack width. Within a
qualitative evaluation on basis of the metallographical
analysis, a higher vulnerability of the forging dies to more
and wider cracks can be found for the milled and turned
dies.

A correlation between the crack depth and the manu-
facturing method is found in this investigation. In nearly all
die zones a comparatively reduced crack depth could be
determined for the eroded tools. In case of the K30 eroded
die, the cracks are comparatively less deep. The reduced
crack depth could be directly correlated with the martensite
layers which were most distinct in this tool. In all tool areas
the deepest cracks occur at the milled dies.
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Fig. 10 Metallographic
analysis at wear critical zone
after 2,000 forgings
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Fig. 11 Comparison of crack depth after 2,000 forgings
Fig. 12 Micro hardness measurements at convex center radius

To analyze the heat-affected zone in the convex die
radius, micro hardness measurements were arranged. The
results are shown in Fig. 12.

Figure 12 illustrates that the thermal impact led to a heat
annealing process for all variants in the same intensity. A
loss of hardness of about 150 HVO0.1 could be figured out.

@ Springer

The loss of hardness in this zone could be the main reason
for the failure of the martensite layers. As shown in Fig. 10
the martensitic layer of the eroded die (K30) remains on the
surface of all tool areas even after 2,000 forgings except for
the area of maximum thermal impact. By measuring the
micro hardness inside the white layer, it is found that the
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hardness of the layers is not influenced by the thermal
impact. The result is that the hard martensite layer remains
on a comparatively soft basic material and material chip-
ping is unavoidable.

3.3 Residual stresses after forging

The measurements of residual stresses, carried out after
2,000 forging cycles, show about the same values for all
variants in the edge layers. The surface tensile and com-
pression stresses at the eroded and milled dies disappear up
to 2,000 forgings. Therefore, a correlation between the
fabrication-induced residual stresses and the tool perfor-
mance could not be established within this research work.
Nevertheless, a fast elimination of the tensile stresses due
to process-related high temperatures could be responsible
for the positive performance of eroded tools in contrast to
other applications. Further investigations with tensile stress
measurements after lower forging cycles are necessary. An
effect on the die wear might exist up to a certain number of
forging cycles.

4 Conclusions

The manufacturing method causes initial damages and
microstructural changes to the subsurface areas of hot
forging dies. This research work demonstrates the influence
of these factors on the tool lifetime of hot forging dies. In
the frame of this work, turned, high-speed-milled and
eroded tools were manufactured and adopted in an auto-
mated serial forging process.

A significantly higher influence on the wear resistance
could be found regarding the eroded dies. The EDM pro-
cess leads to a melting and solidification process in the
edge layers. The resulting microstructure was characterized
as a martensite structure with a large amount of ironcarbide
and a highly increased hardness. Furthermore, initial crack-
formation occurs in this layer. In contrast to the other
manufacturing processes, the eroding layers in combination
with the resulting topography could be directly correlated
with an increased wear resistance. It could be demonstrated
that the martensite layer partly remains up to 2,000 forging
cycles. The main reason for the failure of the layers is a soft
annealing process in the basic material under the layers. By
the reduced hardness of the microstructure, the compara-
tively hard martensite layer could not be supported.
Mechanical spalling is probable.

As shown in the first chapter Sect. 1, thin hard layers or
martensite layers could lead to a significantly higher wear-
resistance of hot forging dies. In principle, the martensite
layers (as remaining microstructure from the eroding pro-
cess) are comparable to the demonstrated methods in the first

chapter. Even if the structure is not homogeneous and initial
crack formation occurs in dependence of the eroding
parameters, a significantly higher wear-resistance could be
directly correlated with these layers within the demonstrated
investigations. The requirements for the adherence to the
basic materials are identical to the mentioned wear reducing
methods. The main reason for the failure of thin hard layers
on a comparatively soft substrate is an abrupt change of
hardness. Therefore, an additional nitriding of eroded dies
probably leads to an additional enhancement in tool life.

Further investigations on this topic have to be performed
to investigate the influences of martensite layers (as result
of the eroding process) and additionally nitrided dies on the
lifetime of forging dies.
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