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Obdelovalnost vroce stisnjenih samomazalnih
kompozitov Fe-MnS in Fe-MoS:

Machinability of Hot-Pressed Self-Lubricating Fe-MnS and
Fe-MoS= Composites

Borivoj Sustarsié - Ladislav Kosec - Slavko DolinSek

e

Poleg standardnih triboloskih preskusov, s katerimi merimo koeficient trenja in obrabo drsnih stikov
pod natancno dolocenimi pogoji preskusanja, lahko kot merilo za samomazalnost izdelanih kompozitov
uporabimo tudi izmerjene velikosti rezalnih sil. Te podatke se obicajno uporablja kot merilo za obdelovalne
karakteristike doloéenega materiala. V prispevku so predstavijeni rezultati sinteze Fe-MnS in Fe-MoS,
kompozitoy, izdelanih s postopkom vrocega stiskanja. Njihove mikrostrukturne lastnosti so povezane z vrednostmi
rezalnih sil, izmerjenih pri postopku vzdolznega struzenja.
© 2000 Strojniski vestnik. Vse pravice pridrzane.

(Klju¢ne besede: kompoziti samomazalni, kompoziti kovinski (Fe), obdelovalnost, sile rezanja)

In addition to the standardised tribological tests for determination of the coefficient of friction and
wear at the sliding contacts under exactly defined testing conditions, the measured magnitudes of cutting

Jorces can also be used as a measure for the self-lubrication of the composites produced. Such data are most

commonly used as a measure for the machinability characteristics of a particular material. The paper presents
the results of the synthesis of Fe-MnS and Fe-MoS, composites produced with the process of hot-pressing.
Their microstructural properties are related with the values of the cutting forces which were measured during

the longitudinal turning process.

© 2000 Journal of Mechanical Engineering. All rights reserved.
(Keywords: self lubricating composites, Fe-based composites, machinability, cutting forces)

0 UVOD

Pod pojmom obdelovalnost razumemo
lastnost materiala, da ga je mogoce obdelovati
oziroma predelovati. Definicija je zelo §iroka in
ne pomeni le obdelovalnost materiala pri
obdelavi z odrezovanjem, ampak tudi pri drugih
naé¢inih  mehanske obdelave. V¢asih
obdelovalnost glede na odrezovanje imenujemo
kar odrezovalnost. Sirie lahko ta pojem
opredelimo kot sposobnost materiala, da ga je
sploh mogode odrezovati. Taka definicija je sicer
na videz jasna, vendar jo je tezko podrobneje
doloéiti, zlasti pa meriti [1]. Odrezovalnost je
kljub temu zelo pomembna lastnost materialov.
Upostevati bi jo morali Ze konstrukterji, saj bo le
tako mogoée izdelati izdelke z zahtevano
kakovostjo in ¢im bolj poceni. Po 0Zji definiciji
je bolje obdelovalen tisti material:

— ki ga lahko obdelujemo,

— pri katerem je obstojni ¢as orodja daljsi,

— pri katerem so manjSe odrezovalne sile,

— pri katerem dobimo boljo kakovost obdelane

stran 90

0 INTRODUCTION

By the concept the machinability we understand
the material property for machining or forming. This defi-
nition, rather a short one, means not only the machining
characteristics of the materials obtained with the cutting
process but also by other methods of mechanical material
processing. Sometimes the machinability with regard to
the cutting process is simply denoted as cutting-ability. In
the broad sense this notion can be defined as the ability of
the material to be cut at all. Such a definition is apparently
clear but is difficult to determine in greater detail, and es-
pecially difficult to measure [1]. Cutting-ability is, how-
ever, one of the most important characteristics of the mate-
rial. It must be considered already by the designers be-
cause only in such a way can products with the prescribed
quality and prices as lower as possible be produced. Ac-
cording the close definition, better machinability charac-
teristics are demonstrated by those materials:

— which can be more easily machined,

— where the tool-life is longer,

— where the cutting forces are lowest,

— where a better machined surface is obtained,



povrsine,
—  pri katerem dobimo ugodnejSo obliko odrezkov,
— pri katerem dosezemo vecjo natanénost obdelave.
Vsako od naStetih staliS¢ pomeni
pomembno okoli§¢ino pri  dolocanju
obdelovalnosti za dolo¢en material. S Stevilnimi
preskusi so skusali dobiti stalne vrednosti ali
dolo¢iti parametre, s katerimi bi lahko ugotavljali
obdelovalnost posameznih materialov [2]. V
tovrstno cksperimentalno delo je bilo v preteklosti
vloZzenih mnogo naporov $irom po svetu.
Postopke dolo¢anja obdelovalnosti so poskusali
poenotiti do te mere, da bi bilo mogoce oblikovati
skupne baze podatkov obdelovalnosti za razli¢ne
kombinacije obdelovanec — orodje ([3] in [4]).
Poleg tega, da je obdelovalnost v najvecji meri
podatek, potreben tehnologu v proizvodnji, pa so
ti podatki lahko v pomo¢ tudi razvijalcem novih
materialov, saj lahko iz obdelovalnih karakteristik
sklepajo o razli¢nih lastnostih materialov. Tak3en
specifi¢en primer so tudi samomazalni materiali,
kjer doloceni dodatki vplivajo na obdelovalnost,
podobno kakor zunanja hladilno-mazalna
sredstva.

1 OSNOVNE ZNACILNOSTI TRDNIH
MAZIV IN SAMOMAZALNIH
KOMPOZITOV

V nekaterih primerih kot maziva
uporabljamo trdne materiale z majhnim koeficientom
trenja. Trdno mazivo je lahko na povr$ini, bodisi v
obliki tanke plasti ali kot sestavina kompozitnega
(samomazalnega) materiala. Tak$na izvedba mazanja
je cenejSa in manj zahtevna za vzdrzevanje kot
mazanje s teko¢imi mazivi (olji ali mastmi). V
dolocenih primerih je mazanje s trdnim mazivom
edina mogoca, oziroma $e sprejemljiva izvedba
(strojni deli v proizvodnji hrane, vesoljska plovila,
sateliti, vakuumske naprave, deli jedrskih reaktorjev
itn.), zaradi higienskih razlogov, visokih delovnih
temperatur, nevarnosti odparevanja ali tezavah pri
stalnem dovajanju tekoCega maziva na povrsine, ki
so v triboloskem stiku.

V dolocenih razmerah imajo nekatere trdne
snovi z lamelarno strukturo majhen koeficient trenja.
Zato so zanimive za uporabo kot trdna maziva. Med
materiali z lamelarno strukturo sta najbolj poznana
grafit in molibdenov disulfid (MoS,). Pri MoS, so
plasti atomov Zvepla medsebojno vezane s §ibkimi,
Van-der-Waalsovimi vezmi, medtem ko so vezi med
atomi zvepla in Mo kovalentne in zato mocne.
Rezultat je plastna struktura, katere posledica je
znacilno obnaanje MoS, v triboloSkem stiku z
drugimi materiali. Majhen koeficient trenja obeh
materialov pripisujemo njuni lamelarni strukturi in
Sibki vezi med bazalnimi ravninami, éeprav to ne
pomeni, da bodo vsi materiali s podobno strukturo

— where a favourable chip shape is obtained,
— where better accuracy of the machining is ob-
tained.

Each of the listed standpoints means an im-
portant circumstance in determining the machinability
of the prescribed material. Through numerous experi-
ments, researchers have tried to obtain some constant
values or have determined parameters by which the
machinability of particular materials can be established
[2]. In the past, great efforts have been invested all over
the world in such experimental work. Researchers have
tried to determine the machinability procedures to such
an extent that the common data base on the
machinability parameters for different combinations of
workpiece material-tools can be formed ([3] and [4]).
Machinability provides mainly the information which
is needed the technologist in production, in addition
these data can also be help for the developers of new
materials; from various machinability characteristics
they can establish different characteristics of the mate-
rials. Such a specific case is also demonstrated in the
self-lubricating materials where particular ingredients
influence into the machinability characteristics in a simi-
lar way as external cooling-lubricated liquids.

1 BASIC CHARACTERISTICS OF SOLID
LUBRICANTS AND SELFLUBRICATING
COMPOSITES

For some special applications, solid materials
with a low friction coefficient are used. In this case a
solid material (lubricant), either in the form of a thin
layer, or as a component of composite self-lubricating
material on the sliding surface is present. This type of
lubrication is cheaper and less complex for maintenance
in comparison with oil or grease lubrication. In some
cases (e.g.: machine and/or structural parts in food pro-
duction, for space shuttles, satellites, vacuum equipment,
in nuclear power plants etc.), the solid lubrication is the
only possible and acceptable solution because of either
hygienic reasons, high working temperatures, exces-
sive evaporation of liquid lubricant or difficulties in
assuring a continuous supply of liquid lubricant on the
surfaces which are in tribological contact.

Under certain conditions of application,
some solid substances with lamellar structure have a
low coefficient of friction. Among these materials,
graphite and molybdenum disulphide (MoS ) are well
known and widely used. In the molecular structure
of MoS§,, the layers of sulphur atoms are bound to-
gether by weak Van-der-Walls forces, while the
atomic bonds between sulphur and Mo atomic lay-
ers are covalent and therefore strong. The resulting
sandwich structure produces the characteristic behav-
iour of MoS, when it is in tribological contact with
other materials. The low friction coefficient of both
materials is attributed to their lamellar structures and
to weak inter-planar bonding. However, this does not
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imeli nizek koeficient trenja. Prehodni kovinski
dihalogenidi imajo podobno strukturo kakor MoS,.
Tako disulfidi (NbS,, TaS,, WS,), diteluridi in
diselenidi teh kovin (na prlmer MoTe ali MoSe,)
delujejo kot trdna maziva. Vendar se nobeden od teh
materialov ne uporablja tako pogosto kakor MosS..
Nekatere anorganske spojine so kljub temu, da nimajo
lamelarne strukture, uporabne kot trdna maziva, e
posebej pri visokih temperaturah, ker imajo majhno
strizno trdnost. Tako so CaF, in BaF,, PbO in PbS
ter B,O, materiali, ki jih lahko uporabimo kot trdna
visoko temperatuma maziva bodisi v obliki tanke
plasti ali kompozita.

Koeficient trenja MoS, je mo¢no odvisen
od atmosfere, v kateri se nahaja. MoS, ima majhen
koeficient notranjega trenja in zato najnizji koeficient
trenja v vakuumu. S povecano vsebnostjo
kondenziranih par se koeficient trenja pri MoS, v
nasprotju z grafitom zvecuje. Bolj, ko je €ist, manjsi
ima koeficient trenja ([5] in [6]), zato je primeren
kot trdno mazivo, predvsem v vakuumu in nevtralni
atmosferi. Poleg tega je njegova termodinamicna
stabilnost v zraku in drugih sredstvih, ki vsebujejo
vlago, relativno slaba in nastanek abrazivnih oksidov
(Mo0,) povetuje koeficient trenja. Poleg nosilnega
u¢inkovanja je MoS, znan tudi po tem, da ucinkuje
tribokemi¢no. Na stiku z drseco se jekleno povriino
nastaja deloma zelo tanka loéilna plast FeS ali bolje
receno zapletenih sulfidov, katerih dobre drsne
lastnosti so znane.

Za samomazalne kompozitne materiale je
znacilno, da v kovinski (sl. 1) ali polimerni (redkeje
keramiéni) matrici oziroma njegovi tanki povrSinski
plasti vsebujejo enakomerno razporejene drobne
delce trdnega maziva. Najbolj znani samomazalni
kompozitni materiali, ki vsebujejo 5 do 15 masnih
odstotkov MoS,, so polimerni materiali na osnovi
teflona ali polfamida ([7] in [8]). Samomazalni
kompoziti s kovinsko matrico, ki vsebujejo MoS,,
imajo matrico, sestavljeno predvsem iz neZeleznih
kovin (Cu, Al, Ni) [5], ki ne reagirajo z MoS,.
Nekateri ([6] in [8]) omenjajo tudi kompozite z
matrico na osnovi zlahtnih kovin (Ag) in kovin z
visokim talis¢em (Mo, W, Ta ali Nb) predvsem za
strojne dele vesoljskih naprav (Mariner, Apollo, Pe-
gasus itn.). Vsi ti materiali so vec¢inoma izdelani s
postopki metalurgije prahov (PM) ([10] in [11]).

V navzocnosti nekaterih standardnih
zlitinskih elementov jekla (Cr, Mn), pride lahko med
sintezo kompozita na osnovi Fe do razpada MoS, in
nastanka termodinamiéno stabilnejsih sulfidov. Zato
je s standardnim postopkom PM (sintranjem) tezko,
oziroma praktiéno nemogoce izdelati kompozit na
osnovi Fe, ki ima enakomerno razporejene delce
MoS,. Ena od moZnosti je hladno dinami¢no
zgosbevanje (eksplozijsko zgoicanje) ([10] do [12])
prasne meSanice jeklenih in delcev MoS,. Vendar so
jekleni delci, ki so izdelani s postopkom atomizacije
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mean that all materials with similar atomic structure
exhibit solid lubrication properties. Transition metal
dichalcogenides have analogous structure to MoS..
Disulphides (NbS,, TaS,, WS,), ditellurides and
diselenides of these metah (for example MoTe, and
MoSe,) act as solid lubricants. However, none of
these ;nateria]s is used as widely as MoS,. Certain
inorganic compounds have lubrication prc;perties at
high temperatures although they do not have lamel-
lar structure because of their low shear strength.
Thus, CaF, and BaF,, PbO and PbS, as well as B,O,
are materials which can be applied as high tempera~
ture solid lubricants in the form of a thin layer or
metal/ceramic based composite.

The friction coefficient of MoS, strongly
depends on the atmosphere. MoS, has very low in-
ternal friction and therefore the lowest friction coef-
ficient in vacuum ([5] and [6]). The friction coeffi-
cient of MoS, increases with increased content of con-
densed vapours. Therefore, it is a very appropriate
solid lubricant for application in vacuum or inert gas
atmosphere. The thermodynamic stability of MoS,
in air and humidity is low and the formation of abra-
sive oxides (MoQ,) increases the friction coefficient.
It is well known that MoS, besides having a struc-
tural effect, acts also tribochemically. In contact with
sliding steel surfaces it forms a very thin separating
layer of FeS or complex sulphides with excellent slid-
ing characteristics.

The characteristic of self-lubricating compos-
ites is fine and uniform dispersion of solid lubricant
particles in metal (Fig. 1), ceramic or polymer matrix.
Gradient material with such a thin composite surface
layer can also be synthesised. The most popular self-
lubricating MoS, based composite materials are poly-
mer composites with 5-15 mass % of MoS, in PTFE
(polytetrafluoreththylene) or Polyamide matrix ([7]
and [8]). Metal based self-lubricating MoS, compos-
ites usually have a metal matrix based on light (Cu,
Al, Ag-alloys) metals [5], which do not react with
MoS, during high-temperature synthesis. For the ma-
chine or structural parts of spacecraft applications
(Mariner, Apollo, Pegasus etc.), the composites with
noble metals (Ag) or refractory (Mo, W, Ta or Nb)
metals based matrix are also mentioned elsewhere ([6]
and [8]). All these materials are mostly produced by
powder metallurgy routes (PM) ([10] and [11]).

In the presence of some standard alloying
elements (Cr, Mn) of steels, the decomposition of
MoS, and the formation of thermodynamically more
stable sulphides can occur during the high tempera-
ture synthesis of a Fe-MoS, composite. Therefore,
it is very difficult or practically impossible to pre-
pare a Fe based MoS, self-lubricating composite by
the conventional PM practice (sintering). One possi-
bility is dynamic (explosive) compaction ([10] to
[12]) of steel and MoS, particles powder mixture.
However, steel particles prepared by water or gas at-
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[13] zelo trdi. Zato je pra§no meSanico na ta naéin
tezko popolnoma zgostiti. Druga moznost so postopki
zgoscevanja pri poviSanih temperaturah, vendar mora
potekati zgo$céevanje dovolj hitro, da ne prihaja do
nezazelenih reakcij. Enoosno vroce stiskanje je
postopek, ki bi morda lahko omogogal sintezo
kompozitov Fe-MoS,, saj poteka relativno hitro,
preprosto in zaradi pomo¢i tlaka pri nizjih
temperaturah kot sintranje. Zato smo s tem
postopkom poskusali izdelati kompozit Fe-MoS,. Za
primerjavo smo s postopkom vroéega stiskanja
izdelali tudi kompozit Fe-MnS, saj se manganov
sulfid (MnS) najpogosteje uporablja kot dodatek
materialom, katerih obdelovalnost je problemati¢na
[14]. Hkrati pa se v nekaterih materialih pojavlja kot
mazivo [15] za zmanj8anje trenja med povr§inami,
ki so v tribolo$kem stiku. Zaradi poroznosti in trdih
oksidnih filmov [16] ter s tem povezane
neenakomerne (izmeni¢ne) obremenitve rezalnih
orodij so Se posebej tezko obdelovalni materiali PM.

omisation are very hard [13] and in this way the pow-
der mixture cannot be compacted to full density.
Anther possibility is densification of powder mix-
ture at elevated temperatures, rapid enough to avoid
undesired reactions. Uniaxial hot compaction is a fast,
simple and pressure-assisted powder consolidation
process. Therefore, it might make it possible to syn-
thesize the Fe-MoS, composite. In the present paper
the synthesis of Fe-MoS, by hot pressing is presented.
For comparison, a Fe-MnS composite is also pre-
pared. The manganese sulphide (MnS) is the most
frequently used addition to the materials with poor
machinability[14]. Additionally, it is used as a solid
lubricant in some special materials [15] for the re-
duction of friction between sliding surfaces. In addi-
tion, the PM materials are also materials with poor
machinability because of their porosity and present
oxide films [16] which produces intermittent non-
uniform loading of cutting tools and their excessive
wear.

SL 1. Metalografski posnetek vroce stisnjenega kompozita Fe-MnS oziroma Fe- MoS, z dobro vidno enakomerno

porazdelitvijo oksisulfidnih delcev v feriti osnovi —

a) 1,5 masnih % MnS in b) 1,5 masnih % MoS,

Fig. 1. Micro-graph of a hot pressed Fe-MnS and Fe-MoS, composite with well visible uniform dzstrlbmzun
of fine oxysulphide particles in ferrite matrix —a) 1.5 mass % of MnS and b) 1.5 mass % of MoS,

2 REZALNE SILE KOT MERILO ZA
OBDELOVALNOST

Za zagotavljanje zadostnih napetosti in
deformacij v rezalni coni za tvorbo odrezka mora
orodje pritiskati na material z zadosti veliko silo. V
strizni coni deluje na orodje enako velika reakcijska
sila, ki na povrdini stika odrezka in obdelovanca
obremenjuje rezalni rob orodja. Poleg materiala
obdelovanca na velikost in smer odrezovalne sile
vpliva e vrsta drugih dejavnikov (rezalni parametri,
geometri¢na oblika orodja, obraba orodja,
obdelovalni stroj itn.). Takrat, ko njihov vpliv
poznamo ali ga poskuSamo obdrzati v dolocenih
mejah, so lahko izmerjeni podatki o velikosti rezalnih
sil dobro merilo za oceno lastnosti dolo¢enih
obdelovanih materialov in zato tudi eden od najve¢

2 CUTTING FORCES AS A CRITERION FOR
THE MACHINABILITY

To assure adequate stresses and deforma-
tions at the cutting zone for the chip formation the
tool needs to press the material with sufficient cut-
ting force. At the cutting zone the same magnitude
forces react to the tool loading the cutting edge of
the tool at the chip - workpiece interface. Beside the
workpiece material, numerous different factors (cut-
ting parameters, geometrical shape of the tool, tool
wear, machine tool, etc.) also influence the magni-
tude and direction of the cutting force. When their
influence is known, or retained within the prescribed
limits, the measured data on the cutting force
magnitudes can be a good measure for the assess-
ment of the characteristics of particular materials and
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uporabljanih meril za ocenjevanje obdelovalnosti
materialov.

Skupno odrezovalno silo obicajno
razstavimo na komponente, ki jih lahko merimo:
rezalno, podajalno in odrivno silo (sl. 2). Ce
zapisujemo ¢asovno odvisnost odrezovalne sile ali
njene posamezne komponente pri nespremenjenih
obdelovalnih razmerah, ugotovimo, da se njihove
velikosti s ¢asom spreminjajo. V primeru, ko ta
odvisnost poteka kot ustaljen nakljucni proces, lahko
izra¢unamo njene statisti¢ne parametre - povpre¢no
vrednost m_(staticna vrednost sil F) in standarno
deviacijo o (dinami¢na vrednost sil F,) - sl. 2.

Meritve sil pri odrezovanju so posledica
problemov, ki se pojavljajo pri analiti¢cnem dolo¢anju
komponent odrezovalne sile. Ker je nemogoce meriti
komponente odrezovalnih sil v njihovih izhodi§¢ih,

therefore also one of the most used criteria for the
assessment of the machinability of the materials.

The whole cutting force is usually exhib-
ited by the three components which can be more eas-
ily measured: main cutting, feed and thrust force (Fig.
2.). When the dependence of the cutting force or its
particular component under unchangeable cutting
conditions is registered as a time series we can es-
tablish that the values change during time. In cases
when the record is in the form of a steady random
process we can calculate its statistical parameters -
mean value m_(statical value of the forces F) and
standard deviation ¢, (dynamical value of the forces
F, )-Fig 2.

Measurements of the forces are the conse-
quence of the problems which occur in analytical de-
termination of the cutting force components. As it is

Z0)

F - odrezovalna sila - cutting force

F, - podajalna sila - feed force
F, - odrivna sila - thrust force

- WA

F, - stati¢na vrednost odrezovalne sile
- statical value of cutting force

F, - dinami€na vrednost odrezovalne sile
- dynamical value of cutting force

SL. 2. Odrezovalna sila in njene komponente pri vzdolZnem struZenju in primer zapisa njene staticne in
dinamicne vrednosti

Fig. 2. Cutting force and its components at longitudinal turning and the example of the time series record of
its statical and dynamical value
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B. Sustarsic - L. Kosec -

merimo njihove odzive v dolo¢eni oddaljenosti
od rezalnega robu. Zato potrebujemo merilni
sistem, s katerim lahko opravljamo pravilne
meritve neodvisno od polozaja prijemanja sile
ali momenta. Namen razvoja merilnega sistema
je industriji zagotoviti uporabne raziskave s
preprostimi in uéinkovitimi merilnimi sistemi.
Na sliki 3 je prikazan merilni sistem za merjenje
komponent odrezovalne sile za postopke
struzenja. Piezoelektriéni dinamometer spremeni
mehanski signal sile v elektri¢ni signal, tega
okrepimo z ojacevalnikom naboja. Frekvenéni
analizator je potreben zapisni del verige zaradi
dinamiéne oblike poteka komponent
odrezovalne sile in kratkih rezalnih ¢asov
rezalnega robu. Digitalizirani ¢asovni zapis
prenesemo in ovrednotimo na osebnem
racunalniku, na katerem z uporabo ustrezne
programske opreme tudi izradunamo statiéne in
dinamiéne vrednosti komponent odrezovalnih
sil.

3 PRIPRAVA VZORCEV IN TESTIRANJE
OBDELOVALNOSTI

Izhodni kovinski zelezov prah smo
pripravili s postopkom vodne atomizacije[13]. Po
atomizaciji smo izdelani zelezov prah 3 ure mehko
zarili v suhem vodiku pri 850 °C v laboratorijski
cevni peci in s tem znizali trdoto prasnih delcev na
vrednosti sprejemljive za hladno zgo$éevanje. Po
taljenju vlozka in izdelavi prahu smo izvedli nadzor
kemijske sestave z optiénim emisijskim
spektrometrom ARL, tip 3460 Metals Analyzer,
ZDA. lzdelanemu Fe prahu smo dolo¢ili osnovne
fizikalno-kemijske in morfoloske lastnosti (oblika
in velikostna porazdelitev delcev, tekoénost,
stisljivost itn.) [18]. Za pripravo mesanic z razlicnim
delezem MoS, in MnS smo uporabili komercialno
dosegljive laboratorijsko €iste surovine (MoS, 1 do
3 um, Fluka Chemie AG, Svica in MnS 98 %, Alfa
Johnson Matthey GmbH, Karlsruhe, Nem¢ija).
Obliko in velikost delcev izbranih maziv smo
preverili z laserskim granulometrom (Cilas Alcatel,
Granulometer HR 850) in na vrstiénem
elektronskem mikroskopu (SEM). Delez kisika v
izdelanem Fe prahu in trdnih mazivih smo doloéili
z analizatorjem kisika in dusika TC-436 Leco, ZDA.
V meSalu turbula (Willy A. Bachofen AG
Maschinenfabrik, Svica) smo nato s suhim
mesanjem pripravili praSne mesanice z razli¢nim
delezem MoS, in MnS (0,5, 1,5 in 3 masnih
odstotkov).

Sintezo kompozitov smo izvedli z vro¢im
enoosnim stiskanjem prasnih mesanic v grafitnem
orodju z uporabo visokofrekven¢nega (10 kHz)
uporovnega ogrevanja. Tak§en postopek se pri nas
uporablja za pilotno proizvodnjo kompozitnih

not possible to measure the components of the cutting
force at their origin, their reactions at some distance
from the cutting point are recorded. Therefore we need
ameasurement system by which correct measurements
can be performed independently of the action position
of the force or moment. The goal of developing such a
measurement system is to give to the industry simple
and efficient measurement systems and therefore the
possibility of applicative research. In Fig. 3, a measure-
ment system for measurement the components of the
cutting force for the turning processes is presented. The
piezzo-electrical dynamometer transforms the mechani-
cal signal into an electrical one, and this is further am-
plified with the charge amplifier. The frequency ana-
lyser, a required recording part of the chain, is needed
because of the dynamical form of the force components
and short cutting times of the cutting edge. The digi-
tised time records are transferred and evaluated by the
personal computer, where, with the suitable software
equipment, the statical and dynamical values of the cut-
ting force components are calculated.

3 SAMPLE PREPARATION AND
MACHINABILITY TESTING

Practically pure technical iron powder
was prepared by water atomisation [13]. After at-
omisation, the hardness of Fe particles was de-
creased by soft annealing in a laboratory tube fur-
nace at 850°for three hours in dry hydrogen. Dur-
ing the atomisation, the chemical composition of
the melt was controlled by the optical emission
spectrometry (ARL, type 3460 Metals Analyzer,
USA). Basic morphological and engineering
properties (powder particle shape and size distri-
bution, flowability, compressibility etc.) [18] of
the prepared powder were also determined. The
commercial chemically pure substances for labo-
ratory use (MoS, 1 to 3 pm, Fluka Chemie AG,
Switzerland and MnS 98 %, Alfa Johnson
Matthey GmbH, Karlsruhe, Germany) were used
for the preparation of powder mixtures with dif-
ferent contents of MoS, and MnS. The particle
size distribution and the shape of the selected lu-
bricants were controlled by the laser granulometer
(Cilas Alcatel, Granulometer HR 850) and by the
scanning electron microscopy (SEM). Oxygen
content of the prepared Fe powder and of the pur-
chased lubricants was determined by the infrared
light absorption based analysis (TC-436 Leco,
USA). Powder mixtures with different contents
of MoS, and MnS (0.5. 1.5 in 3 mass %) were
finally prepared by dry mixing in a turbular
blender (Willy A. Bachofen AG Maschinenfabrik,
Switzerland).

The synthesis of composites was performed
by uniaxial hot pressing of loosed powder mix-
tures in a multi cavity (5) graphite die coated with

stran 85

STECINISK [aek=]

WIESTINIE



EEEE s rrouraSik

B. Sustarsi® - L. Kosec - S. Dolingek: Obdelovalnost kompozitov - Machinability of Composites

brusnih segmentov za krozne Zage (diamantna zrna,
vezana s kovinskim vezivom W-Cr-Cu) na
polindustrijski stiskalnici (100 kN, dr. Fritch,
Neméija), ki omogoca relativno dobro regulacijo ter
programirani nadzor vseh pomembnej§ih procesnih
parametrov. Ustrezne zatehve (okoli 30 do 35 g)
izbranih prasnih me$anic smo nasuli v poprej iz
grafitnih plod¢ic sestavljeno petgnezdno orodje
oziroma $ablono. Prah smo Se pokrili s plo§€icami,
ki so predstavljale zgornje pestice. Tako sestavljeno
in zaprto orodje je bilo primerno za neposredno
namestitev na stiskalnico in vroce stiskanje.

Temperaturo smo merili z optiénim
pirometrom na zunanji (¢rni; €=1) steni grafitnega
orodja. Neposredno merjenje temperature s
termoelementom v samem orodju ni mogoce zaradi
prevelikih elektri¢nih motenj. Vroce stiskanje je
potekalo v dveh fazah:

— predstiskanje do tlaka 35 MPa in hkratno
ogrevanje orodja 5 min. do 960 °C,

— dokoné¢no ogrevanje na 960 °C in stiskanje 10
min. z najvecjim tlakom (preklop na 45 MPa pri
900 °C).

Po izmetavanju je sledilo $e hitro
ohlajanje (5 do 6 min.; okoli 100 do 150 °C/min)
vroce stisnjenih vzorcev na zraku. S preskusi smo
ugotovili, da je bila 960 °C najvigja e
sprejemljiva temperatura, tako v primeru
kompozitov Fe-MoS, kakor tudi Fe-MnS. Pri
daljsih ¢asih ali vigjih temperaturah vrodega
stiskanja (970 do 980 °C) je prihajalo Ze do
mocnega lepljenja na orodje ali iztekanja taline.
Pri nizjih temperaturah pa nismo dosegli
zadovoljive zgostitve.

Na sedanji stiskalnici je mogoce tudi delo v
zas¢itni atmosferi, vendar smo menili, da njena
uporaba v naiem primeru ne bo potrebna, ker naj bi
Ze samo grafitno orodje zagotavljalo dovolj
reduktivno atmosfero [19].

Vroce stisnjenim vzorcem smo dologili
gostoto in trdoto ter iz njih izdelali metalografske
obruse za preiskave na opti¢nem in mikroskopu
SEM. Iz vzorcev smo izrezali tanke rezine in
pripravili vzorce (=¢3x5mm), primerne za
doloéitev deleza kisika, ogljika in Zvepla. Na
nekaterih tipiénih vzorcih so bile izvedene tudi
mikroanalize EDS in AES. Nekaj vzorcev smo
mehansko obdelali na dimenzije ¢ 8 x 40 mm,
primerne za standardne triboloske preiskave
(valjcek na valju)([6] in [17]) in merjenje rezalnih
sil.

Meritve rezalnih sil smo izvedli na
eksperimentalni struznici za fino vzdolZno
struzenje z oznako ES-2 (modifcirano za raziskave
v Laboratoriju za odrezavanje, Fakultete za
strojni§tvo, Ljubljana). Struznica s svojimi
lastnostmi zagotavlja nespremenljivost razli¢nih
vplivnih parametrov na velikost rezalnih sil tako,
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boron nitride (BN). The die and powder mixtures
were heated directly by the high frequency (10kHz)
resistant heating system. Similar consolidation pro-
cedure is also used for the pilot production of com-
posite segments for diamond-based grindstones on
the semi-industrial hot press (100 kN, dr. Fritch,
Germany) which enables relative good programming
and control of all process parameters. The optimal
hot pressing conditions of selected powder mixtures
were determined experimentally by measuring di-
mensions and density of hot pressed samples.

The temperature was measured with an optical
pyrometer on the black surface (e=1) of the graphite
die, as close as possible to the hot pressing zone. Hot
pressing was performed in two steps:

— pre-pressing up to 35 MPa and simultaneous heat-
ing of die/powder (5 min. up to 960°C),

— final heating and pressing (107 at 960°C with
maximal pressure 45 MPa).

After hot pressing and ejection, fast cool-
ing of samples was performed (approximately 100
to 150°C/min.). It was established that 960°C is the
maximal acceptable hot pressing temperature of the
selected powder mixtures. Longer soaking times or
higher temperatures of hot pressing causes reaction
between Fe and the graphite die, powder melting and
their sticking onto the die walls. However, at lower
temperatures complete densification is not obtained.

With this experimental procedure, almost
completely densified samples with appropriate di-
mensions (10x10x40 mm) for metallographic, mi-
cro-analytical, mechanical and tribological investi-
gations were prepared.

The existing experimental hot
press also enables operation in a protective atmos-
phere. However, it was not used in our experimental
work. The graphite die assures a reductive atmos-
phere which protects the composite against oxida-
tion during hot pressing [19].

Density and hardness of hot pressed
specimens were then determined. From
metallographic samples, specimens were also pre-
pared for investigations by the optical and scan-
ning electron microscope, as well as EDS and
AES microanalysis. Thin slices (=¢3x5mm) were
cut off from the hot pressed specimens for the
determination of oxygen, carbon and sulphur.
Some specimens were machined into cylinders
of appropriate dimensions (¢ 8§ x 40 mm) for
tribological (pin on disc) ([6] and [17]) and
machinability measurements.

The measurements of the cutting forces were
performed on the experimental turning machine for the
finish longitudinal tuming with denotation ES 2 (modi-
fied for research work at the Laboratory for machining,
Faculty of Mechanical Engineering, Ljubljana). The tum-
ing machine assure with its characteristics unchangeable
differently influenced parameters which might influence
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da lahko iz izmerjenih rezultatov sklepamo o
karakteristiki obdelovanih materialov. Preostali
vplivni parametri - rezalno orodje iz oplad¢ene
karbidne trdine, rezalna hitrost 100 m/min, podajanje
0,1 mm/vrt, globina reza 0,5 mm — se tudi niso
spreminjali in so bili izbrani glede na priporogljive
vrednosti za optimalno odrezovanje preskuSanih
materialov (sl. 4). Pred vsako meritvijo so bili
obdelovanci centrirani, da ni pri§lo do sprememb
globine reza ali dodatnih vplivov na dinami¢ne
razmere v rezalni coni.

D

the magnitude of the cutting forces; therefore, from the
measurement results, we can establish the characteristics
of the workpiece materials. The other influence param-
eters - cutting tool from the coated carbide, cutting speed
100 m /min, feed 0.1 mm/rev, depth of cut 0.5 mm - also
did not change, and have been selected according to the
recomended values for the optimal cutting of tested ma-
terials (Fig. 4). Before each measurement the workpieces
were centered in order to eliminate the changes in the
depth of cut or additional influences on the dynamical
circumstances at the cutting zone.
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Fig. 4. The shape and composition of the coated carbide tool

4 REZULTATI IN OBRAVNAVA

Nassliki 5 je prikazan izpis Casovnega potcka
rezalne sile pri struzenju kompozita brez dodatka v
primerjavi s kompozitom z dodatkom 0,5% MnS.
Slika kaZe tudi izmerjene vrednosti vseh treh
komponent sil v odvisnosti od dodane koliéine
dodanega MnS.

1z zapisa stati¢nih vrednosti sil lahko
ugotovimo, da obstajajo pomembne razlike v
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4 RESULTS AND DISCUSSION

In Fig. 5 the time series record of the main
cutting force in the turning of the composite without
the added ingredient in comparison with the compos-
ite consisting 0.5 % MnS is shown. The figure also
present the calculated statical values of all three forces
in dependence on the MnS quantity supplemented.

From the calculated values of the statical forces
we can establish that there exist significant differences in the
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S1. 5. Izpis casovnega poteka rezalne sile in staticne vrednosti komponent sil v odvisnosti od kolicine
dodanega MnS
Fig. 5. Time record of the main cutting force and the values of the statical and dynamical force components
in dependence on the MnS quantity supplemented
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velikosti sil pri struzenju kompozita brez
dodanega MnS in kompozita z 0,5 % ali 1,5 %
dodatka MnS. Z veéjo koli¢ino dodanega MnS
se vrednosti sil ne zmanjSujejo. Iz tega lahko
sklepamo, da se mazalne lastnosti kompozita z
vecanjem dodanega MnS ¢ez mejo 1,5 % ne
izboljSujejo. Vrednosti dinamiénih sil se z
dodatkom MnS zmanj3ujejo, kar pomeni, da
dodatek MnS vsekakor vpliva na duSilne
lastnosti kompozita. Vendar vecanje koli¢ine
dodatka MnS prek 0,5 % na duSenje bistveno
ne vpliva. Podobne primerjave smo naredili
tudi iz meritev sil na vzorcih z dodatkom MoS,
(sl. 6).
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Machinability of Composites

force values in tuming the composites without the MnS and
composites with the supplement of the 0.5 % or 1.5 % MnS.
However, with the higher quantity of the MinS supplemented,
the values of the forces do not further decrease. From this
we can establish that the lubrication ability of the composite
does not improve above the limit of 1.5 % MnS supple-
mented. The values of the dynamical forces decrease with
the MnS supplement, which means that MnS supplement
certainly does influence the dumping characteristics of the
composite. However the increase of the MinS supplemented
quantity above 0.5 % does not significantly influence the
dumping characteristics of the composite. Similar compari-
sons can be also be made from the measured results on the
specimens with ingredients of the MoS,. (Fig. 6).

Statical values of forces

0%

0.50%
% MoS2

1.50%

Sl. 6. Izpis casovnega poteka rezalne sile in staticne vrednosti komponent sil v odvisnosti od kolicine
dodanega MoS,
Fig. 6. Time record of the main cutting force and values of the statical and dynamical force components in
dependence on the MoS, quantity supplemented

Iz velikosti izmerjenih stati¢nih sil lahko
ugotovimo, da manjsi dodatek MoS, (0,5%)
samomazalno vpliva Se bolj ugodno kakor MnS
(izrazitejSe zmanjSanje vrednosti sil). Z vecanjem
dodatka MoS, ¢ez vrednost 0,5 % pa se sile bistveno
ne spreminjajo. Po drugi strani pa manjsi dodatek
MoS, na velikost dinamiénih komponent sil ne
vplivé znacilno. Statistiéno ugotovljive vrednosti
lahko ugotovimo Sele pri dodatku 3 % MoS,, kar
pomeni, da le ve¢ja kolicina dodanega
molibdenovega disulfida v kompozitu vpliva
dusilno.

Izmerjene rezalne sile so dejanski odsev
dosezenih mikrostrukturnih in mehanskih
lastnosti izdelanih kompozitov. Mikrostrukturne,
kemijske in mikroanalitske preiskave so namrec
pokazale, da je med sintezo kompozitov prislo
do delne oksidacije in odgorevanja dodanega
maziva, §e posebej med sintezo kompozita Fe-
MoS, (preglednical). Vetji, ko je bil delez
dodanega sulfida, ve¢je je bilo v obeh primerih
tudi odgorevanje S. V preglednici vidimo, da se
s povecanim deleZem sulfidnih delcev rahlo
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From the calculated values of the statical forces
we can establish that a lower quantity of MoS jingredient
(0.5 %) influences the self-lubricating even more than
the MnS (distinctive decrease of the force values). With
an increase of the MoS, ingredient over the value of 0.5
% the forces do not change significantly. On the other
hand, the lower quantity of the MoS, ingredient does
not significantly influence the values of the dynamical
forces. The statistical differences cannot be established
until the ingredient of MoS, exceeds 3 %. This means
that a higher quantity of the molibden disulphide incor-
porated in the composite can have a damping influence.

The determined cutting forces reflect the ob-
tained microstructural and mechanical properties of the
prepared composites. Microstructural, chemical and
microanalytical investigations showed that during the
synthesis of composites, partial oxidation and burning
off of the added lubricant occurred. It is particularly evi-
dent for the Fe-MoS, composite (Table 1). In Table 1 it
can be noticed that with the increased content of sulphur
in powder mixture its burning-off increases. It can also
be noticed that with increased content of solid lubri-
cant hardness decreases and the densification ratio in-



manj$a trdota in veca stopnja zgostitve. Ta je
izra¢unana na teoreti¢no sestavo, ki pa v praksi
ni dosezena. V resnici so stopnje zgostitve zato
§e visje. Iz metalografskih posnetkov
ocenjujemo, da so doseZene gostote kompozitov
nad 99,5% T.G. (teoreti¢ne gostote).

creases. Relative densities or densification ratio are
calculated on the basis of theoretical chemical com-
position. The actual chemical compositions differ from
the theoretical ones. Therefore, the obtained
densification ratios are higher. Metallographic inves-
tigations show that the obtained densities of compos-
ites are above 99.5% of T.D. (theoretical density).

Preglednica 1. Povprecne zgostitve, trdote in kemic¢ne analize vroce stisnjenih kompozitov

Table 1. Average densities, hardness and chemical analysis of hot pressed composites

Vrsta vzorca Gostota Trdota po Brinellu Delez (masni%)
Type of sample Density Brinell hardness Content (mass%)
(HB1s752.5)

g/lem’ | % T.G. 0 C S
Fe 7,68 97.6 159 0,46 0,029 0,02
Fe-0,5%MoS, 7.71 98,5 183 0,21 0,033 0,22
Fe-1,5%MoS; 7,67 98,6 175 0,47 0,028 0,48
Fe-3,0%MoS, 7.71 100.0 155 0,49 | 0,021 0,60
Fe-0.5%MnS 7,63 97,6 164 0,64 | 0,013 0,21
Fe-1,5%MnS 7,61 97.8 159 0,69 | 0,021 0.53
Fe-3.0%MnS 7.53 97,8 156 0,68 | 0,027 0,84

Ceprav je MnS termodinami¢no bolj
stabilen kakor FeS, je pri§lo do njegove delne
pretvorbe med vroéim stiskanjem. Pri$lo je tudi do
delne oksidacije delcev MnS (sl. 7a) zaradi navzoce
oksidativne atmosfere, med vroé¢im stiskanjem.
Vodno atomizirani delci Fe prahu so namrec
povriinsko oksidirani. Med hitrim vro¢im stiskanjem
prahu obstaja moznost, da so med delci prahu ujete
molekule zraka. Zanemariti ne smemo tudi tega, da
je bil Ze sam izhodni MnS (enako MoS,), uporabljen
za pripravo meSanic, delno povriinsko oksidiran.
Kljub vsemu nam je z vro¢im stiskanjem uspelo
izdelati kompozit Fe-(Mn,Fe)S z razmeroma dobro
nadzorovanim deleZem Zvepla oziroma drobnih
vklju¢kov (Mn,Fe)S, ki so enakomerno razporejeni
v kovinski matrici (sl. la), kar se kaZe tudi na
izmerjenih rezalnih silah.

Med vro¢im stiskanjem pra$ne mesanice Fe-
MoS, so razmere drugatne. V navzolnosti
molekularnega kisika MoS, zgoreva (MoS, +
30,=>Mo0,+280,). Obitajno se najprej tvori manj
stabilni MoQ, ([6] in [8]), ki je teko¢ Ze nad 818 "C
in hlapen nad 1155 °C. Ceprav ima Mo manjso
afiniteto do kisika kakor Mn, ima oksidacija bolj
drasti¢en vpliv na sintezo Fe-MoS, kakor pa na
sintezo kompozita Fe-MnS, saj je MoS,
termodinami¢no manj stabilen od MnS. Pri
temperaturah nad 1100°C je MoS, tudi
termodinamiéno manj stabilen od FeS. Hkrati je Mo
dobro topen v trdnem - in y-Fe. Zato so izpolnjeni
vsi termodinamicni pogoji za popolen razpad
preostalega (neoksidiranega) MoS, in nastanek FeS
(MoS,+2Fe=>Mo+2FeS), ki je pri temperaturah
sinteze teko¢ (nad 988 °C pri tlaku 1 bar).

Although MnS is thermodynamically more
stable than FeS, its partial decomposition occurs. The
partial oxidation of MnS particles also occurred (Fig.
7a) during hot pressing because of the presence of
oxidative atmosphere. The oxidative atmosphere is

during water atomization of Fe particles. During fast
hot pressing of powder mixtures, molecules of
adsorbed air can also be entrapped in the compact.
The surface oxidation of added solid lubricants must
not be neglected, either. In spite of that, a relatively
good selflubricating, Fe-(Mn,Fe)S composite with
fine dispersion of (Mn,Fe)S particles is produced
(Fig. la) which is reflected also in the measured cut-
ting forces.

During the synthesis of the Fe-MoS, com-
posite, the conditions are different compared with
the synthesis of the Fe-MnS composite. In the pres-
ence of molecular oxygen, MoS, burns intensively
(MoS_+30,=>Mo0_+250,). U_sually less stable
MoO, forms first ([6] and [8]). It is liquid already
above 818°C and evaporates above 1155°C. Al-
though Mo has lower affinity to oxygen than Mn,
its oxidation has a more drastic influence on the
synthesis of its Fe based composite. MoS, is also
thermodynamically less stable than FeS at tempera-
tures above 1100°C. Simultaneously, Mo has very
good solid solubility in o- and y-Fe. Therefore, all
thermodynamic conditions are fulfilled for the full
decomposition of the retained (nonoxidised) MoS,
and for the formation of iron sulphide
(MoS,+2Fe=>Mo+2FeS), which is liquid at the tem-
peratures of the synthesis (theoretically above 988°C
at 1 bar pressure).
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S1. 7. Posnetka SEM mikrostrukture kompozitov, dobljenih z vrodim stiskanjem prasne mesanice a) Fe-MnS
in b) Fe-MoS, z dobro vidno heterogeno sestavo sulfidnih delcev
(temno sivo-oksidirana podrocja, crno-poroznost)
Fig 7. SEM micrograph of microstructure of composites prepared by the hot pressing of selected powder
mixtures: a) Fe-MnS and b) Fe-MoS, with well visible heterogeneous structure of sulphide particles
( dark grey - oxidised regions; black - porosity)

Rezultati merjenja rezalnih sil kazejo, da
ima nastali kompozit relativno dobro
obdelovalnost in samomazalne lastnosti in da nanje
vplivajo v kovinski matrici med sintezo nastali
vkljucki FeS. Ugodne samomazalne lastnosti FeS
so opazili tudi Ze nekateri drugi raziskovalci, ki
so analizirali tribokemicne reakcije na jeklenih
povrinah in obdelovalnost jekel, ki vsebujejo
zveplo.

5 SKLEPNE UGOTOVITVE

S postopkom vrocega stiskanja smo iz
izbranih prasnih meSanic izdelali samomazalni
kompozit Fe-(Mn,Fe)S. Zaradi zelo slabe
termodinami¢ne stabilnosti MoS, med vro¢im
stiskanjem prasne meSanice Fe-MoS, pa je nastal
kompozit Fe[Mo]-FeS. V obeh primerih nam je
uspelo dobiti praktiéno popolnoma zgoidene
kompozite. Na popolno zgostitev je ugodno vplival
predvsem nastanek tekoce faze (FeS in MnS), ki
je med zgoicevanjem pod tlakom polnila prazne
prostore med trdnimi delci Fe. Med vro¢im
stiskanjem je prislo do nadaljnje oksidacije
navzocih sulfidnih delcev, ¢eprav naj bi po
nekaterih literaturnih podatkih stiskanje v
grafitnem orodju zagotavljalo pogoje, pri katerih
naj ne bi prislo do nadaljnje oksidacije. S
postopkom vrocega stiskanja je zato mogoce
izdelati &iste in neoksidirane samomazalne
kompozite vrste Fe-(Mn,Fe)S le, ¢e uporabimo
za§¢itno atmosfero ali vakuum in Ciste ter
neoksidirane vhodne surovine. Z vro¢im
stiskanjem prasne meSanice Fe-MoS, ni mogoce
izdelati ¢istega kompozita Fe-MoS,, ker pride do
razpada MoS, in zato nastanka kompozita Fe[Mo]-
FeS.
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The results of cutting forces measurements
show that synthesised composites have good
machinability and therefore also self-lubricating prop-
erties. This is a result of the presence of FeS inclu-
sions formed during synthesis. Attractive self-lubri-
cating properties of FeS were already noticed during
the analysis of tribo chemical reactions on sliding steel
surfaces, as well as studying the machinability of steels
with increased sulphur content.

5 CONCLUSIONS

From the selected powder mixtures,
selflubricating Fe-(Mn,Fe)S composites were pre-
pared by hot pressing. However, during the con-
solidation of selected Fe-MoS, powder mixtures by
hot pressing, the Fe[Mo]-FeS composite was
formed. In both cases, a practically complete con-
solidated composite was prepared. The formation
of liquid phase (FeS in MnS) has a beneficial influ-
ence on complete densification. Under pressure, the
formed liquid phase filled voids (pores), which are
placed among (during hot pressing) deformed solid
Fe particles. Additional oxidation of sulphides oc-
curred during the synthesis of composites although
in some previous investigations it was stated that
hot pressing in the graphite die assures conditions
where no additional oxidation is expected. Our in-
vestigations show that a completely consolidated
Fe-(Mn,Fe)S self-lubricating composite with fine
dispersion of (Mn,Fe)S particles can be prepared
by hot pressing but only in the protective atmos-
phere or in vacuum and only if very pure and
nonoxidised raw materials are used. Pure Fe-MoS§,
cannot be prepared by the hot pressing procedure
because of decomposition of MoS, and therefore a
Fe[Mo]-FeS composite is formed.
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Raziskave so pokazale, da lahko glede na
rezultate meritev rezalnih sil pri odrezovanju
ovrednotimo dejanske mikrostrukturne in z njimi
povezane mehanske lastnosti kompozitov. To pa so
tudi neposredni kazalniki uporabnih lastnosti, kakor
sta na primer izbolj¥ana samomazalnost in z njo
povezana dobra obdelovalnost.

Our investigations also showed that the re-
sults of cutting forces measurement can be a rela-
tively good indicator of real micro-structural, as well
as mechanical characteristics of PM composites. Di-
rect evaluation of engineering properties, such as
improvement in self-lubricity and machinability, is
possible.
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