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Triboloske lastnosti jekla AISI 4140

nitriranega v plazmi in pulzirajoci plazmi
Tribological Properties of Plasma and Pulse Plasma Nitrided
AISI 4140 Steel

Bojan Podgornik - JoZe Vizintin - Vojteh Leskovsek

V raziskavi so bile triboloske lastnosti jekla AISI 4140 (42CrMo4), nitriranega v plazmi in pulzirajoci
plazmi, dolocene za primer suhega drsenja. Pri tem je bilo kaljenje uporabljeno kot referenca in primerjava
nitriranju. Vpliv nitriranja je bil dolocen z uporabo metalografije, merjenjem mikrotrdote in raziskavo topografije
povrsine, in sicer pred preskusi in tudi po njih. Triboloske lastnosti so bile dolocene na napravi “valjcek-disk”,
pri cemer je bil dolocen tudi vpliv drsne hitrosti in obremenitve na triboloske lastnosti jekla po nitriranju.
© 1999 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: jeklo AISI 4140, nitriranje plazemsko, lastnosti triboloske, obraba)

In our study the friction and the wear behaviour of plasma and pulse plasma nitrided AISI 4140
(42CrMo4) steel was evaluated under dry sliding conditions, where hardened samples were used as a refer-
ence. The nitrided samples were fully characterised before and after the wear testing using metallographic,
microhardness and surface examination techniques. After surface characterisation, dry sliding wear tests were
performed on a pin-on-disc machine in which hardened ball bearing steel discs were mated to nitrided pins.
The influence of sliding speed and contact load on the response of the surface treated pins was determined.

© 1999 Journal of Mechanical Engineering. All rights reserved.
(Keywords: AISI 4140 steel, plasma nitriding, tribological properties, wear)

0 UVOD

Nitriranje je termokemicni postopek, ki se
uporablja za izboljSanje drsnih, protiobrabnih in
korozijskih lastnosti povrSin. Postopek nitriranja
temelji na difuziji dusika v jeklo, kjer se veze z
legirnimi elementi in tvori nitride. Nastali nitridi
povzrocijo nastanek tlacnih napetosti in s tem utrditev
povrsine. Sorazmerno nizke temperature nitriranja,
obicajno med 480 in 570 °C, omogocajo poboljsanje
in utrditev elementov z minimalno verjetnostjo
nastanka deformacij ter sprememb izmer nitriranega
elementa. V primerjavi s tradicionalnimi termi¢nimi
in kemotermic¢nimi postopki, kakr$na sta kaljenje in
oglji¢enje, nitriranje zmanjsa, v nekaterih primerih
pa celo odpravi potrebo po dragih poznejsih fazah
obdelave povrsine ([1] in [2]).

Med postopkom nitriranja prihaja do
nastanka difuzijske plasti, pri obi¢ajnem plinskem
nitriranju pa tudi do nastanka tanke spojinske ali bele
plasti na sami povrSini. Spojinska plast, sestavljena
iz faz'y’ (Fe,N) in € (Fe, N), je zelo tanka, obicajno
ne debelejsa od 25 um, in vsebuje velike notranje
napetosti [3]. Ceprav ima spojinska plast relativno
veliko trdoto, do 1200 HV [4], je zaradi velikih
notranjih napetosti krhka in drobljiva, kar pogosto
privede do njenega krusenja v triboloskem dotiku

0 INTRODUCTION

Nitriding is a ferritic thermochemical treat-
ment used to enhance the performance in terms of fa-
tigue and wear resistance of very highly stressed me-
chanical components. During the treatment, nitrogen
is supplied to the surface of the steel and diffuses into
the material where it combines with alloying elements
to form surface layers with high hardness. Therefore
the response of a steel to the nitriding treatment de-
pends principally on its composition and process tem-
perature. The relatively low temperature of nitriding,
usually in the range 480 to 570°C, allows for fully
stabilised, hardened and tempered components to be
surface hardened with only minimum risk of distor-
tion and dimensional variations. In comparison to tra-
ditional thermo and thermochemical surface treatments
such as hardening and carburizing, nitriding allows
for the reduction or even elimination of the need for a
subsequent expensive machining phase ([1] and [2]).

Conventional nitriding causes the formation
of a relatively thick diffusion layer with fine disper-
sion of alloy nitrides as well as a thin compound or
white layer on the component surface. The white
layer, consisting of a heterogeneous mixture of 7y’
(Fe,N) and the € (Fe, \N) phase together, is clearly
undesirable [3]. It is very hard (1200HV) and con-
tains high internal stresses, thus making it brittle and
friable [4]. Therefore such layers have to be removed
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med samim delovanjem elementa. Prav zaradi tega by chemical or mechanical means from load-bear-
je spojinska plast nezazelena in jo je treba pred ing surfaces before the components can be used in
uporabo odstraniti z delovne povrSine. service.

Nitriranje v plazmi in proces ionske Plasma nitriding [5] permits a fully auto-
vsaditve [5] omogocata nitriranje povrSin brez mated and controlled nitrogen-diffusion process,
nastanka spojinske plasti, zaradi Cesar je mogoca which makes it possible to nitride the steel surfaces
takoj$nja uporaba nitriranih elementov brez potrebe without compound or white layer formation. The
po dodatni obdelavi povrsSine. Nitriranje v most recent nitriding process, called pulse plasma
pulzirajoci plazmi, najnovejsi proces nitriranja, pa nitriding, allows for even lower temperatures of the
omogoca §e nizje temperature in bolj natan¢no work pieces as well as shortening the time of nitrid-
vodenje procesa nitriranja. ing.

Namen predstavljenega dela je bil raziskati The purpose of this paper was to study the
triboloske lastnosti jekla AISI 4140, nitriranega v wear properties of plasma and pulse plasma nitrided
plazmi in pulzirajo¢i plazmi ter jih primerjati z AISI 4140 steel surfaces in comparison to hardened
lastnostmi jekla po kaljenju. Za razmere suhega surfaces, as well as to determine the influence of the
drsenja smo raziskali tudi vpliv spojinske ali bele compound or white layer on wear behaviour under
plasti na obrabno obnasanje jekla po nitriranju. dry sliding conditions.

1 PRESKUSI 1 EXPERIMENTS
1.1 Priprava preskuSancev 1.1 Preparation of samples
Za izdelavo preskusancev smo uporabili The materials used for this study were AISI

orodno jeklo AISI O2 (90MnCrV8) in jeklo za 02 steel (90MnCrV8) and AISI 4140 steel
poboljsanje in nitriranje AISI 4140 (42CrMo4). Jeklo (42CrMo4). Throughout the series of wear tests, disc

AISI 02 smo zaradi njegove Siroke namembnosti in samples produced from ball bearing steel AIST O2
pogoste uporabe v triboloskih primerih uporabili za were used, Figure 1a. The discs were quenched and
izdelavo diskov (a na sliki 1). Vsi diski so bili zaradi tempered to give a hardness of 700 HV and ground
na trdoto 700 HV, po toplotni obdelavi pa bruSeni na Pin samples, Figure 1b, were made from
stopnjo hrapavosti N5. steel for hardening and nitriding AISI 4140, and were

Valjcki, (b na sliki 1) so bili izdelani iz jekla ground in order to obtain the desired shape and sur-
za poboljSanje in nitriranje AISI 4140, pri Cemer je face roughness (N5). One group of pin specimens
kemotermi¢na obdelava valjékov vkljucevala was plasma nitrided, another batch was pulse plasma
nitriranje v plazmi in nitriranje v pulzirajo¢i plazmi, nitrided, while a third group was hardened and used
kot referenco pa tudi kaljenje. Parametri posamezne as areference. The details of the nitriding and harden-
kemotermicne obdelave valjckov so prikazani v ing processes used in this study are listed in Table 1.
preglednici 1. Pred nitriranjem so bili valjcki All samples prepared for nitriding were vacuum hard-
poboljsani na trdoto 300 HV in s ¢elne strani bruseni ened prior to nitriding to obtain a surface hardness
na stopnjo hrapavosti N5. of ~ 300 HV.
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Sl. 1. Shematicen prikaz modelnega preskusevalisca “valjcek-disk”; a - disk, b - valjcek
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1.2 Triboloski preskusi

TriboloSke preskuse smo opravili na
modelnem preskusevalis¢u “valjcek-disk”, pri
katerem kemotermi¢no obdelana valjcka pritiskata
ob rotirajoci disk (slika 1). Pred preskusanjem, ki je
potekalo v razmerah suhega drsenja ter relativni
vlaznosti zraka ~50% in sobni temperaturi ~20°C,
so bili preskusanci oc¢isc¢eni v ultrazvocni kopeli.
Dolocitev triboloskih lastnosti raziskovanega jekla
je vkljucevalo preskusanje pri dveh drsnih hitrostih,
0,1 in 1 ms™, ter treh obremenitvah 60, 80 in 100 N.
Med preskusi smo spremljali tako spremembo sile
trenja kakor tudi vzdolzno obrabo valjckov.

Po koncanem preskusu, ki je v odvisnosti
od razmer pri preskusanja in kemotermi¢ne obdelave
preskusancev trajal od 30 sekund do 5 ur, smo
analizirali obrabljeno povrsino ter nastale obrabne
delce.

2 REZULTATI IN DISKUSIJA
2.1 Lastnosti povrsine

Na sliki 2 je prikazana metalografska
raziskava vpliva postopka ter parametrov nitriranja
v plazmi na spremembo mikrostrukture jekla AISI
4140. Kakor je vidno s slike 2a, je osnovna poboljsana
mikrostruktura preucevanega jekla visoko popusceni
bainit s karbidi v feritu, ki imajo orientacijo bainita.
Pri nitriranju so se nitridi izloc¢ili deloma po mejah
kristalnih zrn in deloma med karbidi v obliki drobnih
zrn (sl. 2b). V primeru nitriranja v 99,4%H,-0,6%N,
plinski mesanici, postopek B in C, je bila na povrsini
opazna neenakomerna spojinska ali bela plast,
debeline 0,5 do 1,5 um (sl. 2b). S povecanjem deleza
dusika v plinski meSanici in povecanjem ¢asa nitriranja

1.2 Wear tests

The wear experiments were performed on a pin-
on-disc machine with the pin pair loaded against the disc,
Figure 1. After ultrasonic cleaning, parts of pins and disc
were inserted into the machine. A particular load was ap-
plied and the rotation of the disc started. Experiments were
carried out at two sliding speeds of 0.1 and 1 ms, and at
each sliding speed three different loads (60, 80 and 100 N)
were applied to the pins under unlubricated conditions.
The atmosphere used was air with a relative humidity of
~50% and a room temperature of ~20°C. Two experi-
mental data were recorded continuously during the sliding
test: the linear wear of the pins and the friction force.

After completion of the wear test (30 s to 5
h, depending on the test conditions) the wear sur-
faces and generated wear debris were analysed by
means of profilometry as well as by optical and scan-
ning electron microscopy.

2 RESULTS AND DISCUSSION
2.1 Surface properties

Figure 2 shows the optical microstructures
of cross-sections of plasma nitrided specimens ni-
trided in a 99.4%H,-0.6%N, gas mixture for 17 h
(Fig. 2a and 2b) and in a 75%H-25%N, gas mixture
for 28 h (Fig. 2c¢), respectively. During nitriding, ni-
trogen diffuses into the steel surface and combines
with alloying elements to form a diffusion zone con-
taining a fine dispersion of nitride precipitates (Fig.
2b). In the case of plasma nitriding in a 99.4%H,-
0.6%N, gas mixture (treatment B and C), a nonuni-
form compound layer 0.5 to 1.5 pm thick was formed
on the nitrided surface. In the case of plasma nitrid-
ing in a 75%H_-25%N, gas mixture for 28 h (treat-

SL. 2. Mikrostruktura jekla AISI 4140 po nitriranju v plazmi v 99,4%H -0,6%N, plinski meSanici pri
200 (a) in 15.000-kratni (b) povecavi in 75%H -25%N, plinski meSanici pri 200-kratni povecavi (c)
Fig. 2. Microstructure of plasma nitrided AISI 4140 steel, nitrided in a 99,4%H -0,6%N, gas mixture at a magni-
Sfication of 200x (a) and 15.000x (b) and nitrided in a 75%H -25%N, gas mixture at a magnification of 200x (c)
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Preglednica 1. Uporabljeni postopki kemotermicne obdelave in njihovi parametri

Table 1. Details of used surface treatment processes

plast/layer
Postopek medij T t pulz difuzijska spojinska
Treatment atmosphere °C h puls difusion compound
S mm pm
ﬁa”e'“‘? A | djedail 870/250 | /1 - - -
ardening
nitriranje v plazmi B [ 99,4%H,-0,6%N, 540 17 - 0,3 0
plasmanitriding D || 75%H,-25%N, 540 28 - 0,5 5
nitriranje v pulz. plazmi C || 99,4%H,-0,6%N, 540 17 0,48/0,02 0,3 0
pulse plasma nhitriding E | 75%H,-25%N, 540 28 0,48/0,02 0,5 5
1000
051125 HVes K
1000 900
875 — 800
750 —]— ] 700 -
625 1 600
500 - — |
nitriran sloj
omov%75; [ t 4(J)O |
base 250 — — nitrided layer
— 300
125 —
Ee=mg | 200
0 T T
A B 0 100 200 300 400 500 600 700
kemotermi€na obdelava globina [um]
surface treatment depth [um]

Sl. 3. Mikrotrdota povrsine v odvisnosti od
kemotermicne obdelave (preglednica 1)
Fig. 3. Surface microhardness as a function
of surface treatment used (Table 1)

(postopek D in E; preglednica 1), s ¢imer smo dosegli vecjo
debelino nitriranega sloja, je postala spojinska plast na
povrsini povezana, povecala pa se je tudi njena debelina,
ki je znasala 3 do 5 um (sl. 2¢). Primerjava postopka
nitriranja v plazmi in nitriranja v pulzirajo¢i plazmi je
pokazala povsem identi¢no mikrostrukturo materiala, kar
pomeni, da pulzni nacin nitriranja nima nikakrSnega vpliva
na spremembo mikrostrukture v primerjavi z obicajnim
nitriranjem jekla v plazmi.

Povprecne vrednosti izmerjene mikrotrdote
povrsine ter vpliv nitriranja na njeno spremembo so v
odvisnosti od postopka in parametrov nitriranja prikazane
nasliki 3, medtem ko je sprememba mikrotrdote z globino
prikazana na sliki 4. Tako meritve mikrotrdote povrSine
kakor tudi njena porazdelitev z globino so bile narejene
po Vickersovi metodi pri statiéni obremenitvi 0,5 N.

Z nitriranjem v plazmi utrdimo povrSinski
sloj. V primeru nitriranja v plazmi in nitriranja v
pulzirajo¢i plazmi v 99,4%H,-0,6%N, plinski
mesanici, postopek B in C, se je trdota povrsine s 300
HV povecalana 705 HV. S povecanjem deleza dusika
v plinski meSanici in podaljSanjem ¢asa nitriranja, s
¢imer dosezemo vecjo globino nitriranja, se je povecala
tudi mikrotrdota povrsine kakor tudi raztros rezultatov
(sl. 3). V tem primeru je bila mikrotrdota povrsine 935
HV po nitriranju v plazmi, postopek D, ter 970 HV po
nitriranju v pulzirajo¢i plazmi, postopek E (sl. 3).

Za jeklo AISI 4140, nitrirano v plazmi in
pulzirajo¢i plazmi, je na sliki 4 prikazana sprememba

202

Sl. 4. Porazdelitev mikrotrdote z globino za razlicne
postopke kemotermicne obdelave (preglednica 1)
Fig. 4. Subsurface microhardness distribution for

different surface treatments (Table 1)

ment D and E; Table 1), a uniform 3 to 5 um thick
compound layer was observed on the nitrided sur-
face with increased nitriding depth (Fig. 2c). Mi-
crostructure comparison of the plasma and pulse
plasma nitrided samples showed no difference be-
tween both nitriding processes, regardless of the
nitriding parameters.

The characteristic Vickers microhardnesses,
measured on the surface of the samples under 0.5 N
load, are presented in figure 3. By contrast, figure 4
shows the microhardness curves plotted against the
distance from the surface for plasma and pulse plasma
nitrided AISI 4140 steel.

In the case of plasma as well as pulse
plasma nitriding for 17 hiin a 99.4%H ,-0.6%N, gas
mixture (treatment B and C), the surface hardness
increased from 300 to 705 HV. When the nitriding
parameters were changed to produce a thicker com-
pound and diffusion layer, the surface hardness as
well as scattering of the results increased. The sur-
face hardness increased to 935 HV in the case of
plasma nitriding (treatment D) and to 970 HV in
the case of pulse plasma nitriding (treatment E), as
shown in Figure 3.

In Figure 4 the microhardness curves plot-
ted against the distance from the surface are shown

8.7.99, 15:50
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mikrotrdote z globino, ki smo jo uporabili za
dolocitev globine nitriranja. Pri tem je globina
nitriranja dolo¢ena kakor tista globina, pri kateri je
trdota materiala Se za 50 HV vecja od trdote osnovne-
ga materiala [6]. V vseh primerih se trdota zvezno
zmanjSuje z globino. Po nitriranju v plazmi v
99,4%H,-0,6%N, plinski meSanici, postopek B, je
dejanska globina nitriranega sloja enaka 290 pum, po
nitriranju v pulzirajo¢i plazmi, postopek C, pa 310
um. S povecanjem ¢asa nitriranja in deleza dusika v
plinski mesanici se je dejanska globina nitriranja
povecala na 550 um v primeru nitriranja v plazmi,
postopek D, in na 600 pm v primeru nitriranja v
pulzirajo¢i plazmi, postopek E. Iz rezultatov,
prikazanih na sliki 3 in 4, je razvidno, da nitriranje v
pulzirajo¢i plazmi omogoca doseganje vecjih globin
nitriranja kakor tudi ve¢jih mikrotrdot povrSine ob
rahlo ve¢jem raztrosu rezultatov. Pri dolocanju
triboloskih lastnosti so prav tako kakor podatki o trdoti

for plasma and pulse plasma nitrided AISI 4140 steel,
which was also used for determination of the nitrid-
ing depth. In all cases the hardness gradually de-
creases with the increase in distance from the sur-
face. After plasma and pulse plasma nitriding for 17
hin a 99.4%H -0.6%N, gas mixture (treatment B
and C) the case depth was 0.29 and 0.31 mm, re-
spectively, and with increased nitriding time and N,
content in the gas mixture (treatment D and E) it in-
creased to 0.55 and 0.6 mm, respectively. From a
tribological point of view it is equally important to
obtain information about surface hardness as well as
about surface roughness and topography. Both sur-
face roughness measurements and 3D topographic
analysis were carried out using a stylus profilometer.
The results showed that nitriding causes the increase
of surface roughness, as shown in Figure 5. In the

1,8
R
a [um] 16

14

1,2

1
0,8

0,6

OS'IOVOé4 —

base 0,2

0
A B

C D E

kemotermiéna obdelava
surface treatment

Sl. 5. Hrapavost povrsine v odvisnosti

od kemotermicne obdelave (preglednica 1)

Fig. 5. Surface roughness as a function of surface treatment used (Table 1)

Sl. 6. Topografija povrsine po kaljenju in brusenju (a), nitriranju v plazmi (b) in nitriranju v pulzirajoci
plazmi (c) v 99,4%H -0,6%N, plinski meSanici
Fig. 6. Surface topography after hardening and grinding (a), and plasma nitriding (b) and pulse plasma
nitriding (c) in a 99,4%H -0,6%N, gas mixture
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povrsine pomembni tudi podatki o hrapavosti in
topografiji povrsine. Meritve hrapavosti in topografije
povrsine po nitriranju v plazmi in nitriranju v pulzirajoci
plazmi smo naredili z dotikalnim merilnikom hrapavosti.
Po nitriranju sta se povecali tako vrednost srednjega
odstopanja profila kakor tudi najvecja viSina neravnin,
kar prikazuje slika 5. Hrapavost osnovne brusene povrsine
se je po nitriranju v 99,4%H,-0,6%N, plinski meSanici,
postopek B in C, z0,35 um povecalana 0,65 pm, medtem
ko povecanje deleza dusika in asa nitriranja, postopek
D in E, privede do $e ve¢jih vrednosti hrapavosti 1,30
um, ter vecjega raztrosa rezultatov. Primerjava hrapavosti
povrsine, nitrirane v plazmi in nitrirane v pulzirajoci
plazmi, kaze vecji raztros rezultatov kakor tudi rahlo vecje
vrednosti srednjega odstopanja profila (~3%) v primeru
nitriranja v pulzirajo¢i plazmi (sl. 5).

Slika 6 prikazuje topografijo izvirne brusene
povrsine (sl. 6a), kakor tudi topografijo povrsine po
nitriranju v plazmi (sl. 6b), in po nitriranju v pulzirajoci
plazmi (sl. 6¢). Po nitriranju povrsine se na osnovni
bruseni povrsini (sl. 6a), tvorijo konic€asti vrhovi, katerih
gostota in velikost sta odvisni od samega postopka in
parametrov nitriranja (sl. 6b,c). S poveéevanjem deleza
dusika in ¢asa nitriranja se, tako v primeru nitriranja v
plazmi kakor tudi v primeru nitriranja v pulzirajo¢i plazmi,
gostota in velikost vrhov povecata, kar se kaze tudi na
povecani hrapavosti povrsine (sl. 5). Opazna je tudi razlika
med postopkom nitriranja v plazmi in nitriranja v
pulzirajoci plazmi. V primerjavi z nitriranjem v plazmi

grobe povrsine z ve¢jimi vrhovi neravnin (sl. 6b,c).
2.2 Triboloske lastnosti

Koeficient trenja

Izmerjene vrednosti in potek koeficienta trenja
so za razli¢ne postopke ter parametre kemotermicne
obdelave povrsine valjcka prikazane na sliki 7. Slika 7a
prikazuje rezultate preskusanja pri drsni hitrosti 0,1 ms™!
in normalni obremenitvi 80 N, medtem ko so na sliki
7b prikazani rezultati preskuSanja pri enaki normalni
obremenitvi in drsni hitrosti 1 ms™. Povpre¢ne vrednosti
koeficienta trenja pa so v odvisnosti od razmer
preskusanja in postopka kemotermi¢ne obdelave
valj¢kov prikazane na sliki 8.

Neodvisno od uporabljenega postopka
kemotermicne obdelave povrsine lezi koeficient trenja
znotraj ozkega pasu, kakor prikazuje slika 7. Pri drsni
hitrosti 0,1 ms™ se vrednost koeficienta trenja giblje
med 0,5 in 0,65 (sl. 7a), medtem ko je pri drsni hitrosti
1 ms'! na zaCetku preskusa opazen skok koeficienta
trenja, nakar zavzame konstantno vrednost med 0,25
in 0,3 (sl. 7b). S slike 8 je razvidno, da se s
povecevanjem obremenitve poveca tudi povprecna
vrednost koeficienta trenja, medtem ko ostaja njegov
potek nespremenjen. Tako na potek, kakor tudi na
povprecno vrednost koeficienta trenja pa v najvecji
meri vpliva sprememba drsne hitrosti. Rezultati
meritev koeficienta trenja, prikazani na slikah 7 in 8,
kazejo na dva razli¢na obrabna mehanizma pri drsni

case of nitriding in a 99.4%H,-0.6%N, gas mixture
for 17 h (treatment B and C), the average roughness
of the original smooth surface (R, = 0,35 pm) in-
creased to 0,65 um, meanwhile nitriding in a 75%H, -
25%N, gas mixture for 28 h (treatment D and E)
caused an even worse situation, with the average
roughness increasing to approximately 1,30 pm.
Comparison of surface roughness values after plasma
and pulse plasma nitriding shows larger scattering
of the results as well as slightly higher roughness
values (~3%) in the case of pulse plasma nitriding
(Fig. 5).

Figure 6 shows the topographic features of
the original smooth surface (Fig. 6a) and the corre-
sponding surfaces after plasma (Fig. 6b) and pulse
plasma nitriding (Fig. 6¢). It can be seen that nitrid-
ing causes the formation of specific topography of
the surface characterised by many conical asperities.
In the case of plasma nitriding (treatment B) many
small conical asperities are formed at the surface.
Changing the nitriding parameters to produce a
thicker compound layer (treatment D) led to the for-
mation of larger asperities with a few abnormally high
ones, which also caused an increase of surface rough-
ness (Fig. 5). The same tendency was present in the
case of pulse plasma nitriding. However, compared
to conventional plasma nitriding, pulse plasma ni-
triding caused the formation of larger asperities (Fig.
6b and 6c).

2.2 Tribological properties

Coefficient of friction

Figure 7 shows the coefficient of friction
for various surface treated steel pins mated with
a hardened ball bearing steel disc at a sliding
speed of 0.1 ms™! (Fig. 7a) and 1 ms™ (Fig. 7b)
and a load of 80 N. Average values of the coeffi-
cient of friction are shown in figure 8 for all sur-
face treatment processes and different testing
conditions.

Regardless of the surface treatment used, the
results fall into a narrow band, thus indicating that
frictional characteristics are largely independent of
differences among the surface treatments used in this
study (Fig. 7). In the case of low sliding speed (0.1
ms™') the coefficient of friction had a relatively con-
stant value during the test, lying between 0.5 and 0.65
(Fig. 7a), meanwhile at a higher sliding speed of 1
ms™! the coefficient of friction increased rapidly in
the early part of the test before assuming a constant
value between 0.25 and 0.3 (Fig. 7b). It was found
that increasing the test load caused an increase in the
coefficient of friction, meanwhile increasing the slid-
ing speed caused considerable reduction of the coef-
ficient of friction, indicating that the contact condi-
tions had changed with sliding speed (Figs. 7 and 8).
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S1. 7. Potek koeficienta trenja pri drsni hitrosti 0,1 ms™ (a) in 1 ms™ (b) ter normalni obremenitvi 80 N v
odvisnosti od kemotermicne obdelave (4 do E, preglednica 1)

Fig. 7. Coefficient of friction vs. sliding distance at a sliding speed of 0,1 ms™ (a) and 1 ms™ (b) and 80 N
test load for different surface treatments used (A to E, Table 1)

HAags @c NP [IE

0,7

vg [ms™]

S1. 8. Povprecna vrednost koeficienta trenja v
odvisnosti od drsne hitrosti in obremenitve
prikazana za razlicne postopke kemotermicne
obdelave (4 do E, preglednica 1)

Fig. 8. Average coefficient of friction as a function
of load and sliding speed for different surface
treatments used (A to E, Table 1)

hitrosti 0,1 in 1 ms”', medtem ko ostaja obrabni
mehanizem neodvisen od obremenitve in postopka
kemotermic¢ne obdelave raziskovanega jekla. V
primerjavi s kaljenjem se koeficient trenja nitriranih
povrsin zmanjsa tudi za 10%, medtem ko je razlika med
povrsinami nitriranih v plazmi in nitriranih v pulzirajoci
plazmi minimalna (sl. 8). Ob tem ima spojinska plast
razli¢en vpliv na vrednost koeficienta trenja. V primeru
drsne hitrost 0,1 ms™ povzroéi spojinska plast dvig
koeficienta trenja, ki celo preseze vrednosti kaljenih
povrsin, medtem ko poveéanje drsne hitrosti na 1 ms™
Se dodatno zniza vrednost koeficienta trenja.

Obraba

Merjenje obrabe je potekalo prek meritve
pomika valj¢kov, pri cemer pomeni izmerjena obraba
skupno obrabo valjckov in diska. Ker je bila obraba
diska zanemarljiva v primerjavi z obrabo valjcka, smo
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S1. 9. Vzdolzna obraba para valjckov v odvisnosti
od drsne hitrosti in obremenitve prikazana za
razlicne postopke kemotermicne obdelave
(4 do E, preglednica 1)

Fig. 9. Linear wear of pin pair as a function of
load and sliding speed for different surface treat-
ments used (4 to E, Table 1)

In relation to hardening, the nitriding process slightly
decreased the coefficient of friction (up to 10%),
meanwhile there was practically no difference be-
tween plasma and pulse plasma nitriding (Fig. 8).
The presence of a compound layer decreased the
coefficient of friction to even lower values in the case
of high sliding speed (1 ms™'). Whereas, in the case
of low sliding speed (0.1 ms™) test conditions the
compound layer had a negative effect on friction,
causing even higher values of the coefficient of fric-
tion than hardened surfaces.

Wear

The amount of wear was determined by the
measurement of the pin lengths during each wear test,
where measured wear represents the wear of the pin
pair and the disc. Since the disc wear depth was very
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obrabo diska zanemarili in tako je izmerjena vrednost
obrabe, prikazana na sliki 9, kar vzdolzna obraba
valjcka.

Na sliki 9 je prikazan vpliv pogojev
preskusanja ter uporabljene kemotermicne obdelave na
obrabo valjckov po 100 m drsenja. Razvidno je, da na
obrabo valjckov vplivajo tako razmere pri preskusanju
kakor tudi postopek in parametri kemotermicne
obdelave. V skladu s pri¢akovanimi rezultati se v vseh
primerih obraba z obremenitvijo povecuje, do bolj
izrazite spremembe obrabe pa privede sprememba drsne
hitrosti, kar kaze tudi potek koeficienta trenja (sl. 8).
Primerjava kemotermi¢nih postopkov priprave
raziskovanega jekla je pokazala, da v primerjavi s
kaljenjem nitriranje v plazmi in nitriranje v pulzirajoci
plazmi v 99,4%H.-0,6%N, plinski meSanici (postopek
B in C) izboljsata protiobrabne lastnosti jekla AISI 4140,
kar je Se posebej izrazito v primeru visjih obremenitev
in vec¢je drsne hitrosti (sl. 9). Spojinska plast, ki nastane
pri nitriranju v 75% H,-25%N, plinski meSanici
(postopek D in E), pa zaradi svoje porozne in krhke
strukture [6] celo mo¢no poslabsa protiobrabno
odpornost raziskovanega jekla. Iz primerjave nitriranja
v plazmi in nitriranja v pulzirajo¢i plazmi je vidno, da
imajo povrsine, nitrirane v pulzirajo¢i plazmi, nekoliko
boljso protiobrabno odpornost (sl. 9).

Vpliv postopka in parametrov nitriranja na
koeficient obrabe je pri obremenitvi 80 N in drsnih
hitrostih 0,1 in 1 ms™ prikazan na sliki 10a,b. V
primeru drsne hitrosti 0,1 ms™! je za valjcke, nitrirane
v 99,4%H_-0,6%N, plinski meSanici (postopek B in
C) znacilen enakomeren potek koeficienta obrabe,
medtem ko je pri valj¢kih, nitriranih v 75%H,-
256%N, plinski meSanici (postopek D in E), opazna
mocna zacetna obraba, ki se s asom ustali (sl. 10a).
Za preizkusanje pri drsni hitrosti 1 ms™ pa je,
neodvisno od postopka in parametrov nitriranja,
znacilno podrocje utekanja, ki po dolo¢enem casu
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small compared to pin wear it was ignored in this
study, and the measured wear was taken as a repre-
sentative linear wear of the pin.

Figure 9 shows the amount of wear for
different surface treated pins as a function of test
load and sliding speed after 100 m of sliding. The
wear increases with the test load for all surface
treated samples and both sliding speeds, as ex-
pected. The results shown in Figure 9 indicate that
plasma and pulse plasma nitriding (treatment B and
C) improve the wear resistance of the steel sur-
face compared to the hardened samples, which
become more apparent when the test conditions
become more and more severe (Fig. 9). However,
nitriding in a 75%H,-25%N, gas mixture for 28 h
(treatment D and E), which causes the formation
of thicker and uniform compound layer over the
diffusion one, even causes impairment of the wear
resistance. It was found that a thicker compound
layer increases the wear because of its porous and
brittle structure [6]. Comparison of the wear of
plasma and pulse plasma nitrided steel surfaces
indicates slightly better wear resistance of the lat-
ter (Fig. 9).

Wear rate curves for different surface
treated samples tested under 80 N load and at two
sliding speeds 0.1 (Fig. 10a) and 1 ms™ (Fig. 10b)
are shown in Figure 10. In the case of low sliding
speed (0.1 ms™) samples nitrided in a 99.4%H,-
0.6%N, gas mixture for 17 h (treatment B and C)
showed uniform wear rate over the whole test.
Whereas, samples nitrided in a 75%H,-25%N, gas
mixture for 28 h (treatment D and E) showed se-
vere wear in the initial stage of sliding, followed
by steady state wear behaviour (Fig. 10a). The re-
sults of testing at 1 ms™' sliding speed showed ini-
tial mild wear regime in the first part of the test,
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SI. 10. Potek koeficienta obrabe pri drsni hitrosti 0,1 ms™ (a) in 1 ms” (b) ter normalni obremenitvi 80 N v
odvisnosti od kemotermicne obdelave (4 do E, preglednica 1)
Fig. 10. Wear rate vs. sliding distance at a sliding speed of 0,1 ms™ (a) and 1 ms™ (b) and 80 N test load for
different surface treatments used (A to E, Table 1)
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SL. 11. Obrabljena povrsina diska in valjcka nitriranega v pulzirajoci plazmi v 99,4%H -0,6%N, plinski
mesanici (a) in v 75%H -25%N, plinski mesanici (b) po drsnem preizkusu pri v, = 0,1ms”, F, = 60N, drsna
pot 2000m, ter nitriranega v pulzirajoci plazmi v 99,4%H -0,6%N, plinski meSanici po drsnem preskusu pri

v, = Ims, F,= 100N, drsna pot 300m (c)

Fig. 11. Worn surface of disc and pulse plasma nitrided pin, nitrided in a 99,4%H -0,6%N, gas mixture (a)
and in a 75%H -25%N, gas mixture (b) after a dry sliding wear test (v, = 0,1ms”, F, = 60N, sliding dis-
tance 2000 m), as well as of pulse plasma nitrided one in a 99,4%H -0,6%N, gas mixture (c) after a dry

sliding wear test (vs = Ims”, F,= 100 N, sliding distance 300 m)

preizkuSanja preide v mocno obrabo (sl. 10b). Tudi v
tem primeru je opazen vpliv parametrov nitriranja, saj je
pri povrSinah nitriranih v 75%H,-256%N, plinski
mesanici (postopek D in E) podrocje utekanja minimalno
in se moc¢na obraba pri¢ne Ze prakticno na samem zacetku
preskusa. Iz rezultatov je razvidno, da ima navzoc¢nost
krhke in porozne spojinske plasti negativen vpliv na
protiobrabno odpornost nitriranih povrsin [4], [6] in [7].

Obrabni mehanizem

Pod vplivom obrabnega mehanizma pride
do spremembe topografije povrSine. Na podlagi
analize obrabljenih povrsin ter nastalih obrabnih
delcev smo doloéili tudi prevladujoce obrabne
mehanizme. Na sliki 11 je prikazana obrabljena
povrsina nitriranega valjcka in pripadajocega diska,
presku$anih pri drsni hitrosti 0,1 ms™ in obremenitvi
60 N (sl.11a,b) ter drsni hitrosti 1 ms™ in obremenitvi
100 N (sl. 11¢). Rezultati analize obrabljene povrsine
kakor tudi izmerjene vrednosti koeficienta trenja (sl.
8) in koeficienta obrabe (sl. 10), kazejo, da je vpliv
obremenitve minimalen in ne povzro¢a spremembe
obrabnega mehanizma, temvec¢ le spremembo
intenzivnosti obrabe. Na drugi strani pa sprememba
drsne hitrosti povzroc¢i spremembo obrabnega
mehanizma, in to pri vseh kemotermi¢no obdelanih
valj¢kih. V primeru drsne hitrosti 0,1 ms™ (sl. 11a,b)
je neodvisno od postopka in parametrov nitriranja
prevladujoc¢ obrabni mehanizem tribooksidacija ([8]

207

followed by a severe wear regime (Fig. 10b). In
the case where a thicker compound layer was
present on the surface (treatment D and E), the
wear curve reached severe wear regime almost at
the beginning of the sliding. These results indi-
cate that presence of a brittle and porous compound
layer decreases the wear resistance of nitrided sur-
faces [4], [6] and [7].

Wear mechanism

The wear process causes a change in sur-
face topography. Therefore worn surfaces, as well as
generated wear debris, were analysed in order to de-
termine the prevailing wear mechanism. Figure 11
shows the worn surface of a plasma nitrided pin
(99.4%H,-0.6%N, for 17h) as well as of the coun-
terpart disc, after a wear test at a sliding speed of 0,1
ms™ and test load of 60 N (Fig. 11a and 11b) as well
as at a sliding speed of 1 ms™ and test load of 100 N
(Fig. 11c). It can be seen that load change did not
cause a change in wear mechanism, but only caused
a change in wear intensity. On the other hand, chang-
ing the sliding speed also caused the change in wear
mechanism, found for all surface treated samples and
confirmed by the measured coefficient of friction (Fig.
8) and wear rate (Fig. 10). In the case of 0.1 ms™! slid-
ing speed (Fig. 11a and 11b) the prevailing wear
mechanism was tribooxidation ([8] and [9]), mean-
while in the case of 1 ms™ sliding speed (Fig. 11c¢) it

stran 207
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in [9]), medtem ko se pri drsni hitrosti 1 ms™ pojavi
utrujanje povrsine (sl. 11c) ([8] in [10]). Oba obrabna
mehanizma je potrdila tudi analiza nastalih obrabnih
delcev, prikazanih na sliki 12.

Pri analizi obrabljenih povrsin valjckov,
nitriranih v 75%H,-25%N, plinski meSanici (postopek
D in E) in pripadajocih diskov, smo ugotovili, da
navzocnost spojinske plasti povzroci nastanek abrazijskih
raz (sl. 11b), ki jih drugace nismo zasledili (sl. 11a). Ti
rezultati potrjujejo predpostavko, da se krhka spojinska
plast pricne lusciti in drobiti Ze v zacetni fazi preizkusa,
¢emur sledi nastajanje trdih abrazijskih delcev, ki
poslabsajo dotikalne razmere med potekom preskusa.

was surface fatigue ([8] and [10]). Both wear mecha-
nisms were confirmed by generated wear debris, as
shown in Figure 12.

Analysis of samples nitrided in a 75%H.-
25%N, gas mixture for 28 h (treatment D and E)
revealed traces of abrasive wear on the worn sur-

faces (Fig. 11b) which could not be found in the
case of nitriding in a 99.4%H-0.6%N, gas mixture
for 17h, as shown in Figure 11a. This confirms the
thesis that the thicker compound layer breaks down
during sliding and forms hard abrasive particles,
consequently causing impairment of the contact
conditions.

S1. 12. Obrabni delci nastali pri drsnem preskusu; (a) drsna hitrost 0,1 ms™ in obremenitev 60 N ;
(b) drsna hitrost 1 ms™ in obremenitev 100 N
Fig. 12. Generated wear debris; (a) sliding speed 0,1 ms™, test load 60 N;
(b) sliding speed 1 ms™, test load 100 N

3 SKLEPI

1. Raziskava jekla AISI 4140 nitriranega v plazmi in
nitriranega v pulzirajo¢i plazmi je pokazala povsem
enake mikrostrukturne spremembe ter zelo podobne
spremembe hrapavosti in mikrotrdote povrsine
neodvisno od uporabljenega postopka nitriranja.

2. V primerjavi z obicajnim postopkom nitriranja v
plazmi omogoca nitriranje v pulzirajoci plazmi
doseganje enakih globin nitriranja v krajSem casu.

3. Rezultati triboloskih preskusov so pokazali, da
nitriranje v plazmi in nitriranje v pulzirajoci
plazmi izboljsa triboloske lastnosti jekla AISI
4140, ¢e je nitriranje izvedeno v plinski meSanici
z zelo majhnim delezem dusika. S povecevanjem
tezavnosti preskuSanja postaja izboljSanje
triboloskih lastnosti nitriranih povrsin nasproti
kaljenim vedno bolj o€itno.

4. Navzocnost trde in krhke spojinske plasti povzroci
poslabsanje dotikalnih razmer in povecanje obrabe
nitriranih povrsin, ki se pojavi zaradi lus¢enja in
drobljenja spojinske plasti ter nastanka trdih
abrazivnih delcev v dotiku. Zaradi tega se je treba
pri realnih strojnih elementih spojinski plasti
izogniti, kar doseZemo z nitriranjem v plinski
mesanici z zelo majhnim delezem dusika.

3 CONCLUSIONS

1. Comparison of plasma and pulse plasma nitrided
AISI 4140 steel shows no difference in the steel
microstructure after nitriding, and nearly the same
surface roughness and surface microhardness
values.

2. Compared to conventional plasma nitriding, pulse
plasma nitriding allows shorter nitriding times for
obtaining the same case depths.

3. Drysliding wear experiments showed that plasma
and pulse plasma nitriding improves the tribo-
logical properties of AISI 4140 steel compared
to the hardened one, which is more and more
apparent when testing conditions become more
severe.

4. However, the presence of a hard and brittle com-
pound layer can even impair the contact condi-
tions compared to hardened pins. This is due to
its brittleness and fracture in the initial stage of
sliding followed by the formation of hard abra-
sive particles. Therefore, nitriding of the steel
parts should be carried out in such a way that the
formation of a hard and brittle compound layer is
avoided, which can be done by limiting the con-
tent of nitrogen in the gas mixture.
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