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Abstract - The abrasive wear unitedly with thermo-mechanical
fatigue and plastic deformation is a critical factor of the
process of failure of forging dies during the forging of
components with close tolerances and not subject to further
mechanical treatment. The failure rate of forging dies are also
greatly influenced by the variety of the shapes of the forging
and the precision with which these are made. The effective way
to improve the durability of forging dies is a modification of
surface properties by the constitution of layers or coatings
having appropriate properties. Among huge available
techniques; Plasma nitriding along with suitable coating
formed by physical vapor deposition (PVD) technique;
commonly known as Duplex/Hybrid treatment; is widely used,
allows control of surface microstructure, enhance wear
resistance, corrosion resistance and fatigue resistance. This
had been noted that Duplex Treatment can increase the wear
resistance of the tool/die up to 30%. The tribological
behaviours of duplex treated dies in hot forging are reviewed
and presented here. Some commonly used surface treatments
as well as coatings in hot forging dies are given. Eventually,
experimental results obtained by various researchers could be
used in theory and model developments for hot forging process
and die materials at high temperatures. The review also
showed the great potential in further investigations in
tribology.

Keywords: Die Failure, Duplex Treatment, Plasma Nitriding,
PVD Coatings.

I.LINTRODUCTION

In some technology applications, there are a wide range
of components which necessitate special surface properties,
specified as utmost hardness, corrosion and wear resistance.
The most effectual and cost-effective approach to improve
surface properties of materials is to either create surface
layers or coatings that inherently possess high level of
corrosion and wear resistance or diffuse another element(s)
by thermochemical reaction. In literature, the important
deposition methods proposed to create and/or surface layers
are physical vapour deposition (PVD), chemical vapour
deposition (CVD), electroplating, flame, and laser surface
treatment and thermochemical reactions such as carburising,
nitriding, carbonitriding (nitro-carburising), boriding etc.
after appropriate heat treatment. In spite of the large number
of surface technologies available today, there are
nevertheless industrial applications where none of these
technologies on its own could offer a viable solution. For
example, in hot forging dies/tools which come into contact
with the melt suffer many types of damages: Wear
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(Abrasive and Adhesive), Plastic Deformation and Thermal
Fatigue (heat cheeking), Cracking result in premature tool
failure; require combination of various properties altogether,
where one particular technology may not work alone,
thereby combination of diffusion and deposition
technologies will provide a set of highly demanding
properties.

A solution to increasing the wear resistance of
surfaces, especially those in the high stress processing
environment, is duplex treatment. Properly planned hybrid
methods of surface treatment permitting the production of
“nitrided layer/ PVD coating” layered composites are an
effectual technological solution for the increase in the
sturdiness of dies for hot forgings [1]. It has already been
accounted that duplex coatings, consisting of plasma
nitriding of hot work tool steel substrates and successive
deposition of hard coatings by PVD, can extend both wear
and contact fatigue resistance and also the load bear
capability of hot work steel substrates.

To the best of our knowledge, there exists no paper
that elaborates depth understanding of Duplex Treatment. In
the present work, various methods adopted by different
researchers have been explored.

Rest of the paper is organized as follows: Section 2
presents description of failure analysis of hot forging dies
used in forging industry. The brief discussion of
experimental setup for duplex treatment with optimized
parameters is given in section 3. Section 4 gives the
experimental results and its discussion. Finally the paper is
concluded with their future enhancement in section 5.

Il. FAILURE OF HOT FORGING DIES

During the hot forging process, the dies undergo a blow of
three most important factors causing their failure: the
regularly changeable mechanical loading, rigorous thermal
loads, as well as intensive friction and erosion. In hot
forging process the temperature of the material may rises up
to 1000°C to 1200°C; lowers the yield point causes easy
deformation into desired shape. Due to repetitive loading
during the hot forging process, the forging die attain high
temperature from the forged material and then cool down by
water based lubricants, the forging die surface may attain
the temperature from 600° C to 900°C [2]. Due to
continuous, repeated changes in the temperature of the
surface of die causes thermal and structural stresses, very
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opportune conditions to generate a grid of cracks appear.
This type of demolition of the forging die is called the
thermal fatigue [3]. All type of structural defects on to
surface and inside the material of die enhances tendency of
formation of stress concentrations [4]. Alternate, reversible
enactment of external mechanical loading, playing on the
forging die during the walk of production, results in
exhaustion phenomenon recognized as mechanical fatigue
of the material [5]. The cracks formed during the thermal
fatigue boost the mechanical fatigue phenomena; the
combined nature of thermal and mechanical fatigue give rise
to thermo-mechanical failure. Amongst these, wear is the
predominating factor in hot forging process. Lange,1997
reported that wear is the dominated failure mechanism for
forging dies, being accountable for approximately 70% of
failures, another 25% are due to mechanical fatigue, and the
remaining 5% are due to plastic deformation and thermal-
mechanical fatigue[6, 7]. These wear and other die failure
related problems can be minimized/controlled mainly by
following three approaches (Figure 1):

Approach 1: By using high cost wear resistant metals/alloys
better than the existing low cost ones.

Approach 2: By heat treating the die components to obtain
right combination of mechanical properties.

Approach 3: By applying certain modifications to the
surfaces of the existing hot work die materials to improve
the wear resistance.

Where to improve?

. Coating
Nitriding :
Maybe here? —
CORE PROPERTIES :
Steels + Heat Treat hardness;toughness

Fig. 1. Options to Enhance Die Life

Based upon the literature available number of researchers
had contributed in each option to enhance die life however
surface treatment is the most successful method to improve
die life due to as wear is a surface phenomenon mostly
occurs at the contact surfaces, also it does not change the
whole chemistry of die as the heat treatment process;
provide better wear resistant properties at elevated
temperature too. Therefore the effectual way to improve the
robustness of forging dies is a modification of surface
properties by the establishment of layers or coatings having
appropriate properties [8]. This approach is acceptable by
the fact that all the processes of the forging die demolition,
i.e. the thermo-mechanical fatigue, plastic deformation,
abrasive wear, and erosion, are situated just in the surface
layer of the die [9] .The latest research trends bend towards
surface treatment processes due to proven results. Large
number of researchers had proposed notable advancements
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in the die life enhancement of hot forging process by surface
treatment.

I11. DUPLEX TREATMENT

Duplex treatment is a two action treatment process which
involves thermal surface treatment (Nitriding) of a substrate
in order to increase its load bearing capacity, followed by
deposition of a hard wear resistant coating by either method
primarily by PVD. This can be either achieved in a single
step in a vacuum chamber, or in two separate operations.
The formation of surface modified layer in the subsurface
zone takes place during the first step while most suitable
PVD coating is deposited on top of this layer during the
second step.

Duplex surface treatments were used for improving

die life under the heavy thermal and mechanical loads and at
conditions of tribological aspect namely wear. Although
conventional surface treatments such as thermal treatment,
thermo-chemical treatment and anti-wear
monolayer/multilayer’s (TiN, TiCN) coatings have achieved
prolonged lifetime of tools, they do not lead to the desired
increase in the tool life due to the substrate being unable to
withstand the mechanical loads and the plastic deformation
of the substrate causing the breakage of thin coatings. This
goal can be achieved only by the application of a duplex
surface treatment which involves the substrate hardening
pre-treat and PVD anti-wear coatings. The number of
research groups had investigated a lot; however the results
few of them are summarized as follows and Annexure 1 in
chronological order.

The first attempt of applying the duplex surface treatment
was carried out in the 1980s. However, concentrated work
concerning the development of this method for tool life
enhancement was undertaken only at the beginning of the
1990s [10]. Among the duplex treatments, plasma nitriding
of the alloy steel substrate followed by the PVD coating
method is the most extensively used in industry [11].

The duplex treatment combining plasma nitriding and
ceramic hard coating can extensively improve the wear
performance and lifetime of tool steel due to the promoted
load-carrying-capacity [12] [13]. The properties obtained of
combined surface structure were exceptional. The most key
parameter, the coating-to substrate critical load for adhesion
exceeded the maximum level. However, the adhesion at the
coating/substrate interface can be powerfully affected by the
presence of a compound layer, which can be created during
the plasma nitriding step.

The hard coating of TiN, after nitriding, grants a very hard,
wear, heat and chemical resistant surface layer. Thus
properties obtained by the combination of nitriding with
hard-coating allow function sharing between the core
material, the hardened case and the surface [15]. First
results were obtained with TiN coating, deposited on
Z28CDV5 steel substrate, nitrided with a compound layer.
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Relative life time improvement was more than 150% against
a TiN coated die. Due to the fact that duplex treatment
improves the corrosion resistance of hot working steels
impressively, it is expected that the duplex treatment with
CrN coating will bring additional possibilities to improve
die life [16].

The hard coatings used can hinder thermal fatigue. The
mechanism was not disclosed yet but it is likely to involve
both delaying crack nucleation and crack growth due to the
coating high hot hardness and high residual compressive
stress. This effect, combined with the high hardness of the
coatings which reduces wear, may put in to die life raise in
hot work. A nitrided layer between TiN and the tool steel
may improve low cycle fatigue resistance even further [17].
The best results have been obtained with a double-layer
PVD CrN /ZrN coating on a pre-nitrided substrate (AlSI
H11). The effect of plasma nitriding and NIPRE treatments
is positive too, but the progress to the corrosion resistance is
lower than that obtained by PVD [18].

Coatings of PVD layer on a pre-clad substrate (AISI H13)
proved extremely successful in improving tribological
performance of the composite layer. A load of 40 N has
been withstood by all deposited coatings, indicates the
effectiveness of clad layer in enhancing the load bearing
capacity of thin PVD coatings. The authors recommended
PVD coatings on pre-clad layers should be pursued as
viable surface engineering solution for applications such as
hot forming tools and dies [19]. Enhanced grip of the
covering is another favorable position of the procedure. The
grip of TiN covering by PACVD on nitrided AISI H13
passes on was considered by [20]. The applied DUPLEX
treatment low pressure pulsed plasma nitriding with a
diffusion layer of 85-mm and 4-mm-thick BALINIT
FUTURA coating as a top protective layer undoubtedly
improved the tool life of hot forging dies and resulted in
reproducible quality of forged parts in comparison to the use
of dies with a FUTURA coating only, and especially to the
traditional technology.

The replacement of the AISI H11 tool steel by tool steel
with 3.5% Mo, produced an increase in the number of
forgings of 30-40% with both gas and plasma nitrided dies.
DUPLEX treatment of such Mo dies could additionally
improve the final result in hot forging of steel parts. The
dies made of ASP 30 tool steel was improved by 500% with
a standard TiN coating had been reported [21].

a
Fig 2. Punching die tool life in hot forging manufacturing of steel

components: a) ASP30 originally designed die; b) punching die improved
with a PVD 3-mm-thick TiN coating [21].
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The roughness of frontal working surface increased strongly
with the number of forgings for a heat treated tool and
increased slowly for a plasma nitrided tool, while it
remained more or less unchanged for a duplex treated tool
Ref. Fig.3. The roughness of work pieces also increased
with the number of forgings much faster for a heat treated
tool than for plasma nitrided tools, while it remained
unchanged for a duplex treated tool [22].

1000
900 4 heat-treated .
T 800 O plasma nitrided * +
£ 700 .
& 600 & duplex-treated
w
g 500 s - )
£ 400 e P
g 300 e
200 g;‘. ..... A L .............. i eeeerevnrianas A
100 (r,o
0
0 100 200 3000

no. of strokes
Fig 3. Roughness of frontal surface of tool before and after 50, 100, 200
and 300 forgings [22]
The coatings were found to adhere better when the nitrided
dies were polished prior to coating. Some studies [23]
investigated the use of multilayer coatings such as Titanium
Aluminium Nitride [(Ti, Al) N] along with the use of an
“adhesion” layer. Fig. 8 shows a schematic of such a
deposited layer.

o
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layers
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Masma nitrided-
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Fig 4: Schematic Representation of a Multilayer Coating On AISI H13 Die
Steel [23]

However in few cases the problem of adherence of coating
was solved by [24] by inserting an intermediate treatment
consisting of cooling down the samples in vacuum and
carrying out an Ar plasma-etching step; provides good
adhesion strength by successfully avoiding compound layer
destabilisation. It also elucidates a systematic approach to
produce duplex coatings which are compound-layer-free, by
removing this iron nitride layer through an Ar sputtering
mechanism. The same adhesion strength was measured for
duplex TiN coatings with nitrided cases consisting of mono-
phase £ compound layer + diffusion zone and for duplex
TiN coatings with nitrided cases consisting of a diffusion
zone only. A. Persson (2003) investigated effect of surface
treatments (Boriding, Toyota diffusion to give CrC) and
physically vapour deposited (PVD) coatings of CrN, as
single-layered or duplex-treated, on hot work tool steel
specimens on thermal fatigue. With the exception of duplex-
treatment, all variants of surface engineering show a
tendency to decrease the resistance to thermal fatigue
cracking as compared to the reference steel. However, the
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fact that the duplex-treated PVD CrN coating increased the
resistance to thermal fatigue cracking as well as reduces the
density of cracks as compared to the single-layered CrN
coating, the potential to improve the life and performance
[25]. Tribological properties of a duplex treatment
consisting on plasma nitriding and PVD/TiIN coating an
AISI H13 hot work tool steel was studied by [26]; and
observed practically an increase of the wear resistance of
the tool up to 30%.

The standard heat treatment has been performed before
plasma nitriding of die, which ensure the creation of
diffusion layer. This was followed by deposition or PVD
CrN coatings PAPVD, TiCrN, TiN/TiCN (Cr/CrN) x 3 and
(CrN/TiN) x 3 coatings. Duplex Treatment was successfully
applied to smaller die by fitting on automatic forging
machines type Hatebur. In the case of processing dies,
depending on the type of coating, reached the increase of
life from 1.3 to 1.5 times [27]. The wear behaviour of AISI
H13 predicted after single layer gas nitrided , single layered
(Ti,Al)N PVD coated and duplex coated using ball on disc
setup and room and elevated temperatures by [28]. At high
temperatures and the same load, single-layered (Ti,AI)N
PVD coatings shows the highest wear volume among the
treated samples tested at this temperature, a behaviour that
has been mainly attributed the limited load-carrying
capacity of this system, which does not prevent the substrate
from deforming plastically and to cause the brittle fracture
of the PVD film. The single gas nitrided layer showed a
better wear resistance of ~5 times than the single-layered
(Ti,Al)N PVD coating system, whereas the duplex coating
system showed no wear loss at all. Duplex surface treatment
on the steel X12CrNi 18 8 surface was investigated by [29];
found the relation between chemical composition, structure
and properties of duplex system. This system improved the
hardness differences between the coating and substrate. It
leads to better wear properties of whole system. The highest
values of micro hardness has duplex system had been noted.
M. Polok-Rubiniec et al.(2010) compared various PVD hard
coatings deposited on plasma nitrided hot work
X37CrMoV5-1 steel substrate and observed A very good
adhesion of the TiN/(Ti,Al)N coating, high hardness are
connected with the good results of the pin-on-disc
tribological test for this coating. The biggest resistance to
the wear resistance at 20°C and 500°C temperatures is
characterized by the TiN/(Ti,Al)N coating, while the
smallest resistance shows the CrN coating [30]. Significant
improvements in the resistance to erosion and adhesion of
MARAGING steel 14 10 5 achieved by plasma nitriding
followed by coating the metal by a TiN layer speak in
favour of the application of this combination of processes
for the manufacture of moulds that have to meet the
requirement of an increased wear resistance [31]. Gas
nitriding followed by 3 types of PVD coatings e.g. TiAIN,
AICrN, and AICrTiN were deposited on AISI H13 tool
steel. The top PVD coatings increase the surface hardness to
the value of greater than 30 GPa. The increased in the
surface hardness is in the following order: DUPLEX TiAIN
coating < DUPLEX AICrN coating < DUPLEX AICrTiN
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coating. The DUPLEX AICrTiN coating showed the best
adhesive property with the highest first failure critical load.
Whereas the DUPLEX AICrN coating was found to be
tougher with higher crack propagation resistance. DUPLEX
TiAIN coating showed high degree of chipping along the
edge of scratch tracks with lower value of full delamination
load [32].

Jakub HORNIK etal, (2012) experimentally applied a
duplex CrN coatings by PVD sputtering on tool steel Orvar
Supreme (19 554) and Vanadis 23 (19 830) clearly showed
improved properties by duplex coatings. The greatest
improvement noted in the duplex coating adhesion; in
particular the improvement of 260 % and 179 % for Orvar
Supreme and Vanadis 23 [33]. Andrei SURZHENKOV
et.al, (2012) compared different duplex coatings; The 1.6-
1.7 times higher impact wear resistance was demonstrated
by the PVD I generation TiN coating in comparison with the
other studied coatings due to the highest modulus of
elasticity. The PVD Il generation FiVIc® coating showed
thel.2— 8.9 better wear resistance in comparison with the
other studied coatings due to the lowest coefficient of
friction [34]. M. Vélova et. al., (2012) experimentally
observed that duplex treatment is a useful way to increase
the die service life and that the most suitable coating is the
PVD coating TiN. This coating in combination with a
nitrided substrate, had a low friction coefficient and a small
wear while the coating hardness, the most favourable is the
coating TiN, in terms of nanohardness depth profile. Current
thin abrasion-resistant surface layers and coatings bring
remarkable extension of service life and reliability to
machine parts and dies [35]. Steel samples (31CrMoV9)
were nitrated and subsequently treated by PVD process by
M. Kolarikova and J. Suchanek (2012); deposited different
types of coatings (TiN,CrN, TiAIN and multilayer 3 x
(CrN-TiN)) with thickness 1 and 3 um. The most favourable
coating was CrN and the multilayer coating 3 x (TiN — CrN)
in terms of micro hardness. The friction coefficient is low
and the coating exhibits better service life. Duplex treatment
is a useful way to increase the die service life and that the
most suitable coating is the PVD coating TiN. This coating
in combination with a nitrided base material had a low
friction coefficient and a small wear [36]. The maintenance
testing was performed on the forging dies employed for
production of various parts in the automotive industry. The
best durability was obtained for the duplex treated dies used
for the forging of rolling bearing tracks. In comparison with
the durability of the dies subjected solely to the gas
nitriding, nearly an increase of 600% in the durability was
noticed.[37]. The adhesion tests of the samples (AISI H13)
reveal the better cohesive and adhesive properties of the
CrN coatings deposited onto the nitrided hot work steel. The
high hardness and low friction coefficient of the duplex
treated samples come along with the good results of the
ball-on-disc test for this coating system. As compared with
CrN monolayer, duplex coatings are a more promising and
efficient surface treatment for hot work tools applications.
The use of these duplex coatings could lead to an increase
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of the life time of hot work steel and to a reduction of
maintenance and production costs [38].

Hardening

Wear rate k [x10* mm*Nm]

MNitriding - 0.0%N:

Nitriding - 25%N,
Substrate

Uncoated 3y treatmant

TAN  pic

Coating
Fig. 5 Wear rate of duplex coating systems in sliding test [39]

AISI H13 steel was treated with oxynitriding, CrN coating,
and CrN coated with oxynitriding to find the molten loss for
melting A380 aluminium alloy and wear resistance by [40].
The minimum melting loss appeared in duplex surface
treatments of CrN coated with oxynitriding after a 3 h
erosive test. Weight loss was only 0.8%; however the
untreated specimen was 3.2%. The lowest coefficient of
friction also observed in the duplex surface treatment of
CrN coated with oxynitriding. The average value of
frictional coefficient was 0.28 [40]. Jacek Sawicki et al.
(2013) experimentally applied four different types of
surface treatments on hot work tool steel DIN 1.2343;
namely  FineLPN  vacuum  Nitriding, =~ SULFONIT
(sulfonitriding), Duplex technology (FineLPN
nitriding+PVD/TiN), and Duplex technology (SULFONIT
sulfonitriding +PVD), with low friction MoS, (Ti,W)
coating composed of molybdenum disulfide with the
addition of titanium and tungsten was deposited on
sulfonitrided and nitrided diffusion layers. The increase in
the service life of dies obtained; thanks to the duplex
technology followed from the lower coefficients of friction
between the material and the hardened surface layers [41].
The potentials of newly developed vanadium doped
chromium nitride (CrVN) and boron containing titanium
nitride(Ti-B-N) coating systems were investigated by [42]
on basic hot work steel AISI H11 deposited through PVD
(Physical Vapour Deposition) and PECVD (Plasma
Enhanced Chemical Vapour Deposition) after plasma
nitriding respectively. Vanadium-doped chromium nitride
layers have a high wear reduction potential for hot forging
dies [42]. The durability of forging tools with hybrid layer
type nitrided layer / PVD coating used in a process of
continuous manual forging is 3 — 4 times longer than that of
dies subjected only to ion nitriding. The wear of the punch
covered with CrN coating was found to be less that of the
TIAIN coated one [43]. The pin-on-disk analysis of duplex,
plasma nitriding and PVD (TiN-TiAIN-CrAIN), treated
steel pins sliding against a two phase brass between room
temperature to 700 °C have been evaluated by [44]. The
coefficient of friction first increases, stabilises due to
formation of oxide layer, removal of coating lead to further
rise and formation of Cr,0O as a solid lubricant reduces the
friction coefficient with elevation of temperature [44].
Tribological induced wear like abrasion and adhesion, and
reduction of the crack sensitivity of the base material is
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possible. In order to provide the surface areas with local
performed treatments, a covering with paste in combination
with a multistep plasma treatment is effective to reduce
locally dominating wear mechanisms [45].

The results reveal that tribological properties which depend
upon hardness and wear resistance of hot work steel had
been greatly enhanced with the help of Duplex Treatment.

IV. CONCLUSION

The first step in improving the tribological properties (wear
resistance) of forging tools is the increasing both hardness
and toughness. Hardness achieved through heat treatment
while the toughness of die surface improved through
nitriding process. The depositions of a hard coating,
although improving the abrasive wear resistance, overstress
the effect of the surface roughness. The proper selection and
optimal parameters of substrate thermo-chemical treatment
are crucial for the proper performance of the coated tools.
The highest potential for improving the performance of hot-
forging dies is shown by the combination of a plasma-
nitrided tool-steel substrate coated with a multilayer nano-
composite coating; a viable and cost effective method,
Duplex Treatment. However, before the coating the
substrate needs to be polished and increased substrate
hardness combined with sufficient fracture toughness
through selective heat treatment.
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