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TTA President’s Message
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Assoc.Prof. Siriluck Vinitchanyong (President of Thai Tribology Association)

-

SA. ASanued U33SSUJA (IanauAUMsannsalia:mMsridodulng)

After the establishment and introduction of
Thai Tribology Association (TTA), we have
been having great feedbacks and responses
from our supporters and networks. Of course,
it is not possible for TTA to successfully grow
without our generous sponsors who under-
stand and support TTAin all the possible ways.
| really wish that the momentum and partner-
ships will continue toward the sustainable
growth of the Thai manufacturing industry.
This second issue of TTA E-Magazine has
brought some interesting Tribology articles
such as Finite Element Analysis of Frictional
Contacts, Duplex Surface Treatment of Tool
Steels for Semi-Dry Stamping, Fujilloy Fine
Ceramics for Wear Resistance Tools, and
Tribocorrosion. | wish some information from
these articles will be helpful and beneficial to
the manufacturing industry, particularly on tool
and die materials and coatings.

Finally, | would like to wish you a merry christ-
mas and happy new year.
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Thai Parkerizing Co., Ltd.

i

THAI PARKERIZING CO., LTD.

Thai Parkerizing is a leader in Surface Treatment and Heat Treatment

industry. We focus in best Quality and Technology development to utilize our
l products and service to fulfill our customer satisfaction.
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THAI PARKERIZING

We provide variety of products and service
to apply on each metal surface such as iron and
steel, gavanized steel, aluminum i.e. Our products
are applied to many customer processes since
metal upstream toward OEM (Original Equipment
Manufacturer) finish goods.

Conversion coating chemicals Rust preventive products
» Zinc phosphate coating Depend on your requirement for rust protection
» Zinc calcium phosphate coating » Solventbasetype
» Manganese phosphate coating » Wax basetype

» Metal oxide coating » Water basetype

» Trivalentchrome coating » PIPAK
» Non-chrome coating (Volatile Corrosion
» Stearate soap coating InhibitorFilm)
» Dry-in-place
lubricant coating (PULS)
Rolling oil Other treatment products
Applied as coolant for cold rolled steel process » Degreasing and cleaning chemicals
» Lubricity » Hydrophilic coating on evaporator
» High rolling speed 1 » Coil coating on galvanized steel ..
(Chromate free)
» Short-term rust preventive
chemicals

» Paint remover
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Surface treatment

Phosphate treatment

» Zinc phosphate coating
» Manganese phosphate coating
» Aluminum treatment

» Trivalent chrome coating

Pallube treatment
(Solid lubrication treatment)

» Molybdenum disulfide (MoS;)
» Teflon (PTFE)

Kanigen®
(Nikel electroless plating)

» Ni-P alloy coating

» Ni-P-B alloy coating

» Ni coating with PTFE

» Ni-Co-W-P alloy coating

DELTA-MKS®

» Zinc aluminium flakes

» Small coating thickness (5-20um)
» Cathodic corrosion protection

» No hydrogen embrittlement

TREATMENT SERVICE

Heat treatment

Gas heat treatment

» Gas carburizing

» Gas carbonitriding

» Gas soft nitriding

» Quenchingand tempering

ISONITE®
(Salt Bath Soft Nitriding)

» Quench-Polish-Quench

» Surface hardness/
Wear resistance

» Corrosion resistance

Shot peening

» Fatigue strength
» Modify metal surface

PVD

(Physical Vapor Deposition) SIS
»TIN  » TiC — 2@
» CrN » TiAIN é,a/gf" AN

» DLC (Diamond Like Carbon) -

Surface and
metallurgical analysis

» Microstructure and chemical
composition

» Mappingand depth profileanalysis

» Wear and friction test
» Corrosion test and paint evaluation

SERVICE LABORATORY

Environment analysis
» Hazardous substance analysis
(Pb,Cd and Cr%)
» Waste water analysis
(pH, BOD, COD, TDS, SS, Heavy
metal, Oil & Grease and Cyanide)

Chemical analysis

» Organicandinorganicanalysis
» Qualitativeand quantitative
analysis

Zinc phosphate
standard panel

» Verify corrosion and paint
evaluation
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Finite Element Analysis of
Frictional Contacts

msimSf]:Hmﬂu\ﬂum’toéluum’uwusmﬁammua‘ud&

Written by Assoc. Prof. Surasith Piyasin (Khon Kaen University)
Translated by Mr. Pichitpong Pongsaranun (Khon Kaen University)
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INTRODUCTION

Various methods have been developed for
the solution of contact problems using the fi-
nite element method. A comprehensive review
of these is given by Pascoe et al (1990). Finite
element algorithms for the solution of elastic
contact problems usually have two stages of
solution. The first involves the calculation of
the area over the contact and the determi-
nation of the zones of frictional sticking and
slipping within this area. In the second stage,
these contact conditions are imposed on
the finite element model. In some algorithms
these two stages may be combined. In gen-
eral, conditions of contact are a function of the
applied loads, and this renders the problems
inherently non-linear. The problem is usually
‘linearised’ either by applying the load step by
step incrementally, or by using some form of
iterative solution method, or by a combination
of the two.

The method used to determine the area of
contact, and the zones of stick and slip are
generally similar for all algorithms. Sticking
contact initially is assumed to take place over
the maximum possible contact area. Then,
within either an iterative loop or an incremen-
tal loading procedure, the normal and tangen-
tial force at the contact nodes are evaluated.
It is assumed that negative normal force at a
node indicates loss of contact, while a tan-
gential force greater than the normal force
multiplied by the friction coefficient indicates
slippage. The equations governing contact
at these nodes are modified to impose these
conditions and the next increment or iteration
is executed.
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There are several methods for imposing the
contact conditions upon the finite element so-
lution. These include ‘penalty’, ‘Lagrange mul-
tiplier’, “flexibility’ and ‘the transformation ma-
trix. Pascoe et al (1990) should be referred to
for a full description of these methods. Only
the first method, which is that which is used by
ANSYS will be discussed here.

PENALTY METHODS

For ‘penalty methods’, the ‘gap element’ is
the most common method of imposing the
contact conditions. The method involves the
use of special gap elements joining the mesh-
es of the two bodies together over the area of
‘potential’ contact. These elements may be in
form the of lines ( 2-D) or area (3-D) elements.
During periods in the application to gradually
increased the load when the meshes are not
in contact, these elements are given very low
stiffness and hence have negligible effect on
the deformation of the finite element meshes.
However, when the contact is identified, these
contact elements are given a much higher
stiffness which acts to prevent mesh over-
lap and apply the relevant contact interfacial
forces. The method is iterative with an ‘inter-
mediate’ value of stiffness selected, which is
necessary to avoid matrix instability which can
occur if the stiffness is too high, and also to
avoid a too slow procedure of convergence
if the stiffness is too low. Contact is identified
when the forces within the contact elements
are compressive, indicating that nodal overlap
has occurred. A consequence of ‘tieing’ nodes
together with contact elements is that equal
and opposite contact forces are transmitted
across the connected nodes. It is therefore
important that approximate nodal alignment
is achieved between nodes on the potential
contact interface to ensure that the correct
force distributions are generated between the
meshes on other side of the inter-face. In ad-
ditional, it is possible to apply frictional contact
conditions by defining elements tangential to
the contact surface, whose stiffnesses are re-
lated to the Coulomb friction coefficient.

PROCEDURE OF MAKING CONTACT IN
THE ANSYS ‘INITIALIZATION PROCE-
DURFE’

‘Initialisation’ is one of four procedures re-
quired to initially set-up the contact nonline-
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arity problem in ANSYS Finite Element Soft-
ware. Before this procedure is described,
some comments are provided here about the
nature of the non-linearity.

Contact nonlinearity occurs when some parts
of two (or more) components come into or out
of contact with each other. This is also called
the ‘deformation process. Contact nonlinearity
also occurs when two components slide rela-
tive to one another. The reason why contact is
nonlinear is that because (to repeat the point)
one or both of the following are unknown,

* The contacting area(s)
* The transmission force in both normal and
tangential direction

To solve and get a reasonable solution from
the non-linear contact problem and as already
been mentioned, the contact stiffness (‘KN’)
must be established and so as to be accept-
able to the program. A higher value of ‘KN’ will
be lead to ill-conditioning but a lower value
may lead to convergence difficulties.

In the ANSYS user's manual, it is recom-
mend that the suitable formula for deciding on
an initial value for ‘KN’, is found from

IKNI —

where

fis a factor normally between 0.1 and 10

E is the Young’s modulus of contacting mate-
rial

In case of two bodies, the smaller value is
suggested (0.1) to provide as the ‘inserted
value’ for ‘E’.

THE PROCEDURE FOR INITIALISATION

An initialising procedure is a special form of
contact nonlinearity. As in any method to solve
the ANSYS program, the procedure consists
of three main steps:

* Build the model
* Apply load and a obtain solution
* Review the results

Building the model
This step is essentially, that of creating the
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two (or more) models unconnectedly. The rea-
son for creation of unconnected models is be-
cause the element stiffness matrix [Ke] from
connected bodies would become singular and
unsolvable. This is because the finite element
analysis requires at least some stiffness con-
necting all the elements together along with
sufficient displacement constraints to prevent
rigid-body motion.

If the unconnected models are not created
as such and the program is run, the ANSYS
program will issue some ‘pivot ratio’ warning
and finally terminate the program.

Applying the load and obtaining the solu-
tion

Due to the unconnected models, at least two
sub-step loadings would normally be needed.
In the first sub-step loading, the free body is
moved into the touching position by using
specified displacement values. When the bod-
ies get in the touching position the displace-
ment constraints should be removed and the
next loading applied. To solve more than one
sub-step loading, the multi-step solver (LS-
SOLVE) needs to be applied.

Review the results

Results from a contact nonlinearity consists
mainly of displacements, stresses, strains
and reaction forces. These can be reviewed
in POST1 (the general postprocessor) or in
POST26 (the time-history postprocessor).

It is advisable to visually verify that all the
connect areas are specified. Some parts of
the models may be overlapping because they
did not have contact specifications. To get the
true scale, issue command “ /DSCALE,1,1 “
then plot the results.

TEST ON THE CONTACT PROBLEM USING
ANSYS

In order to ‘verify’ the procedures used by
the author for contact problems using AN-
SYS, some standard ‘tests’ on known contact
problems were analyzed using ANSYS and
compared with both references and also the
results from Hertzian contact theory. The tests
were made using firstly that of an axisymmet-
ric flat punch on a foundation and, secondly, a
cases of Hertzian contact between two cylin-
ders with interface friction.
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Test 1: Two-dimensional punch on a foun-
dation

This benchmark test has been done by Olu-
koko et al (1993). A flat elastic punch of height
Hp and half-width Wp is in contact with an
elastic foundation of the same material with
height Hf and half-width Wf as shown in Fig.
1. A uniform pressure magnitude g, of 100 N/
mm is applied on the top surface of the punch.
Two dimensional plane strain analysis is per-
formed using the following coherently dimen-
sional data : Wp = 10 mm; Hp = 20 mm; Wf =
4.0 mm and Hf = 40 mm; modulus of elasticity,
E = 200 MN/mm?; Poisson’s ratio = 0.3 and
coefficient of friction = 0.0 and 0.2.

The model has been created only in half form
because of the inherent symmetry. (Fig. 2)
The results from ANSYS and from Olukoko et
al. (1993) are shown in Table 1.
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A1INAEaU 1: Two-dimensional punch on a
foundation
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Fig. 1. An elastic punch on a foundation.

The x-coordinate is measured from the cent-
er of the contact area. The normal contact dis-
tribution is almost uniform in the central part
of the contact zone with the ratio less than
1.0, while it increases thereafter and rapidly
approaches an infinite magnitude towards the
end of contact surface as illustrated in Fig. 3.
However, the values at this end may consider-
ably differ because of some uncertainly about
the precise position of the contact point relat-
ing to some crudity of the mesh spacing. It can
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be observed that there is a very good agree-

ment between the two methods except at the B om e v o w4
similar point of the edge_ aaﬂlﬁuumma‘vﬂﬂaLﬁﬂﬁﬂuﬁﬂL?uwﬂGWGﬂ@U

ANUNEIUTRITIUT Mesh  Faduanunsaglainia

Normal stress without friction | Normal stress with friction, u = 0.2
X/Wp

Oulkoko et al. ANSYS Oulkoko et al. ANSYS
0.0 0.8547 0.8445 0.8223 0.8299
0.1 0.8572 0.8566 0.8248 0.8330
0.2 0.8624 0.8633 0.8297 0.8397
0.3 0.8719 0.8733 0.8386 0.8489
0.4 0.8868 0.8887 0.8592 0.8637
0.5 0.9082 0.9102 0.8745 0.8855
0.6 0.9396 0.9416 0.9073 0.9169
0.7 0.9869 0.9903 0.9587 0.9680
0.8 1.0640 1.0711 1.0480 1.0578
0.9 1.2323 1.2556 1.2465 1.2274
1.0 3.5600 1.6096 5.4930 1.4348

Table 1. Solution for elastic punch on a foundation, p=0.0 and u=0.2.

Fig. 2. Finite element model for an elastic punch on a foundation.



Normal stress ratic
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Fig. 3. Normal stress ratio distribution for an elastic punch on a foundation.
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Fig. 4. Contact between two cylinders.



Test 2: Hertz contact between two cylin-
ders

Two cylinder of radii R, and R, , in friction con-
tact with their axes parallel to each other are
pressed together with a force per unit length,
F as shown in Fig. 4. The material properties
of cylinder 1 are E, = 30000 N/mm? and v;=
0.25; cylinder 2 are E, = 29120 N/mm? and
vz = 0.3. The geometric properties are: R, =10
mm, R, = 13 mm, and loading F = 3200 N/mm
over the thickness in the third dimension. The
test will compare the results from both finite
element analysis using ANSYS and Hertzian
contact theory. The results required were the
comparison of the half width of contact radius
(b), the approach of centre (d) and the maxi-
mum contact pressure from both of the two
approaches. As shown in Fig. 5, a symmetric
quarter of the model has been analysed.

From Hertzian contact theory by K. L. John-
son (1985),
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HERTZ CONTACT BETWEEN TW0 CYLINDERS

Fig. 5. Finite element model for contact of two cylinder.
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Fig. 6. Displacement plot.
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Fig. 7. Normal contact stress distribution.




There is good agreement between the results
from the finite element analysis using ANSYS
and the theoretical results. Fig. 6 depicts the
displacement plot from ANSYS. It can be seen
that the maximum displacement which can be
observed from ‘DMX’ quoted in the graphi-
cal output of ANSYS was 0.4289 (mm.) and
it moved downward along the (-)y-direction.
The maximum contact pressure from ANSYS
can be seen from the Fig. 7. This illustrates the
contact pressure distribution. The maximum
value can be observe from ‘SMN’ as quoted
and which is -1649.2 (N/mm?). The ANSYS
results show a small percentage discrepancy
from the theoretical values as shown in Table
2. Table 2 shows a comparison between the
results from the finite element analysis using
ANSYS and Hertzian theory.

NadnEsEWwineedannsld Finite Element Analy-
sis Tnefld ANSYS uaznslinguidulsnadilnd
LAEariu gﬂﬁ 6 uansile Displacement Plot 91N
ANSYS Tngazdaunaiiuladn Maximum Displace-
ment #il¢an ‘DMX’ YBINITHEITDYAIINATIN
293 ANSYS 8 0.4289 mm B UavILuILny
(ly ANLAUEIEAAIN ANSYS 5uawm15aaiﬁa1ﬂg
U7 7 Fawanafenisnszanesivesainudu Tnean
FIgPaNNNTOMIARINA1 ‘SMN’ AB -1649.2 (N/
mm?) Faraan ANSYS SulanenLAa iAo
Bntosannmaud manaft 2 dudFeudisuaniils
970 Finite Element Analysis Iagly ANSYS fu
N uVes Hertz

Analysis Theory ANSYS Discrepancy,%
d, mm. -0.4181 -0.4289 2.6
b, mm. 1.20 1.16 3.3
Po, N/mm.? 1698.06 1649.20 2.9

Table 2. Results: comparison of Hertz contact between two cylinders.

SUMMARY OF THE BENCHMARK TESTS
The analysis of the Olukoko (1993) bench-
mark problem and Hertz contact theory indi-
cated that the procedures of analysis within
ANSYS had been correctly implemented. Al-
though there were small discrepancies, these
were indeed small and the results demon-
strated that the contact problem using ANSYS
could be used to calculate the stress and strain
distribution with an acceptable accuracy.
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ABSTRACT

Most of tool steel dies were usually surface
treated by the duplex coating, where the tai-
lored coating was deposited onto the prehard-
ened die surface. High density plasma nitrid-
ing was employed to preharden the SKD11
dies. Then, the nano-laminated DLC coating
was deposited with the chromium based inter-
layers. In the former, both RF- and DC-plas-
mas were independently generated to accom-
modate high-density plasma state. Without
mechanical matching between input and out
powers, automatic frequency control around 2
MHz leaded to stable plasma nitriding. In the
latter, the RF-sputter was utilized to coat the
DLC nano-laminate, which was composed of
two sub-layers with different mass density. Di-
rect control of bias voltage and pressure ena-
bles us to vary the mass density and hydrogen
content. First, the mechanical properties and
micro-structure were analyzed both for the
prehardened SKD11 and the nano-laminated
DLC-coating. The tribological performance
was compared to the DLC nano-laminated
SKD11 specimens with and without prehard-
ening. Significant difference in the tribological
performance revealed that the prehardening
by plasma nitriding was indispensable in the
duplex method. The transfer stamping system
was employed as a metal-forming simulator
to investigate the formability of brass sheet in
semi-dry stamping by using the series of the
duplexed dies. No defects or loss of surface
quality were seen on the brass book even af-
ter continuous transfer-stamping for 100,000
shots under the minimum quantity lubrication
condition.
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INTRODUCTION

Most of tools and dies are subjected to se-
vere loading and straining; their tool-life might
be shortened without surface treatment in-
cluding the coating and pre-hardening. In the
coated tools and molds, the substrate mate-
rial hardness as well as the engineering en-
durance of coatings must be taken into ac-
count in applications. Hard coating on the soft
substrate is easy to be fractured by the plastic
deformation of substrate. The duplex coating
method provides a solution to preharden the
substrate materials and to mechanically sup-
port the hard coating [1]; e.g. plasma nitriding
and PVD (Physical Vapor Deposition) in one
process [2].

Among several approaches of this duplex
coating, the plasma nitriding is often select-
ed as one of the most reliable prehardening
methods. In fact, the huge plasma nitriding
facilities work in Germany for various indus-
trial applications [3]. Compared to the con-
ventional gas nitriding or heat treatments, the
processing temperature is much lowered with
keeping high quality of surface conditions and
geometry. This success is basically supported
by DC-pulse controlled plasma technology.
On the other hand, there are many selections
as a coating procedure for the duplex method.
Among them, DLC (diamond like carbon) coat-
ing is frequently utilized in the variety of ap-
plications [4]. Since its nano-structure is char-
acterized by the local graphitic substructure
(sp2), the local tetragonal substructure (sp3)
and the hydrogen content (H), its mechanical
properties are controllable by changing these
combination of sp2-sp3-H contents. In the lit-
erature, for an example, the DLC coating or
amorphous carbon (a-C) without hydrogen
content is symbolized by ta-C, called a hydro-
gen free DLC and utilized for protective coat-
ing of end-milling tools [5].

The authors have developed the high den-
sity plasma nitriding system to preharden vari-
ous kinds of tool steels and stainless steels
[1, 6-8]. Since the RF-power and the DC-bias
are independently controlled in wide range,
the holding temperature can be much lowered
to be free from the formation of fragile, white
layers on the surface of nitrided steels. In ad-
dition, various devices to intensify the plasma
state can be equipped to enhance the plas-
ma nitriding process even in the low holding
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temperature [9-10]. In parallel with the above
research and development on the preharden-
ing method, the nano-laminated DLC coating
method was invented as one of non-tradition-
al DLC coatings [11-12]. This nano-laminate
DLC-coated WC (Co) has superior trobilogical
properties to various ceramic coatings [13];
e.g. low frictional state by p =0.10 to 0.15 was
preserved with little deviation in the long-dis-
tance sliding test.

In the present paper, a new duplex method
is proposed by combination of the nano-
laminated DLC coating with the high density
RF-DC plasma nitriding. First, the high den-
sity plasma nitriding system as well as the
nano-lamination method of DLC coatings are
stated with comments on their characteristic
features. Two trobological methods are em-
ployed: the ball-on-disc method and the semi-
dry transfer stamping. In the former, low friction
under high stress state is attained even by the
long-distance sliding test. In the latter, semi-
dry transfer stamping with six steps is used as
a metal forming simulator to demonstrate the
engineering endurance of the duplex-treated
die sets. Success in continuous stamping up
to 100, 000 shots without any defects or loss
of quality in brass hooks proves that this du-
plexed tools and dies are responsible for semi-
dry stamping in practice. Owing to significant
reduction of lubricating oil consumption, this
semi-dry stamping by the present duplexed
tools has a role to green manufacturing.
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Fig. 1. High density plasma nitriding system: (1) Vacuum chamber, (2) Gas-flow controller, (3) Control-panel, (4) RF/DC power generator, and (5)
Evacuation system.
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EXPERIMENTAL PROCEDURE

Both the high density plasma nitriding and
the RF-sputtering systems are utilized to make
pre-hardening and nano-laminated DLC coat-
ing on the SKD11 substrate, respectively.

High density plasma nitriding

In the present plasma nitriding system, both
RF- and DC-plasmas are generated by RF
and DC power supplies, independently. As
shown in Fig. 1, RF-plasma is ignited by di-
pole electrode, while DC-plasma is driven by
DC-bias on the cathode plate. The generated
plasma has symmetric configuration in the
electricity field since the vacuum chamber is
electrically neutral. There is no mechanical
matching box; matching between input and
output powers is automatically maintained by
frequency control around 2 MHz. In addition,
the focused nitrogen plasma flux can be irradi-
ated onto the samples by using the magnetic
lens. Nitrogen plasma is first utilized for pre-
sputtering the samples; mixed gas of nitrogen
and hydrogen is used in the plasma nitriding.
The flow rate ratio in the mixed gas affects the
species of ions and radicals. In particular, the
yield of NH-radicals in the generated species
increases with reducing the ratio of the hydro-
gen flow rate to the nitrogen one. In fact, after
Ref. [1], the measured intensity of NH-radicals
by the emissive light spectroscopy reaches to
25-30 % of the maximum intensity of N,* ion
as shown in Fig. 2. This measured spectrum
proves that high yield of NH-radicals as well
as activated nitrogen atoms are available in
the present plasma nitriding.
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Fig. 2. A typical emissive light spectrum measured by the spectroscopy in the narrow range of wave lengths to describe the population of generated

species in the high density plasmas.
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Nano-laminated DLC coating

DLC (diamond like carbon) coating has been
widely utilized in practice. Among the huge
variety of DLC coatings, the nano-laminated
DLC coating is employed for the deposited
film by the present duplex coating. This coat-
ing is structured by the mutual stacking of high
and low density DLC films with the nano-meter
thickness. The typical nano-structure of nano-
laminated DLC coating is depicted in Fig. 3.

Nano-laminated DLC coating

n1swAdeu DLC (Diamond Like Carbon)lasunisldiiu
agaunIvaslunsURUR - viwnansauvaInvaeves
N1siAGoU DLC NMsAReu DLC uiwniliun gnunsnd msu
fuasiafiou Duplex lutagtiu nsedeudilaseadns
Tnedeusamfuvosmnumnutiugauay DLC fidy fislna
mnseivluams lassafsunluiluveansadey

DLC wnluadeutuuansluun 3

Silicon substrate

30 nm

Fig. 3. The cross-sectional view of the nano-laminated DLC coating on the substrate by the sputtering process.

The bilayer thickness is 10 nm. One nano-
laminate of DLC coating is composed of white
and black sub-layers. The white sublayer cor-
responds to the higher density amorphous
carbon film; the black one, the lower density
amorphous carbon. Under the optimum range
of sputtering, this difference of mass density
for amorphous carbon coatings is controllable
by the bias voltage. In addition, the hydrogen
content in each sublayer is also controllable
by the pressure.

This nano-laminated amorphous coating has
superior features to single-layered DLC films,
as precisely stated in Ref. [14]. The normal
DLC film is hard but has little ductility to arrest
the straight cracking through the thickness
once the chipping or the surface defects occur
in their usage; the substrate materials often
suffer from fatal cracking or damage. In the
nano-laminated coating, the initial cracking is
retarded by isolation of micro-cracking in each
sub-layer. Furthermore, these micro-cracks
are difficult to be combined to form a macro-
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crack. This results in the significant branching
of cracks to arrest the cracking process and
be free from total failure of coating.

Besides for the above improvement of tough-
ness, its hardness is controllable by reducing
the bilayer thickness (AL) in nano-lamination
and by varying the ratio of high and low den-
sity sub-layer thickness in the nano-laminate.
As depicted in Fig. 4, the measured hardness
becomes 33 GPa when AL = 10 nm and the ra-
tio of the white sublayer thickness to the black
sublayer one is 35:35. Remembering the nor-
mal DLC coating hardness ranges from 15 to
25 GPa, significantly high hardness is attained
by this nano-lamination. When reducing this
AL from 10 to 5 nm, the hardness increases
from 33 GPa up to 52 GPa. In addition, the
hardness can be tuned by changing the sub-
layer ratio.
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Fig. 4. The cross-sectional view of the nano-laminated DLC coating on the substrate by the sputtering process.

Ball-on-disc tribo-testing

The ball-on-disc tribo-testing system (CSM
Instruments, Co., Ltd.) was employed to
measure the transient of friction coefficient
under high pressure condition. SUJ2-ball with
the diameter of 6 mm was used as a counter
material. The applied load was constant, 10
N, and, the sliding velocity, 150 mm/s.
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Semi-dry transfer stamping

The six-step transfer stamping system (Shi-
mamura Metals, Co. Ltd.) was employed as
a metal forming simulator to demonstrate
that the duplex-coated SKD11 dies should
have sufficient engineering endurance even
in semi-dry condition. Figure 5 depicted the
outlook of transfer stamping machine with the
fly-wheel. The brass sheet was fed from the
left-hand side and first sheared to a circular
blank. This blank was transferred to the draw-
ing steps from the first to the fifth. In finishing,
the neck was formed onto the side surface to
yield the brass-hook. The low viscosity oil or
drying oil was dropped once in every 10 shot.

In measurement, the whole intermediate
products such as the brass blank and drawn
cups were picked up to make surface obser-
vation by microscope.

Semi-dry transfer stamping
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Fig. 5. Semi-dry transfer stamping system as a metal forming simulator.
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EXPERIMENTAL RESULTS
Material and mechanical characterization of
the nitrided SKD11 is first performed before
two tribological tests. At first, the ball-on-disc
method is employed to describe the low fric-
tional state of duplexed SKD11 substrate in
long distance sliding condition. In second, the
metal forming simulator is used to prove the
o
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engineering endurance of this duplex coating
in practice.

Nitrided SKD-11 substrates

After pre-sputtering for 900 s, SKD-11 sam-
ple with 25 x 25 x 5 mm? was plasma-nitrided
at 200 Pa and 753 K (or 480 oC) for 14.4 ks
under the mixture gases of nitrogen and hy-
drogen with the ratio of 7 to 3. Both RF-voltage
and DC-bias were kept constant by 200 V and
-500 V, respectively. Figure 6 shows a typi-
cal cross-section of this prehardened SKD11
specimen. The nitrided layer thickness is 40
pm. No white layers are seen on this surface.

Using the micro-Vickers testing with 1N, its
hardness was measured at five points. The
average hardness was 1070 HV with the devi-
ation of 20 HV. This high hardness originates
from fine chromium nitride (CrN) precipitation
in the SKD-11 matrix as well as the solid solu-
tion of nitrogen atoms in the matrix. Its XRD
profile is shown in Fig. 7. Formation of CrN
with less population of Fe,N and Fe,N is rec-
ognized in the matrix. This implies that SKD-
11 sample is nitrided without formation of brit-
tle, white layers.

Nitrided SKD-11 substrates
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Fig. 6. Cross-sectional view of plasma nitrided SKD11 specimen.
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The nitriding processing time is varied by 7.2,
14.4 and 28.8 ks to describe the change of
hardness depth profile with time. As shown in
Fig. 8, the surface hardness monotonically in-
creases from 530 Hv for 7.2 ks to 1680 Hv for
28.8 ks. In general, the surface hardness (H)
increases but the nitrided layer (E) decreas-
es with increasing the chromium contents in
the Fe-Cr alloy system [8]; e.g. in case of the
DC-plasma nitriding at 773 K for 57.6 ks, H =
1100 Hv and E = 150 pm for Fe-8Cr, and, H =
1200 Hv and E = 100 pm for Fe-13Cr, respec-
tively. Since H = 1680 Hv and E = 60 pm by
the present plasma nitriding at 753 K for 28.8
ks, this prehardening has sufficient capacity to
support the coated layer in the present duplex
coating.

Ball-on-disc tribo-testing

The nano-laminated DLC coating was RF-
sputtered at P = 0.5 Pa in ambient temperature
onto the SKD11 specimen with the diameter
of 25 mm and the thickness of 5 mm. The bias
voltage (VB) was pulsewise controlled in the
program; e.g. in case of nano-lamination with
AL = 10 nm and the sublayer ratio of 35:35,
VB = -200 V for 35 s in formation of the high
density sublayer and VB = 0 V for 35 s in for-
mation of low density sublayer, respectively, in
the pulse width of 70 s. Before DLC-coating,
the metallic chromium was deposited as the
bottom interlayer onto the SKD11 specimen
and followed by the transient interlayer of CrN
for matching with the main layer of nano-lami-
nated DLC coating.

When the prehardened layer by the plasma
nitriding is absent, the hard counter material
seizes with the nano-laminated coating in two
seconds after starting. This is because the
raw SKD-11 substrate makes plastic deforma-
tion by indentation of the hard counter ball and
both are adhesive at the moment.

On the other hand, the original SKD-11 spec-
imen was plasma nitrided at 753 K at 200 Pa
for 14.4 ks. Under the same coating condi-
tions as stated in the above, the nano-lami-
nated DLC was coated onto this prehardened
SKD-11 specimen. Figure 9 depicts the time
variation of measured friction coefficient under
the same condition as stated in 2.3. Except for
the initial running out period, the friction coef-
ficient becomes constant by p = 0.15 with less
deviation in time. In order to investigate the
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reliability of this tribological property among
specimens, two duplexed SKD11 specimens
were prepared and subjected to ball-on-disc
testing. As compared in Fig. 9, both transients
of friction coefficient are equal to each other;
the measured tribological property is charac-
teristic to this duplexed SKD11.

With comparison to the tribological behavior
of the nano-laminated WC (Co), the time his-
tory of friction coefficient in Fig. 9 is nearly the
same even by using the prehardened SKD11
instead of WC (Co).
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Fig. 9. Variation of the friction coefficient with time for the duplexed SKD11 substrates.

Transfer-stamping in semi-dry condition
The transfer stamping process is composed
of the drawing, the ironing and the shearing
steps, each of which requires for a pair of die
and punch with the different diameters and
clearances. Hence, the initial brass sheet is
subjected to various reduction in thickness
and straining.

In this metal-forming simulation, the whole
dies and punches were duplex-coated by the
common procedure. After plasma nitriding
of SKD11 dies and punches for preharden-
ing up to 1500 Hv for surface hardness, the
metal chromium bottom layer was coated and
followed by the graded chromium nitride coat-
ing as an interlayer. Then, they were nano-
laminate-DLC coated by AL = 10 nm up to
100 bilayers; finally, the normal DLC coating

=%

Transfer-stamping in semi-dry condition
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is coated onto this nano-laminated DLC as a
top coat.

Figure 10 depicts the series of dies and
punches to be used from the initial blank-
ing step to the final drawing steps. Besides
for the initial blanking dies and punches, the
diameter of drawing die-holes and punch is
reduced in step-by-step with consideration of
reduction in brass sheet thickness. With aid
of the developed coating technique [15], the
nano-laminate DLC is coated into the depth of
die holes even when the die-hole diameter is
less than 5 mm.
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Fig. 10. A series of punches and dies for this semi-dry transfer stamping.

Figure 11 shows the series of brass prod-
ucts from the brass blank to the final shape
of hook through the drawn brass cups. During
the fine blanking step, the punch and die cor-
ners are subjected to high stress and friction
by shearing the brass sheet. In the following
deep-drawing steps, the brass cup diameter
as well as the sheet thickness are gradually
reduced and followed by the neck-formation
step. When N = 600, no galling or adhesion
are observed on the brass blank and cup sur-
faces in any transient step of this semi-dry
transfer stamping.

The product quality of brass hooks is deter-
mined by their metallic shining on their head
and neck. Even without the failure in brass-
cup shaping or the fatal galling during the
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series of steps, the neck and head surfaces
of brass hook often roughen themselves and
lose their metallic shining once the brass work
surface experiences locally a metallic contact
with the SKD11 substrates. In other words,
the appearance of metallic shining surfaces
for brass-hook neck and head after stamp-
ing proves that the smooth surface quality of
dies and punches should be preserved in the
transfer process to form the neck and bot-
tom surfaces in the final product. Figure 12

shows the final brass-hook after continuously
transfer stamping up to 100,000 shots. This
highly qualified brass-hook is just a proof
that the present duplexed dies and punches
have sufficient engineering endurance under
the minimum quantity lubrication condition in
practice.
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Fig. 11. Variation of brass-hook shapes through the transfer stamping at N = 600.

Fig. 12. A final shape of brass-hook after continuously transfer stamping up to N = 100,000.
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DISCUSSIONS

Hardness profile design in the duplex
coating

Significant difference in the tribological per-
formance with and without prehardening pro-
cess reveals that the hardness profile design
is needed to accommodate the engineering
durability enough to make dry or semi-dry
manufacturing. As summarized in Fig. 13,
three parameters are controllable to design
the hardness depth profile across the treated
or modified surface layer: i.e. the hardness of
matrix (H,,), the surface hardness of prehard-
ened layer (H.) and the hardness of coating
(Ho). In the present duplex coating, HM is tun-
able from 200 Hv for normally grained SKD11
to 600 Hv for fine grained SKD11 to be stated
in this section. H, is also controllable from 800
Hv to 2000 Hv by increasing the volume frac-
tion of precipitate nitrides, refining the precipi-
tate nitride size or by increasing the concen-
tration of solid solution nitrogen atoms in the
matrix. In the nano-lamination, H_ is varied
from 2000 Hv to 5000 Hv by reduction of bi-
layer thickness and by increasing the sublayer
ratio. The applied stress distribution is deter-
mined by severity of metal forming steps and
strength of work materials. For each applica-
tion, the duplexed coating must be optimized
in order that the applied stress distribution
should be sufficiently lower than its hardness
depth profile.
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Crystal size effect on the hardness of ni-
trided SKD11

In the tool-life design of prehardened SKD11
or Fe-Cr steel tools, the strength of mother
substrate is an important factor. After the
hole-petch relation between the strength and
the crystalline size of steels [1], the strength
of mother substrates is improved by reduction
of crystalline size. The mechanically alloyed
Fe-12Cr steels are employed to simulate the
fine-grained SKD11 substrate; i.e. the average
grain size is reduced to 0.1 mm after sinter-
ing. Figure 14 depicts the increase of surface
hardness before nitriding and after nitriding
for 7.2 ks, 14.4 ks and 28.8 ks. The original
SKD11 matrix hardness is enhanced by this
grain size reduction from 200 Hv in Fig. 8 to
600 Hv in Fig. 14. Using the difference of
hardness (AH) before and after nitriding for
14.4ks, the grain size reduction effect on the
nitriding is considered; i.e. AH = 870 Hv for the
normal SKD11, and, AH = 850 Hyv for the fine
SKD11. There is a little change between two
SKD11 substrates.

This comparison of the surface hardness be-
tween two SKD11 substrates reveals that the
SKD11 matrix hardness is increased by grain
size reduction but that the prehardening pro-
cess by plasma nitriding is insensitive to the
grains sizes. As indicated in Fig. 14, the hard-
ness of fine-grained SKD11, nitrided for 28.8
ks, is retarded to be 1500 Hv; further experi-
mental validation is scheduled in future.
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Green manufacturing index

Use of the duplex-coated tools and dies ena-
bles us to change the practical operation in
stamping from the oil-dirt processing to green
manufacturing. Figure 15 compares the trans-
fer-stamping stage before and after use of
the duplex coated tools and dies. This signifi-
cant improvement of circumstance in practical
stamping operations proves that the semi-dry
metal forming with use of the duplex-coated
tools and dies should be responsible for the
green manufacturing.

Let us count the savings in usage of lubri-
cating oils and in tooling life cost as a green
manufacturing index. Table 1 compares the
used lubricating oil consumption as well as the
number of continuous transfer-stamping shots
before and after employing the duplexed tools.
The amount of lubricating oils necessary for
nearly same stamping operation is much re-
duced from 30 litter to 0.33 litter. In addition,
only high viscosity oils were available for lubri-
cation in the previous stamping even with use
of the WC (Co) dies and tools. On the other
hand, the duplexed dies and punches work
under the sparse supply of low viscosity oils.

Green manufacturing index
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Fig. 15. Change of circumstance around the transfer stamper by use of the duplexed tools and dies.

CONCLUSION

A new duplex coating is proposed to com-
bine the prehardening via the high density
plasma nitriding with the nano-laminate DLC-
coating for tool-life extension of SKD11 dies
and punches in semi-dry stamping. The for-
mer process in this duplex coating is charac-
terized by prehardening in high surface hard-
ness and with thick nitrided layer; e.g. the
surface hardness reaches to 1070 Hv and
the nitrided layer thickness of 40 pm in depth
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Table 1. Comparison of transfer stamping processes when using the WC (Co) dies and tools under lubrication and the duplexed coated SKD11 dies

and tools under semi-dry condition.

Item

Lubricated WC (Co)

dies and punches

Semi-dry Duplex-coated
SKD11 dies and punches

Number of shots 96,000 100,000
Lubricating oils High viscosity oil Low viscosity oil
Oil consumption per day per stamper 30 litters 0.333 litters

even by plasma nitriding for 14.4 ks or four
hours at 753 K (or 480 °C). The latter process
has preferable features to the duplex coating;
toughing against the crack penetration via the
nano-lamination, and, surface hardness tun-
ing. The surface hardness is controllable from
30 GPa to 53 GPa by varying the bilayer thick-
ness of nano-laminates and the ratio of higher
and lower density DLC sublayers. The ball-
on-disc testing reveals that low friction state is
preserved for long-distance sliding under high
loading condition; e.g. the friction coefficient
is kept constant by 0.15 for 540 m by 10 N.
The semi-dry transfer stamping is employed
as a metal forming simulator to demonstrate
that the engineering durability in stamping is
preserved even in semi-dry condition by us-
ing the duplex-coated dies and punches. The
brass sheet is sheared into a blank, deep-
drawn in step-by-step and necked to a metal-
lic-shining brass hook. Even after continuous-
ly transfer-stamping for 100,000 shots, there
is no scratches on the duplex-coated tool sur-
faces to preserve high surface quality on the
finished surface of brass hook. The amount of
used lubricating oils is reduced from 30 litters
to 0.333 litters by this duplex-coating; emis-
sion from stamping operation site is signifi-
cantly reduced. Furthermore, the tool-life ex-
tension by the present method results in less
consumption of tooling materials; in particular,
tooling cost is much reduced without use of
WC (Co).
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INTRODUCTION

Our company Fuji Die Co., Ltd. produces and
sells structural fine ceramic materials and wear
resistance tools under the brand name “Fujil-
loy fine ceramics” since 1992. Our company
also produces and sells Fujilloy WC-Co hard-
metal or cemented carbide tools since 1953,
Ti(C,N) base cermet since 1968, diamond
and cBN grinding wheels since 1972, Cu-W
electrode materials since 1983, super-tough
wear-resistant high speed steels (KF2 alloys)
since 1984, self-lubricating composite materi-
als (NF metals) since 1992 and heat-resistant
tungsten base alloys (brand name: FHR) since
1997. The first and sixth ones among these
have been reported in the first issue of TTA
E-Magazine [1].

Fujilloy fine ceramics consists of alumina,
zirconia, silicon nitride, and silicon carbide.
These have each distinguishing mechanical,
thermal, and chemical properties. We offer ap-
propriate Fujilloy fine ceramics and tools to our
customers.

In this paper, we introduce about the proper-
ties of these four kinds of Fujilloy fine ceramics
including a brief fabrication principle and their
application to wear resistance tools. We hope
that these contents will be helpful for our cus-
tomers to choose them.

PROPERTIES OF FUJILLOY FINE CERAM-
ICS

We provide alumina ceramics with high wear
resistance and high electrical resistance
(brand name: FCA10), zirconia ceramics with
high strength and thermal shock resistance
(FCY series, FCZ10), silicon nitride ceramics
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with high strength, seizure and thermal shock
resistances (FCS60), silicon carbide ceramics
with high wear resistance, excellent high-tem-
perature hardness, high-temperature strength
and creep resistance (FCC30).

The manufacturing technologies of all these
ceramics based on fine powder metallurgy or
sintering process which have been developed
by our company, taking into consideration the
purity of raw powders, phase diagrams of the
main components, sintering atmosphere, sin-
tering temperature, heat treatment after sinter-
ing, etc. The standard properties of Fujilloy fine
ceramics are shown in detail in Table 1, and

wiege  HawdRlunsduvihunistadaiulasnisifsunda

gumglietnadundy  windindanouansluddadlandilunis
fumumsinuse  flenuannsalunisnaudsgefigangiiae
vondon  Temufausigaiiongiiguasauannsalums
AuN1U Creep (FCC30)
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SEM microstructures are shown in Fig. 1.

Table 1. Standard properties of Fujilloy fine ceramics.

. Zirconia (TZP)-alumina Tetragonal Patially Silicon | Silicon
Alumina composite ceramics zircoma stabilized nitride | carbide
P polycrystal (TZP) | zirconia (PSZ)
Brand name FCA10 FCY40A FCY20A FCYOM FCZ10 FCS60 | FCC30
Ma.‘i.tl CDIﬂpOIlﬂﬂtS A].gO}. ZID:‘A]}O; ZIDQ—A].]_O; ZrOg—(YgE)}) Z[Gz—(MgD) Si3N4 SIC
Color light vellow white white white yellow gray black
Specific gravity 393 5.00 548 6.07 372 320 316
Vickers hardness (981N) 1850 1560 1410 1270 890 1380 2400
Transverse-rupture -
strength (MPa) 440 1670 1860 880 540 880 500
Compressive strength 2060 3630 4120 3730 1370 2630 | 3980
(MPa)
Fracture toughness _ _
(MPa - m'?) 31 53 6.2 71 12 5.0 30
Young's modulus (GPa) 363 294 248 200 180 291 427
Poisson’s ratio 0229 0279 0.290 0310 0.330 0274 0.160
Specific heat (J’kg * K) 1040 610 550 640 460 790 680
Thermal expansion
coefficient (MK-1) 8.1 94 102 11.3 83 23 41
RT-800C
Thermal conductivity N _
(W/m - K) 30 84 5.0 46 17 15 170
Thermal shock resistance ©
AT (C) 200 475 470 250 230 600 300
Specific electrical resistivity i
=101 =10 =10 =101 =101 =10% | =3x108
(Q - cm)

# quenched into water after heated




Fig. 1. SEM microstructures of Fujilloy fine ceramics. The first five photographs are microstructures of polished and etched plane. The last two are
microstructures of fractured surface.

FCA10: All grains are a-Al,O, (crystal structure: trigonal).

FCY40A, FCY20A: White matrix and black dispersed grains are tetragonal ZrO, and a-Al,O,,
respectively. The color of a-Al,O, grains are black differing from white in FCA10. This is because
the contrast in SEM microstructures is determined by the relativity of the atomic number of the
other phase.

FCZ10: White acicular (circular disc plate in 3D) grains and black matrix are tetragonal and cu-
bic ZrO,, respectively.

FCYOM: All grains are tetragonal ZrQ,,.

FCS60: All grains including rod-shaped and granular grains are mainly p-Si;N,(hexagonal).

FCC30: Almost all grains are a-SiC(hexagonal).
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Oxide-Base Ceramics

All oxide-base ceramics have commonly ex-
cellent properties of heat, oxidation, corrosion,
wear and seizure resistances, and excellent
electric insulation, although poor ductility and
low toughness in general compared with met-
als, due to their chemical composition, crystal
structure, and/or atomic bonding. So they are
applied to tools to which metal-including and/
or metallic materials, i.e., WC-Co cemented
carbide and tool-steels are hardly applicable.

(1) FCA10 (alumina ceramics)

FCA10 is composed of almost pure a-Al,O,
(crystal structure: trigonal), and has the high-
est electric resistance and considerable
high hardness among Fujilloy fine ceramics.
FCA10 is of the lowest price because of the
most cheap raw powder, no resource problem,
simple sintering process, and no heat treat-
ment. Thus, FCA10 is preferentially used to
any tools, if all kinds of ceramics can be ap-
plicable. However, FCA10 has the low fracture
strength (TRS), fracture toughness and ther-
mal shock resistance, compared with almost
all other ceramics as graphically shown in Fig.
2, 3 and 4, respectively.

(2) FCY40A, FCYZ20A (zirconia (Y-TZP)- alu-
mina composite ceramics)

FCY40A and FCY20A which are fine-grained
composite ceramics of ZrO, (FCYOM) and
ALQO, (the main component of FCA10. But,
the grain size is finer as shown in Fig. 1) have
higher strength by about two times than the
other Fujilloy fine ceramics, as shown in Fig.
1, and higher compressive strength (Table 1).
These high strengths are mainly due to the
partial phase transformation of zirconia from
tetragonal phase to monoclinic phase (so
called “stress-induced transformation tough-
ening mechanism”[2]), and also to the differ-
ence in thermal expansion coefficient between
ZrO, and Al,O,, which causes the genera-
tion of compressive stress in dispersed AlO,
grains and tensile stress in ZrO, matrix. These
fracture toughness (Fig. 3), thermal conductiv-
ity (Fig. 4) and hardness (Fig. 6) are medium
values between those of FCA10 (Al,O, ) and
FCYOM (ZrQO,), almost obeying “mixture rule”
which are reflected by their composition and
microstructure.

,"}

Oxide-Base Ceramics
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Fig. 3. Fracture toughness of Fujilloy fine ceramics. FCZ10 has the highest fracture toughness, due to a large amount of stress-induced phase trans-
formation from tetragonal phase to monoclinic phase.



(3) FCYOM (yttria tetragonal zirconia poly-
crystal (Y-TZP) ceramics)

FCYOM is the base ceramics for the above
FCY40A and FCY20A together with the above
Al203 as explained in the above (2) sec-
tion. FCYOM has the highest fracture tough-
ness (Fig. 3), the lowest thermal conductiv-
ity (Fig. 4), and the lowest Vickers hardness
(Fig. 6) among FCA10, FCY40A, FCY20A and
FCYOM.

(4) FCZ10 (magnesia patially stabilized zir-
conia (Mg-PSZ) ceramics)

FCZ10 is prepared by making best use of the
above phase transformation toughning mech-
anism through adding an appropriate amount
of MgO instead of Y203 in the above FCY
series, and also applying an appropriate heat
treatment after sintering. Thus, FCZ10 has the
highest fracture toughness among ZrO2 base
ceramics as shown in Fig. 3. FCZ10 has also
the lowest thermal conductivity among Fujilloy
fine ceramics, as shown in Fig. 4.

(3) FCYOM (yttria tetragonal zirconia polycrystal (Y-TZP)
ceramics)
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(4) FCZ10 (magnesia patially stabilized zirconia (Mg-
PSZ) ceramics)
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Non-Oxide-Base Ceramics

(1) FCS60 (silicon nitride ceramics)

Silicon nitride has high hardness, low ther-
mal expansion coefficient, high oxidation re-
sistance, etc. Pure silicon nitride, however,
has poor sinterablily due to its covalent bond-
ing differing from the oxide base ceramics
with ionic bonding, and thus needs appropri-
ate sintering aids forming liquid phase. Fur-
thermore, there are two types of crystal struc-
ture o-Si,N, and B-Si,N,, crystal structure of
which are both hexagonal. Our company has
developed FCS60 by selecting appropriate
sintering aids and appropriate Si;N, powder,
and also by selecting appropriate sintering
condition so that microstructural defects are
minimalized and rod shaped (-Si,N, grains
greatly develops in the microstrucure for aim-
ing whisker-reinforcing mechanism as shown
in Fig. 1. These good selections bring about
high fracture toughness and also high fracture
strength to FCS60. FCS60 has also excellent
thermal shock resistance as shown in Fig. 5
and high lubricity.

Non-Oxide-Base Ceramics

(1) FCS60 (silicon nitride ceramics)
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(2) FCC30 (silicon carbide ceramics)

SiC has excellent high hardness, oxidation
resistance, high thermal conductivity, etc. SiC
powder itself has poor sinterability mainly due
to its covalent bonding in the same way as the
above Si3N4. Our company developed FCC30
by adding appropriate sintering aid and sinter-
ing condition. The developed FCC30 has the
following characteristics: (1) excellent wear-
resistant caused by high hardness at low and
high temperatures (Fig. 6), (2) high thermal
conductivity (Fig. 5), (38) no deterioration of
strength up to high temperature (Fig. 7), (4)
excellent sliding properties under a lubrication
condition using water, (5) excellent oxidation
resistance.

(2) FCC30 (silicon carbide ceramics)
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Fig. 7. High-temperature transverse-rupture strength (TRS) of Fujilloy FCS60 and FCC30. TRS of FCS60 decreased above 400 °C, but the TRS of

FCC30 does not decrease at least up to 600 °C.



Product and Application Examples

The outer appearance of products and the
application examples of Fujilloy fine ceramics
to tools are shown in Fig. 8 and Table 2, re-
spectively. These tools with designed shapes
are fabricated by die-pressing of powder,
grinding, polishing of sintered compact, etc.
For drawing dies, the steel rings is generally
mounted to the dies so that a large amount of
compressive is given to the die.
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Fig. 8. Product examples of Fujilloy fine ceramics for wear resistance tools (dies, rolls, pins, etc).

Table 2. General application examples of Fujilloy fine ceramics.

Brand name Application Demanded properties
electric insulation parts high electric resistance
die for chemical material wear and corrosion resistances
FCA10
wear, corrosion, heat and oxidation resistances
guard block, guide . ;
lowest price among ceramics for tools
die and punch for copper, wear, seizure, oxidation and corrosion resistances
FCY40A nib, pinch roll, guide roll, high strength, high toughness
FCY20A crushing roll, cold extrusion die,
die for chemical material, guide
die and punch for copper, wear, seizure, oxidation and corrosion resistances
nib, pinch roll, guide roll, high strength, high toughness
FCYOM
crushing roll, cold extrusion die, | lower price than FCY40A and FCY20A
die for chemical material, guide
heat, thermal shock, wear, seizure. oxidation and
hot extrusion die for copper alloy | corrosion resistances
high strength at high temperature
FCZ10 heat, wear, oxidation and corrosion resistances
guide for high temperature . .
high strength at high temperature
heat and oxidation resistances
thermal insulation
lowest thermal conductivity
can-manufacturing tool wear, seizure and corrosion resistances
wear, heat, thermal shock and seizure resistances
FC560 roll for hot rolling, squeeze roll
high strength at high temperature
spinning roll wear and seizure resistances
mechanical seal wear and corrosion resistances
FCC30 glass lens molding die corrosion and thermal shock resistances
tool for high temperature heat and thermal shock resistances
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FCA10 is used as high temperature electric
insulating parts which needs high wear resist-
ance and not high fracture strength, utilizing
high electric resistance, high hardness, etc.

FCY40A and FCY20A are used as extrusion/
drawing die and punch for copper, crushing roll
for resin, which need wear, seizure, oxidation
and corrosion resistances. Each of FCY40A
and FCY20A is recommended, when the life
time of tool is determined by wear and crack-
ing, respectively.

FCYOM is used as guide and guide roller for
the nonferrous materials which need wear,
seizure, oxidation and corrosion resistances.

FCZ10 is used as hot extrusion die for cop-
per alloy and insulation material which need
heat, thermal shock, wear, seizure, oxidation,
corrosion resistances, etc.

FCS60 is used as wear resistant tools such
as hot-rolling, spinning roll, can-manufacturing
die which need wear, heat, thermal shock, sei-
zure resistances, etc.

FCC30 is used as sliding component such as
mechanical seal, high temperature structural
member and glass lens molding die which
need corrosion and thermal shock resistanc-
es.

Future Market Development for Fujilloy
Fine Ceramics

Major market of Fujilloy fine ceramic tools is
automobile industry, nearly in the same way
as our main product, i.e., cemented carbide
tools. Automobile industry is well known to
make always a great effort in the reduction of
automobile weight as much as possible to in-
crease fuel efficiency.

One method for the weight reduction is the
application of low density Al-based alloy to en-
gine parts. The casting molds are mainly made
of heat resistant steels. However, the life time
of the mold is not so long, even if the mold sur-
face is coated with excellent CVD film. This is
because the film tends to be peeled off. Then,
our company have provided tungsten based
alloy (brand name: FHR 96). The life time of
FHR mold is longer by about 5 times than
that of the present heat resistant steel mold.
However, there are some problems such as
Al-attacked corrosion and oxidation deteriora-
tions.

Then, we focused on excellent properties of
FCS60 such as high corrosion, heat and ther-
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Table 3. Dipping test condition.

Al alloy (AC2B. ie., Al-2~4mass«Cu
Molten Alloy )
-5~T7mass%Si alloy)

Specimen — -
Dipping temperature | 660 ‘C

w Heating time 72hr
Dipping atmosphere | Air

Al,Os crucible

™~ Molten Al alloy

Fig. 9. Schematic of dipping test.

FCS60 (silicon nitride) FHR96 (tungsten based alloy)

Fig. 10. An example of SEM microstructures of the interface of FCS60 and FHR96 with the sticked Al alloy after dipping test in molten Al alloy AC2B.
The white area of FCS60 is due to the inclination of FCS60 surface caused by preferential polishing of soft Al alloy.
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Fig. 11. Al contents in FCS60 and FHR96 which were dipped in molten Al alloy at 660 °C for 3 days. Al diffused in FHR96 by about 100 pm. On the
other hand, FCS60 hardly reacted the molten Al alloy.
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mal shock resistances. Corrosion resistance
to molten Al alloy was investigated by using
a method illustrated in Fig. 9 under a condi-
tion shown in Table 3. SEM microstructures
of cross section after dipping test are shown
in Fig. 10. Al content in FCS60 and FHR96
measured with EDX are shown as a function
of the distance from the reaction interface in
Fig. 11. Figs. 10 and 11 show that the reaction
phase layer thickness was about 100 pm in
FHR96, but almost 0 pm in FCS60. This sug-
gests that FCS60 mold is expected to have a
longer tool life compared with FHR96 mold.

SUMMARY

In this paper, we introduced mainly the mate-
rial properties and application of Fujilloy fine
ceramics to wear resistance tools. We want to
push forward a farther development of Fujilloy
fine ceramics in accord with the needs of vari-
ous customers.

For more information of the use of Fujilloy
fine ceramics and their application to your
tools, please contact us today.
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WHAT IS CORROSION

“Corrosion is the destructive attack of a ma-
terial by reaction with its environment.” Stated
author of Pierre R. Roberge [1]. The corrosion
is one of the most underrated problems in the
world of materials because processes are of-
ten very slow and microscopic, but when cor-
rosion-induced failure is catastrophic. Figure 1
below shows an airplane fuselage tear open
during a flight en-routed to Hawaii in 1988.
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Fig. 1. A fuselage of the aircraft failed due to corrosion induced fatigue (Source: http://www.thisdayinaviation.com/28-april-1988/)
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Corrosion is an electrochemical process
caused by chemical reactions. Electrochemi-
cal process involves a transfer of electron.
The difference between chemical and elec-
trochemical process is subtle yet important.
For example, if you mix NaCl with CaSO,, you
have an equation below
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Z0ooo + oooo, — 0ood, + 00,004

The oxidation state of Na(+1) and Ca(2+)
stay unchanged from left to right side of the
equation. On the other hand, if you immerse a
solid piece of pure Al in water
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oo + 3o,0 — oo(oo); + 30" + 30°

The oxidation state of Al (+0) on the left side
is increased to Al(3+) on the right side of the
equation. This shows that the transfer of elec-
tron has occurred.

Three components are required for corrosion
to occur, that said; corrosion cannot happen if
one of the three components is missing. The
three are anode, cathode, and electrical path.
Anode is a negative terminal where oxidation
happens or electrons are released. Cathode
is a positive terminal where reduction hap-
pens or electrons are consumed. Electrical
connection or electrolyte is a path to electron
or ion transport to complete the circuit.

Environment in which engineering materials
are operated is very crucial because corrosion
problem arises from interaction between the
material and its environment. For example, a
rebar in concrete structure is very corrosion
resistant due to the alkalinity of the concrete,
which causes formation of a protective pas-
sive film. Unfortunately, chloride ions, which
are ubiquitous, penetrate into concrete and
destroy the protective passive film. Coupled
with moisture and oxygen, the rebar tends to
corrode and form corrosion product, which un-
dermines structural integrity.
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Ingress of corrosive species

(into porous concrete)

Cracking and spalling of the
concrete cover

Fig. 2. Concrete rebar corrosion mechanism. (source: http://www.corrosion-club.com/concretecorrosion.htm)

WHY IS TRIBOCORROSION IMPORTANT

Tribocorrosion is a problem that can be found
in many engineering applications ranging from
biomedical, transportation, mining, nuclear
reactors, valves, and pipelines. Where there
are moving parts, tribocorrosion should not
be overlooked. Corrosion and wear can work
together synergistically to accelerate damage,
especially passive metals. Passive film is
damaged by continuous mechanical rubbing
and it does not allow enough time for passive
metal to repassivate, so metals dissolves at
much higher rate than when there is no me-
chanical wear [2].

Tribocorrosion is a complex problem because
the duration of contact is short and reactions
happen only on the surface. The mechanism
is still unknown. Reaction between two materi-
als can alter chemical composition of a me-
dium. For example, tribocorrosion could also
occur when a lubricant is needed. The pH of
the lubricant can change during operation or
the lubricant might contain some aggressive
ions that can cause corrosion.

In electronic industry tribocorrosion is often
strictly avoided because tribocorrosion can
form a surface layer that changes conductivity
and reactivity of the surface. However, tribo-
corrosion can also be beneficial in chemical-
mechanical planarization in electronic indus-
try. Tribocorrosion is a complex problem that
requires in situ advance surface characteriza-
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tion as well as electrochemical analysis in or-
der to fully understand the mechanism of each
particular system. As stated above, because
corrosion damage is often undetectable by
naked eye, corrosion in tribology is often mini-
mized. If tribocorrosion is understood, it can
be controlled in a useful way and can help pro-
long service life of materials.
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