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ABSTRACT

H ard coa t ings a rc us ed t o im pro ve t he wear res is tan ce of me ta ls which la rgely de pends on ad hesion

betw een subst ra te and coat ing. T he wear and fr iction behavior of un coat ed and TiCN- coa t ed 02, M2
and M1 steels we re evaluated by a pin-on-dis k test under lu br ica ted conditi ons. In orde r to evalua te

t he influence of lubricant on wear perform an ce, d ry fr ict ion t est s wer e also performed. T he resu lts
showed t hat fr ict ion coe fficient s we re very sim ilar for both un coa t ed and T iCN- coa ted ste els . Under

lu br icat ed condi tions, t he uncoa t ed D2 too l steel ex hibi ted t he low est fric tion coefficient, but t he
T iCN-coat ed 0 2 st eel pr esen t ed the smalles t wea r ra te. A br asion was the ma in wea r mecha nism in all
t he t ribocouplc s. Additionall y, micro hardness meas urements we re carried o ut, fin di ng a n infl ue nce of

t he ste el s ubstrate on t he har dn ess of t he coa t ings . Besides, ad hesion t est was cond uc ted , s uggesting
a good ad hesion of class 1 be tween substrates a nd 'T iCN coa tings.

1. Introduction

The tool life is an importan t fac to r in m anufactur
ing processes s uc h as ex t r usion , forg in g a nd cu t 
t in g . In this poin t , fine bl ankin g process is a n ad 
va nced an d p recise cutt ing m ethod by w h ich s mooth
s urfaces w ith exact geometry can be obtained. Thipp
rakmas[lJ described it as a process wher e the streng t h ,
h a rdness and wear defo rm a t ion of tool components
must b e improved d ue to the severe pl as ti c def o rm a
t ion. R ecently , Cheo n an d K im[2J m ent ioned that

pred ic ti ng the die an d tool rep lacem en t time in the
fine bla n ki ng proces s was ve ry impor tan t in te rms of
product and cos t efficiency ; thus , in order to predict
t he too l lif e , too l wear m us t be co nstantly o b
served ; in fact , t hey a lso describ ed that most stu d
ies in this area w ere accomplished to unders tand the
tool wear[2J. H igh s pe ed s teels have been used as

tool materials d ue to their excellent mechanica l
proper t ies co m bine d wit h h igh wear resistance' :",
T hese properties are affected by their che mical co m 
posit ion , e. g. , t he ha rd n ess of med iu m carbon fo rg
ing steels was in creased b y va r yi ng the vanadium
co n ten t ' {". Nowadays, ceramic coati ngs are used to
co n tro l fric tion and w ear to en han ce the service life
of work ing tools an d mach ine pa r t s [5J ; fo r example,

., Corresponding au tho r. P ro f. , Ph. O.
E-mail address :karla .moreno@itce!aya .edll .m x (K. J . Moreno) .

t it anium carbo ni t ri de (TiCN ) coa ti ngs exhi bi t ex 
ce ll en t m echanical pro perti es s uc h as low fr ict ion,
h igh hardness, hi gh toughness, an d en ha nced w ear
resistance-' ". W ei et a l. [7J in ves ti ga ted the wear per

formance of D2 tool steel under d r y fr ict ion and
high-temperature co n di tions , o bserving that a s ui t 
a b le co mbination of ha rdness an d toughness was
necessary for a good wear resistance in hi g h- temper

ature condit ions. Some studies h ave b een do ne in the
field of wear beha vio r o f TiC N coat ings o n differen t
tool steels, such as the wear beha vio r of meta l co m 

posit es based on M 3/ 2 high speed steel which was
rei nforced w it h two differe nt pe rcen tages of T iC N
( 2. 5 an d 5. 0 wt . %) and was manufactured follow
ing a conventional powder m etall urg y w hich was in 
vestigated by Velasco et a l. [8J . On the other hand,
Bressan et a l. [9J st udie d the M 2 h igh speed steel

(HSS) a nd tungsten ca r bi de ( WC ) hard m et al coa
t ed with T iA1N a nd T iCN by usin g the pi n-o n-disk
standard t est w ith d ifferent loads in order to co m 
pa re the wear beh avio r o f these Ti-based coat ings,
and fo un d a b et t er tr ibo lo g ica l perfor m an ce on
Ti A1N coat ings. M 4 too l steel has b een successfu lly
used in tool in g for the fine bl ankin g proces s an d in
high-volume product ion of part s , due to its excel 
len t mechanical p roper ti es and wear resistance , b u t
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its low availability and high cost are inconvenient to
be taken into account when manufacturing a tool
ing; however, there are other steels with similar
properties, such as M2 and 02 tool steels, which
could be used as substitutes for the manufacture of
fine blanking tooling, although the M2 and M4
steels have better wear resistance owing to their in 
cr eased matrix and carbide phase hardnes s: ", From
the literatures, investigations related to friction and
w ear behavior of uncoated and TiCN-coated 02, M2
and M4 tool steels under lub r ica t ion conditions are
very sc arce. At this point, it is necessary to deter
mine the tribological performance of these steels.

This work aim s to determine the viability of 02
steel as tool m aterial applied in the fine bl anking
process, providing a preliminary study to decrease
the cost of tooling. Among 02, M2 and M4 tool
steels, the 02 steel has better availability than the
other metal substrates considered in this work. Be
sides, the present work allows a comparative study
of the tribological performance of 02, M2 and M 4
tool steels with and without TiCN coating in order
to propose different configurations of substrate
coating that can be used in tooling design according
to the volume production of tool parts in the fine
b lanking process. For that purpose, the tribological
performance was experimentally investigated using
the pin-on-disk method under lub rica ted conditions,
considering that this m ethod allows to simulate true
in-service conditions[IO]. The friction coefficient was

obtained, and volume loss and w ear rates w ere cal 
culated. The wear mechanisms were det ermined af 
ter observation of worn surfaces . Additionally, dry
friction tests were performed in order to propose
02, M2 and M4 uncoated tool steels in the fin e
blanking process. The influence of oil lubricant in
friction tests was also discussed.

2. Materials and Methods

Specimens of 02, M2 and M4 commercial tool
steels with 25 mm in diameter and 5 mm in thick
ness w ere coated with TiCN by physical vapor depo
sition (PVO) technique. The ch emical composition
and hardness of the tool steels are listed in Table 1.

Table 1
Chemical composition ( wt. %) and hardness (HRC) of D2.
M2 and M1 tool st eels

Steel C Cr V w Mo Fe H ardn ess

02 1. 5 12. 0 1. 0 1. 0 Bala nce 60
M2 0.85 - 1. 00 1. 0 2. 0 6. 0 5. 0 Balance 65
M1 1. 3 1. 0 1.0 5.5 1. 5 Bala nce 61

Cross sections of 02, M2 and M4 steels were pre
pared and etched with nital (5 mL H N03 and 100 mL
et hanol ) , and the microstructure before the deposi
tion was analyzed by optical microscopy (OM), using
a Carl Zeiss microscope Axion Image. Fig. 1 rev eals
the microstructure for each m etal substrate; a mi 
crostructure with elongated primary carbides and a
good distribution of secondary carbides can be ob 
served in 02 steel while the microstructure of M2
steel exhibits a segregation of carbides. It is impor
tant to mention that these two metal substrates
were obtained by melting process while M4 steel
was prepared by powder metallurgy, which gives a
different metal mi crostructure, as shown in Fig. 1
(c), where a m ajor concentration of ca rbides with
uniform distribution can be seen. The thickness and
microhardness of the TiCN coa t ing s provided by the
supplier were 5 p.m and 30 CPa (I-IVO. 05 ) , respec
tively; however, the thickness of film and element
concentration of TiCN coating were verified by using
a scanning elect ron microscop e (SEM, JEOL JSM-

Flg. }. OM micrographs of D2 (a), M2 (b) and M1 (c) st eels .

6510LV) equipped with energy dispersive spectrometer
(EOS, X-Max" Oxford Instruments) for each TiCN
coated steel substrate. The image ana lysis confirmed
a coa t ing thickness of 5 p.m; whereas the EOS analy
sis for each system showed the same element con
centration independent of the steel substrate. Fig. 2
exhibits SEM observation of TiCN coating on 02
and M2 steels; as repres entative for this study, the

superior im ages show the microstructures features
for TiCN, which looks similar between the two met
al substrates. Flatted surfaces with some pores can
be observed, while the EOS results prove that there
is no variation in Ti content in each system; be
sides, the C and N exhibit similar conc en t ra tions
suggesting a homogeneous TiCN phase for each steel
substrate. Vickers indentations w ere m easured by
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using a mi crohardness tester (SMVK-lOOOZS Mod el)
with a load range fr om O. 49 to 9. 80 N during 15 s;
fiv e m ea surement s w ere taken at eac h load obtainin g
two diagonal s for each test, and the len gths of these
diagonal s w ere det ermined by opt ical microscopy by

using a Carl Zeiss mi croscope. Then, the mi cro hard
nes s value HV was calculat ed from the average diag
ona l length D and the load P of the inden ta tions ,
accor ding to :

HV=(1. 8544)P ID 2 (1)

50 000 (h) Element wt.% Element wt.%
e 3.33 e 2.71

~
N 2.58 40000 N 2.99

'iii 30 000 Ti 92.25 Ti 92.81
15 Fe 1.8.5 Ft! 1.49
.5 20 000

10 000
eN

Ti
eN

Ti
Fe Fe

0 2 4 6 8 10 0 2 4 6 8 10
EnergylkeV

Fig. 2. SEM micrographs of T iCN on 0 2 (a ) and M2 ( c) st eels , and their EOS ana lys is ( b, d ) respec tivel y corr es ponding to
the square area.

Rockwell inden ta tion stand ard test CEN/TS 1071-8
was perfo rmed to asses s the adhesion qualit y of Ti CN
coati ng on 0 2, M2 and M4 tool st eels subs tra tes usin g
a load of 1 47 0 N. Whereas , wear test s w ere ca rried
ou t b y a pin-on-di sk method unde r lubri ca ted condi
ti ons on a CSM in s t rumen ts t ri bometer b y emplo
ying 20 mL o f Hol ifa cutt ing and form ing oil a t 50°C
which co rresponds to the temperature of the fin e
bl ankin g process m easured in si t u. W C ball, w ith di
ameter of 6 mm, microh ardness of 1 370 I-IV and el as
ti c m odulus of 670 GPa , w as slid on the uncoated
and T iCN-c oat ed 0 2, M 2 and M4 tool steels. The
sliding distance , sliding speed and wear track rad ius
w ere set tl ed at 1 000 m, 0.05 m > S - I and 2 mm, re
s pective ly . The no rmal load used was 10 N corre
s po nding to a m aximum con ta ct pressure between
0 2 tool s teel speci m en and tungsten carbid e ball be
fore yield ing of 0 2 s u bs t ra te. K in etic fr ict ion coeffi
cien ts values (P k) w ere o btained dir ectly of Tribox
4. 1 software. Volume lo ss (V) was ca lcu lated b y a
s ta ndard tes t m ethod as indicated in ASTM G 99-05 ,
ass umi ng that there is no si gni fica n t pin w ear:

V = 2rrR [ r 2 sin - I (d 12r ) - (d 14 ) ( 4r 2 - d 2 ) 1/ 2 ]

(2 )
where , R re present s the w ea r t rack ra dius ; r is the
pin end ra dius ; an d d is the we ar track wi dth,

wh ich was m eas ured by im age analy sis usi ng a Zeiss
Axio Imager A l m icroscop e w hi ch was a lso used to
in ves tiga te the w ear m ech anisms. The w ear rate ( k )
w as ca lc ulated fr om the relationship [IIJ in which the

volume loss of the m at erial is proport ional to the ap 
plied normal load ( F ) and total sliding distance ( S) :

k = V I F S ( 3)

3. Results and Discussion

3. 1 . Microh ardness indentat ion

The app lied load s se lected on the inden ta tion tes
t ing were less than 10 N because some researche rs
have re ported that mi cro -crack ing on T iC N coatings
can be p resen t fo r higher lo ad s than this on e[12J.
Fi g. 3 represen t s the hardness as a function of the
applied load . Thi s fig ure ex hibi ts sim ilar values of
TiCN hardness p rovid ed b y the s upplier at 0. 49 N ;
besid es, a considerab le decrease in the hardness
from O. 49 to 1. 96 N can be obs erved, while in the
range fr om 1. 96 to 9. 81 N , the hardness presen ts a
gra d ua l decr ease as the app lied load increases . This
beh avi or is du e to the hardness values obtained and
represent s a co mposit e hardness, i. e. , the hardness
of the coat ing is in fl uenc ed by the hardness of the
s ubs t rate. Ac co rding to Lesage et a l. [13J , one way of
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3. 2 . Adh esion

Fi g. 4 ill us t ra t es the ch aract eristic im print s of
R ockwell inden tation test on T iCN-coat ed tool steels.
There is no visible delamination aro und the imprint,
even where s ubs t ra te piles up . The results sho w an
adhes ion class 1 accordi ng to sta nda rd test CENIT S
1071 -8. Vidakis et a l. [ IlJ co nsidered that the type
and volume of the coating fa ilure zone by indentation
test exhibit fir stly in the film adhesion and seco ndly
in the coa t ing bri ttl en ess. Besides , they estab lis he d
that well adhe ren t coa ting s can wit hstand shear
stresses a t the s ubstrate-c oat ing in terface w he n the
load is app lied beca use of strong in terf acial fo rces.
Th us , the adhesion of the coating to the su bstrate is
exh ibited b y the ty pe of the coat ing fail ure zone. A l
tho ug h the impri n t in T iC N- coa ted D2 steel is
sligh tly larger than that in the o ther ones due to its
lower hardness, no visible diff eren ce of adhesion be
havio r was found among the three T iC N- coa ted too l
steels . Accordin g to Ref. [ 14 ] , adhesion class for
the coa t ings of th is study represen ts st rong in terfa
cial bo nds betw een the coating and the s ubstrates.
Serg ejev et al. [ 15J investigat ed TiCN coat ing by ph ysical
vapor deposi tio n on the pu nch es p roduced from the
Bohler S390 Mi cro cl ean steel. In th at st udy , two dif
feren t surf ace p rep ara tion techniques, i. e. wet polish-

108

M2+TiCN
./

~
4 6 8 10
Applied loadIN

4 6
Applied loadIN

2
1OL..-__--'-__----'L-__--L-__----''----__--'

o

ob serving the contrib ution of the substrate hardness
in a com posite hardness is th rough the ra tio t iL,
where t is the thick ness of the coat ing and L is the
length of the diagonal of the imprint , and the n thi s
rat io can range from 0 to 1. In that sense, the inse t
in Fi g. 3 plots the ratio t f l: vs. the applied load for
the three TiCN-coated steel s u bs t ra tes.

It can notice a decr eas in g of this rat io for higher
load s, tending to zero, which means that th e hardness
obta ined should tend to the hardness of the subs tra te.

Fig. 3. Microha rdn css as a fun ction of applied load for thr ee
T iCN-coat ed stee l subs t rates .

Fig. 4. Im prints of Rock well indentation test for evaluat ion of adhesio n between TiCN coating and D2 ( a). M2 (b) and M4 ( c)
too l st eel substrates.
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Fig. 5 F rict ion coeffic ients of uncoated and T iCN-coated D2,
M2 and M4 s teels und er lubricat ed condition at 50 °C.

the next 100 m to reach a stab le fri ction coe ff icient
of abo ut O. 1. A lt ho ug h D2 tool s teel pres en ts th e 10-

in g (high s urf ace rou ghness) and dry poli shing (low
s urface roughness), w ere used . R ockwell adhes io n
test CEN I T S 1071-8 was used to s t udy the adhesion
between punch s u bst ra t e and coati ng, and sho w ed
an adhesion class 2. This diffe ren ce in class adhesio n
of T iC N coa t ings could be re lated to the s ubstrates
used and coat ing th icknesses.

3. 3. T r ibolog ical beha vior

The ev olut ion of f-l- k as a functio n of the sliding
dis tan ce under oil lubri ca ted condit ions at 50°C is
shown in F ig. 5 fo r un coa ted and T iCN- coa ted D2 ,
M2 and M4 tool steels. F ri ctio n coeff icien t s of M2
and M 4 steels decrease d uri n g the ent ire test reac
hin g m ean values of O. 15 and O. 14, res pectively.
M oreov er, the fri ct ion coefficien t of D2 s teel de
creased durin g the fir st 150 m and then fluctuat ed a t
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west friction coe ff icien t am ong the th ree s teels, it
can be seen from T able 2 that M4 steel exhibit s the
smalles t w ear rate.

It is im por ta n t to remember, in agreement with

Eq, ( 3), tha t the we ar ra te depends on the applied
load, the slid ing dist anc e and the volume loss; among
th ese three paramet ers, only one of them is ch anged
each time, which w as determin ed in ac co rda nce with

Table 2

Avera ge values of fr iction coefficient, volume loss and wear rate for uncoated and T iCN-coat ed D2, M2 and M1 too l steels

Sample

D2

M2

M4

D2

M2

M4

D2+TiCN

M2 + T iCN

M4 +TiCN

Condi tion

Dry

Dry

Dr y

Oil at 50 'c
Oil at 50 'c
Oil at 50 'c
Oil at 50 'c
Oil at 50 'c
Oil at 50 'c

o. 52 ±0. 122

0.49 ±0. 170

o. 48 ±0. 222

o. 103 ± 0. 010

o. 150 ± 0. 007

o. 140 ± 0. 007

o. 134 ± 0. 004

o. 108 ± 0. 004

O. 112 ± o. 003

Volum e loss/m"

o. 091 3±0. 010 3

O. 074 O±O. 022 6

o. 065 9±0. 025 4

o. 0114 ±0. 00 15

O. 013 8 ± 0. 000 6

O. 008 5±0. 00 0 6

o. 00 1 8 ±0. 000 4

O. 00 2 8 ± 0. 000 4

O. 003 4±0. 00 0 5

W ear rat e/( IO- 6 mrrr' . N - 1 • m - 1 )

9. 127± 1. 028

7. 40 3± 2. 264

6. 593± 2. 536

1. 136± 0. 151

1. 378 ± 0. 058

o. 853±0. 062

o. 177 ± 0. 038

0. 28 1± O. 04 1

O. 343 ±0. 054

the A ST M G9 9 standard for m easuring the w ear
track w idth; therefore, an increase in the w ear rat e
is g iven by an increased w ear track w idth; for the
case of 0 2 s teel , the wear rat e increased could be re
la ted to a higher pl as ti c deformatio n during the s lid
ing contact d ue to the lower hardness of 02 steel
co m pa re d with the hardness of M4 s teel ; nev erthe
less, the highest values of fr ic t ion coeffici ent and
wear rate can be ob served in the M 2 steel , and this
beh avior could be rel a ted to the fact that the M 2
s teel exhibit s the highest hardness, then the trib o
sys tem is carried out under sev ere abrasio n condition
a t the fir st stage , lead in g to a higher debris pro d u
cing high fri ction and wear rate va lues. Mo reo ver,
the TiCN-coa ted sa m ples show a sim ilar beh avi or
during the test , reach ing the steady-state stage after
abo ut 250 m, with me an fr icti on coefficien t values of
O. 13, O. 10 and O. 11 fo r 0 2 , M2 and M 4 steels , re
s pec ti vely. Zh u et a t. [ 16J ev aluated the tribolog ical
properties of uncoat ed and T iCN-coat ed M 2 tool
s teel by usin g an AISI 1019 s teel as a co un terpar t ,
where the fr iction te sts und er lubricated conditions
were performed by us ing a cr oss-cy linde r wear test
obtaini ng fr iction co eff icien ts of O. 18 and O. 10 for
M 2/1 019 and TiCN/ I0 19 tribocoupl es , res pectivel y.
Bo t h values a re very sim ila r to thos e obtained in this
study. Besides , fri ct ion beh avior of T iCN coatings
deposi ted on W C cemented ca rbide s was in ves tiga ted
by Wang et a l. [ 17J on ball-on-disk trib omet er usin g

deion ized water as a lubrican t at room te m pe ratu re.
The normal load varied in the range of 3 to 12 N and
the sliding s peed va r ied in the range of O. 1 to O. 4 m/ s,
The total sliding di stance was 1000 m where SiC
ball s w ere used as a co un terpa r t . Specifi cally, when
the T iC N coatings slid aga inst SiC ball s in water
with a no rmal load of 9 N and s lid ing speed of O. 1
m / s, values of frict ion coefficient obtained ranged
fr om O. 25 to O. 26 . The diff eren ces between values

obta ined by Ref. [ 17 ] and the pr es en t s t udy m ay be
due to the co un ter pa r t and the ty pe of lubricant us ed
in fr icti on t ests. A ddi tionally , dry fr icti on t ests w ere
performed on un coa ted 0 2, M 2 and M4 steels , and
fri ction coe ffic ient va lues of O. 52 , 0. 49 an d 0. 48 for
02, M2 and M4 we re ob tained, res pect ive ly , m ak
ing clear the in fl uence of lubricating film on the fric 
ti on beh avi or, as sho w n in Table 2. M eanwhile,
Wang et a l. [ 17J a ls o found bet ter t r ibologi ca l prope r
t ies of TiCN coati ngs under lubricat ed condi tion.
From T able 2 it can be seen that under lubricat ed
condit ions fo r TiCN-coa ted steels, M2 steel ex h ib its
the lo wes t fri ctio n coe ffi cie nt b ut 0 2 steel presen ts
the smalles t w ear rate. Fi g. 6 sho ws the op t ica l mi 
crographs of worn s urfaces fo r both un coat ed and
T iCN-coa ted tool stee ls un der lubri ca ted condit ion .
Co m pared to uncoat ed steels , w idths of wear t racks
a re less wi de, and then w ear rates a re lower on
T iCN-coated too l s teels indica tin g an improv ement
of w ear resi stance, which is rel at ed to higher hard
ness of TiCN coati ng ; for this s t udy , the int ensi t y
and dura tion of normal force , sliding s peed, rel a ti ve
humidity and lubricity w ere cons ta n t ; therefore, the
w ear m echanisms we re o bs er ved to depend on the
nat ure of m aterial s ( subs t ra tes) and thei r m ech ani
ca l cha racteristics of surf aces. Fi g. 6 a lso exh ibits ab
ras ive wear that can be observed as grooves or pl o
win g m arks parallel to the dir ection of s lid ing which
a re m ore visible on the uncoated steels where the
s urface of the w ear track is si mila r for the three
steels. In ord er to deep en on the we ar m ech ani sm,
SEM in ves tiga tio n was carried ou t for each substrate.
F or M 2 and M4 m et al s ubs t ra tes , it cannot obs erve
diff erent w ear m echanism fr om that obs erved in the
op ti cal im ag es, an d onl y slight m arks of smashe d
m ateri al can be iden tifi ed; ho wever, th is m ech anism
was more evident for 0 2 metal subs tra te , which could
be relat ed to the fact that the 0 2 s teel has the lowest
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Fig. 6. Optical micrograph s of wo rn sur faces for uncoated 02 (a), M2 (b) . M4 (c) and TiCN-coated 02 (d), M2 (e) . M4 (0
too l steels.

ha rdn ess, a llowing more we ar ; SE M im ages of D2
system are p resen ted as representat ives of SEM in 
vestigation in F ig. 7, w hic h shows the SEM micro
graphs of wear trac ks for bo th uncoated and TiC N
coated D2 too l steels together wit h the EDS analysis
inside and outside the worn trac k. It is observed that

according to the morphology of the surface, in both
uncoated and coated cases , most of the surfaces was
firs t crushed by the cont inuous contact of the pin
and then some wear debris part icles that were
trap ped bet ween the pairs in contact wit h the charac
teristic m ar ks of the abrasion mechanism ( pl ow in g

ee) Element \\'t.%
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Ti 60.54
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Fig. 7. SEM microg rap hs of worn surfaces [or uncoated ( a) and T iCN-coat ed (b) 02 too l st eel and EOS ana lysis ( c- 0.
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marks), which confir ms the above m entioned in the
optical microgr aphs. Whereas, the EOS ana lysis m akes
evide nt the minimal wear for the case of Ti CN-coat ed
0 2 s teel which exh ibits lower Ti concentration com
pared to the in iti al Ti eleme nt concentrati on (Fig. 2),
and it can als o be o bser ved the pres ence of F e el e
ment, while the EOS for uncoated 0 2 subs tra te shows
the el em en ta l conc en t ra t ion ch aract eristics of the 0 2
steel. Finally, no-homogeneous wear into the wear
track ob served on both un coated and T iCN-coated
steels m ay be d ue to surface irregula ri t ies of the
sa m ples whi ch could be re lated to it s surface rough 
ness.

4. Conclusions

( 1) A con t ri b ut io n of the m et al s ubs t ra te in
coa t ing hardness is ob served in each of the three ca 
ses. Thi s beh avior is more ev ident in t he range fro m
1. 96 to 9.81 N where the hardness reported is a com
posite hardness .

( 2) T he in fl uenc e of the lubricant on the fr iction
beh avi or can be clearly seen si nce the fr ic tio n coef fi
cien ts of un coated steels decrease considera bly by about
3 to 4 t imes. Bes ides , under lubricated condi tions ,
the un coat ed and TiCN-coated s t eels hav e si mi la r
values; however, the TiCN-coat ed ones have lower
w ear rat es, one order of m agnitude appro ximately ,
due to their higher hardness. A ll the trib oc ouples
presen ted ab ra sion as the m ai n we ar m ech ani sm.

( 3) A fter reviewing all the test da ta un de r lubri 
cated condit ions , it can be set as the m ain concl us io n
that the un coa ted steels co uld be suitable for another
engineering application where on ly the fri cti on be
havior is considered.

(4) Since the wear of the tooling has an influence
on the volume product ion of parts, it is clear that
uncoated and TiCN-c oa te d tool s tee ls , wi th diffe rent

we ar factors, can not be used to m anufact ure the
same number of pa r ts. F or low-v olume product ion of
part s , an uncoated s teel co uld be used.
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