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Abst!act

Studies have been oade oo the !rea! propertiea of various ion

ifiplallted 6tee1 disc6 in relation to the netute of the steel, the ion

speciee i[planted and priot heat treatDent. A coEpariso[ rrith the nore

cotrventional oethod6 of trear iqloveEe$t, i.e. heat treatilg o! alloyiog,

hes sl.so been nade togethe! with an atteqt to supplernetrt already

existiog iileas (which are reviened) as to !.by, froo a rclecula! point

of vi.ew, rea! properti.es should be iqloved by ioD iqlaotatiolr.
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Ion inplantation has beer! used for sevelal years as an accurate

nethod of dopiog seoiconductots.  Eowever,  i t  is only recerl t ly that ic

has been used as a method for increasing the resistance to wear of cro

Eeter iaLs io contact and noving relat ive !o each other.  I t  has tne

advantage over other methods of iqroving wee! propelties - for example

heat treating aod alloying - in that, fi!s!ly, there is no change in the

bulk propert ies or dinensions of lhe treated saople. Secbndly,  nater j .als

that are too expeosive for bulk use nay be acceptable in the quanlities

needed for surface iErplantation. The treated sutface region lemeios

integlal  \ r i th the bulk oater ial  so no boni l ing or inlerface problens al lse.

The inplantation process is calried out at room lernpetalure so lhere is

no degradation or size chaoge due to heatiog as occurs in dj.ffusion

processes afid fi[al1y, as the process does no! lead to any dimensioflel

changes, iE can be used on already f in ished art ic les.

In this sludy, the effect of  nicrogen ion inplanral ion on stainless

steel,  tool  steel,  oi l r id iag steel a$d plaia carbod 6tee1 was invest l -

gated using the "pin on disc" wear test.  A steel al isc is nade to

rotate against a s!ee1 pi l1 under load. The pic was uninplented stainless

s t e e l  e i c e p t  f o r  t h e  l l i k e  p i n  o f l  l i k e  a l i s c "  t e s c s  ( s e e  s e c t i o n  3 . 1 ) .

Suppledentary studies were ldade ro coftpare the effect of nitriding steel

with di f feredt ion species, i .e,  boron, carbon and neon ions, alrd also

to co pare the effect of heat treatment as an alternative - and as an

addi l ion -  to ion i rdplaotat ion, Nuclear leact ioD analyses,n/ere car l ied

out on Ehe N iEplanred speciEens !o deEertrr ine lhe i ! .planted niErogen

dose alrd X-ray photoelectroB speclroscopy analysis ras u6ed to detelni$e

lhe depth prof i les of Ehe N and Ne ion6. An examinaEion of rhe wear

tracks using talysurf  and scanning electron microscopy was made.

1. Introduct ion
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2. The Wear of Materials alrd Rediation Danage

2.1 the Wear of l"trateriaLs

A potenrial  wear si tuat iof l  exists \rheneve! lhere is relat ive nol ion

betlreea tno surfaces in conlact unaler load. As both surfaces in a wear

couple ale genetaLly rough, the actueL area of contact is mrch slnaller

thao the apparent area. The actual area can be estin:rted eithe! by

Eeasuring the codract resi ,stance between the tTro surfaces, by aicroscopic

observation, or flon the f1o!r stress of the naterial. Ihe l:egiofls of

contact thus experieflce a high nornal stress .md yielding Eay occur

at the loca1 points of coolact usual ly tefel ted to as aspel i l ies.

Contact areas rri1l neld together a$d m15t ther be bloken to iditiare

and suslain relative notion. thie is referled to as adhesive ruear.

Wear debris lesuLts as the asperities are brokeE off and nay renain

trapped at the sLiding interface giving rise to abrasi.ve wear, ia which

naterial is reDoved largely by ploughing.

To teduce lrear, one therefore has to reduce the foanatiot of

junctions by interposidg an intefinediate layer; this cen be an oxide

filn (rbe fornation of \rhich i6 fortunatel^y aided by frictional heating* )

or the provision of a l iquid lubr ica4t.

Oirber types of reer can also occur. tr'retting results fxoxo

oscillalory EoveEent belveen tno suifaces, fot instadce vibrating

flachitre parts. I'atigue wear lesuLts fron cyclic loading and loss of

nater ial  occurs by spal l ing of surface layeis.  Erosive wear occurs

when grit palticles ildpinge on solids. Cavirati.oo erosiol! can occur

qrhen a componen! rotates in a fluid rnediun. A ful1 revier of the

An oxide f i lm has the fol lowing effect:  i f  the junct ion is weaker than
the netal-s thedselves, in lhe presedce of an oxide f ihd shearing !r i1 l
occut at the actual interface where the junction is fodned rilhin the
oxide and the aDoullt of naterial relooved flou either surface r,ri1l be
s o a l 1 .
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various types of wear is given in standard texts such as Principles

I
and Appl icat ions of Tr ibology by Moore (?ergamon)' .  The predominant

type of wear depends on the nature of the relative motion (for example

sl iding or rol l ing) ,  the mater ial  and the lubr ieat ion condit ions.

2 . 1 . 1  W e a r  P a r a m e t e r s

The fol lowing four parameters have been used in tr ibol  ow.l '2

1) Linear wear rate

thickness of laver reuoved h
\ r /' -L 

sl id ing distanee X

3) Gravimetric wear rate

r{ = weight of layer removed = AW /?\
\  

-  
@parent area E, 

\J ' '

2) Volumetric wear rate

,, volume of layer removed
K =^Y 

sliding distance x apparent area
Av ( ) \
XA \ . '

a

an Avery Denison T62 pin

of which is given in

4) Pin wear pareneter

v _ 3 x hardness x volume-of layer renoved _ 3HAV r, \
rh  

- - - := -  
\ - /? slrdrng distance x load l(L

In these experiments, the volumetric wear rate 
\ 

was chosen

as the most suitable parameter because it takes into account the

change in apparent area of contact. K" measures mtrch the same

thing as i t  di f fers only by a density factor,  whereas 
\  

takes into

aecount change in hardness and 1oad. I{owever, since most of the

tests were done at constant load (10N) and hardness changes were

neg1igib1",  KV was used.

2 . 1 . 2  W e a r  c u r v e s

Wear measurements were made using

and disc machine, a ful ler descr ipt ion

- 3 -



sect ion 3.6. I f  the total  volume loss from the pin is plot ted

against total  s l id ing distance a character ist ic curve is obtained

as in Fig. l .  The point 0 is the start  of  the wear run and the

volume loss is initially curvilinear (0 ' ' X). This is the "running

in" \ , /ear region, essent ial ly adhesive wear.  Eventual ly a steady

state wear region is attained (X + Y) providing the load and speed

are kept eonstant.  In this region, the asperi t ies have been

snoothed out and the wear process is uore uniformr Close

exrmination was nade of data from the steady state wear region and

presented as plots of voltrmetric wear rate against incremental

sl id ing distance.

2.2 lon Induced Radiation Danage

Iligh energy ions. implanted into a material lose energy through

elast ic and inelast ic (electron exci tat ion) col l is ions, Largely through

the former process. The net effect is to produce an ion range which is

Gaussian, al though this wi l l  be distorted due to sputter ing, oxide f i lns

and other non uniformities. The amounL of sputtering depends on the

nater ial ,  the ion and the.energy and this is considered in the discussion

at the end of this study.

Typical  damage caused to the surface region is i l lustrated by Fig. 3.

Atoms are displaced creat ing interst i t ia ls and vacancies and the former

general ly ruigrate to dislocat ions or to the surface leaving a depleted

zone. I t  would appear at f i rst  that such severe disrupt ion of the

surface would render it annorphous - and this is generally true for

non-metal l ic targets -  but metals are general ly very resistant due to

the fact that the interatomic forces are not wel l  directed and are

relat ively short  range. A disloeat ion network ar ises instead and so

ion implantat ion has the effect of  work hardening the surface of the
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metal.  An increase in strain enerry is associated with the defect

formation, and i f  in addit ion, an excess quant i ty of interst i t ia l  atous

which stabi l ize as intermetal l ie compounds (for example i ron ni tr ides,

borides and carbides) can be injected into a metal ,  then a macroseopic

stress may be produeed around the region of damage i .e.  the implantat ion
^

prof i le.-  This coryressive stress results because the mater ial  ,  when

boubarded, tr ies to expand, but is constrained by the rest of  the

subs t ra te  ( r ig .  4 ) .

In 1963 Lindhard, Scharf f  and Schidtt4 calculated the ion ranges

in certain mater ials for var ious ion species. By knowing the interatouic

potent ial  (assuned to be Thomas-Fermi),  i t  is possible to calculate the

average rate of energy loss. After introducing certain serni-empir ical

approximations a universal curve for the elastic stopping in terms of

reduced energJ and range parameters was then obtained. Ilowever, the

effect of ion irnplantacion ia improving wear properties extended to

regions far beyond that predicted by LSS theory and so it has been

postulated that there is an increase in diffusivity under the influence

of a compressive stress

3. Experimental Procedure

3.  I  fhe  Stee ls  used

The s tee l  d iscs  used in  th is  s tudy  were :  s ta in less  s tee l  (En 58B) ,

too l  s tee l  (N.S.O.H. ) ,  n i t r id ing  s tee l  (En 40B)  and carbon s tee l  (nn81* .

Stainless steels are used for both corrosion and heat resistance

appl icat ions. The corrosion resistance is due to a thin oxide f i ln

of chromium, or nickel,  oxide. En58B (stabi l ized austenit ic chromium

nickel steel)  cont,ains l82 ehrornium and 82 nickel.

*  . '' Ihe 
nomenclature used here is that of  the Bri t ish Standards Inst i tu-t ion.
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The term "tool  steelr '  is usual- ly given to high qual i ty special

steels used for cutt ing or fonning purPoses. A11 have been shown by

previous tests to have good wear resistance. N.S.0.H. (non-shrinking

oi l  hardening) tool  steel possesses excel lent dimensional stabi l i ty with

freedom from distortion and cracking in heat treatment. Their properties

are infLuenced strongly byr:ndissolved carbon precipi tates.

Nitriding steels contain one or more of the naajor nitride forming

elements (A1, Cr and }do), although at suitable temperatures and with

the proper atmosphere, al l  steels are capable of producing iron ni tr ides.

Carbon steels are unal loyed steeLs containing no del iberatel-y added

iupurities. En8 is a medium tensile carborr steel used for many automobile and

general engineering components. Table I gives a comparison of the

anounts of carbon, nickel:ehroniun and nolybdenr:m ia eaeh steel.

Table I

Composit ion of the steels used (7")

c Ni Cr lfo

En 588

N .  S .  O . H

En 40B

E n B

0 . 1 5  m a x

0 . 8 5  -  1 . 0 0

0 . 2 0  -  0 . 3 0

0 . 3 5  -  0 . 4 0

7 - 1 0

0.40 nax

1 7 - 2 0

0 . 4 0  -  0 . 6 0

2 . 9 0  -  3 . 5 0 0 . 4 0  -  0 . 7 0

The pins were mainly stainless stee1, but some work was done using

tool steel pins run against tool  steel-  discs and also ni tr id ing steel

pins run against ni t r id ing steel discs. Most of the work r ,ras done with

unimplanted stainless steel pins run against unimplanted, implanted and

heat treated samoles of Lhe above four discs.
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3 . 1 . 1  F i n i s h i n g

fhe steeL discs had been ground and lapped to a dj.aneter of

(25.4 + 0.1)m and ro a f latness of 2.5 l ro.  The ends of rhe pine

uere f ine grormd !o a cone angle of ( l20o + lO') .

3.2 I Iea! t reat ing

The nunbex of defects in a sol id is proport ional to the exponedt ial

of its absolute temperature. Ttus if we increase the teqeratule !o

about- SOOoC lhe ilisorder in lhe bulk of the naterial will be ebour

/ - o t  \  /  /  - n . ' , .  , )" *e I  i : . i iOo/  /  
" "P  

[  
- : k .3oo 

J ,  
=  1 .6  x  l0 ' -  t ines  tha t  aE rooE

\  . / /  \  /
teEperature. By quenching the nater ial ,  i .e.  cool ing i r  rapidly,  rhis

high defect state cao be "frozeo in" tesuLt ing in a higher resi6lance

to plastic f1ow. The struclure, haralness and stre[glh are also depenalent

oo the actual rate of cooLing.

Ulr iqlanted tool  steel,  nirr id ing steel and carbon steel di .scs

aod a ni t logen iaplanted tool  steel disc wete heat l reated using a

calbol i te furnace coupled to AEI solpt ion and ion pur4s (Fig. 5).  A

vacuum oI about l0-7 tort  was oblai f le i l  io each case. Table 2 inal icates

lhe range of tefiperatures for hardediog and tempering for each steel

and al6o the quenchiag mediun.

Quenching lata5

Steel Eardening TeEp. Quench
Mediuo

Tempering

N ,  S .  O .  H .

En 40B

E n 8

780 - 82ooc

8oo - 9looc

830 - 86ooc

OIL

011

OIL

r5o - 3OOoc

570 - TOOoc

550 - 660oc

AE is the fornat ion energy (-  I  eV),  k is Boltzdenns consLanr.
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Each sample was maintained at the hardening temPerature for fifteen

minuEes, teupered for another fifteen minutes, guenched in an oil bath

and finally cleaned with acetone.

3 .3  Wear  Tes t ing

Wear measurements were made using an Avery Denison T62 tribotester

(plate l ) .  This is a "pin and disc" machine where a disc is made to

rotate against a pin which has a load applied normally to it. The

machine eonsists of a motor control unit which drives the disc, an

auxillary lubricating systeo and a load unit for applying normal stresses.

Ttre pin is mounted on a hinged load bar. The area of contact and the

volume loss is determined from the dirnensions of the pin flatr 'the

latter f rom the relat ion

6 y = f n r 3  r a n o

where AV is the volume loss per run, r the radius of the pin flat and

0 the cone angle ( t20o).  From this the volumetr ic wear rate could be

e a l c u l a t e d  ( s e e t i o n  2 .  I . 1 )  .

Firstly the pins were run in at 5N load tmtil the flat was a

reasonably uniforn circular area (about 0.2m diameter).  Then several

runs at loads of ei ther 10N or 40N were made unt i l  a f lat  diameter of

about O.5m was reachda (so that the area of eontaet for each run was

equivalent). On each disc several wear tracks were made corresponding

to lON or 40N or running in.

Since it is the relative wear of implanted and unimplanted discs

that we are concerned with then it rnight at first aPpear strange

measuring the change in geometry of the pins and not the dises.

Object ions against pin rather than disc measurements would be val id i f

either component was infinitely hard in r,rhich case all the wear would

occur in the other comDonent. Ilowever this is never the case. The
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)

wear of a given'mater ial ,  s4y A, against another,  B, depends on the

nalure of B. Thus i f  another mater ial ,  C, is worn against B under

the sarne conditions, then the wear ProPerties of A and C can be

justifiably compared. In these experiments B represents the pins and

A and C the discs.

In these wear tesls we use two comPonents of sinilar hardness

I O.p.N. nuuber (350 J 60)]  so that neasurable amounts of wear can be

made from the pias.

Mt,er wear testing, the discs were talysurfed, from which information

as to the main type of wear process occurring in a given wear track

could be obtained.

3.4 Surface Topography lleasurements

The talysurf  (Fig. 6) consists of a stylus moving across the

surface of a given mater ial  -  i .e.  in this case'  a worn steel disc.

(A fu11 description of this apparatus is given in Sakar "Wear of

)
Metals"-) .  The stylus detects a change in the air  gap between i t  and

the surfaee, and the mechanical displacement of the armature is

converted into an electr ieal  s ignal.  The surface undulat ion is f inal ly

traeed by the pen reeorder.

The ropography of the surface was also invest igated using scanning

electron microscopy to look at Ehe wear tracks.

3.5 Ion Inrplantat ion Proeedure

The steel discs were implanted on one side only using a 120 keV

ion accelerator with an osciLlat ing electron gun as the ion source

(f ig.  7).  When an electr ic potent ial  (about 6 kV) is appl ied between

the 2 anode wires and the enclosing cathode chamber the thermal electrons

in the.g"" "r" attracted towards the anodes, drawn through the gap

between them and osci l late. This gives r ise to long electron paEhs in

- 9 -



the chanber which increases the chance of cascading (i.e. the fortation of

secondary and tertiary etc. electrons) - and a figure-of-eight plasna region

results.  The gaseous posit ive ions created in this process are attracted

out through the s1i t ,  accelerated towards and through the exttact ion eLectrode

and then strike the target. The doses irnplanted can be estimated f::om the

beam currenl, but nnre accurate values can be obtained by the method of nuclear

reaction analysis. Previous.work by 1lart1et'it"" shown that the optimun

dose for irylanting nitrogen ions into En40B nitriding steel is between 2 and

t - 7  ,
4 x l0 ' /  iorr" /"rz.  Also from an equat ion derived by Betts 

7 
ia ""r ,  be shom

that the rnaximr:m dose for the enerry used in iuplantacions is between 5 and
l 1

5 x 10";  al l  the excess ions above this dos"e are lost through sputter ing.

Ttrus doses of between 2 and 4 x t0l7 ioo"/"r2 ""r" aimed at (see Appeadix, and

F i e .  8 ) .

3.6 Nuclear React ion Analysis

'  By using the 
l4ro(a,o) l2c 

,r , r" l "ar react ion, Ehe aoount of ni t rogen

' 
iuplanted into the specimens could be dete:mined from the euitted

o-part ic le enerry speetrun. (Figs. 9 and 10).  The react ion is:

where Q is the energy released during the reaction and the 
llOn 

i, in
d

a metas tab le  s ta te .

Ttre sanples were bonbarded with 2.4 l4ev deuterons using a Van de Graaff

accelerator.  The dose of deuterons was rcni tored using a preset scalar

so that each sauple could be exposed to a f ixed charge of analysing beam.

This method is very useful in determining how much of the inplanted

spec ies .was los t  th rough sput te r ing ,  wh ich  is  d iscussed la te r  on ,  bu t

cannot give information about the chemical state of the ni trogen - i .e.

t l * * f r i * t ! o *  +  t Z ,  +  l * " * y + Q .

i
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whether i t  is f ree, ni t rated, ni t r iLed - and for this reason thenuelear

react ion data were supplemented by X-ray photoelectron spectroscoPy.

3.7 X-ray Photoelectron Spectroscopy (fS)

Besir{es giving cheoical infonnation about the irnplanted nitrogen,

PS yielded signi f ieant data relat ing to depth prof i les of rhe iuplanted

nitrogen and neon"

)GS is one of the range of techniques known as electron sPectro-

scopy for chen:ical analysis (ESCA). A soft X-ray photon of known energy

(hv) impinges on the surface and emits an electron from the inner atomic

level.  The analysis of the kinet ic energies is made in a spectrometer

which will have an effective work funct,ion e0 to be overcome by the

photoelectron at the entrance slit. The energy measured by the spectro-

meter is

E r r . * r = h D - E - - e 0
_ttrr\ I'

where E, is the binding energy of an electron in a core 1evel of the

surface atom. I t  is usual ly only a fract ion of an eV wide (for A1 Ko

l ines ,  1486.6  eV,  the  w id th  i s  about  1 .12  eV) .  The ava i lab le  energy

resolut ion is suff ic ient to record shi f ts in E, due to chemical interact ion

(  .about  2  eV fo r  n i t r id ing) .

Analyses were possible at.var ious depths by f i rst  eroding the sanple

using argon ions to a given depth and then perforning the analysis. After

there was only a very small sigoal for the nitrogen or neon, the analysis

was s topped (60008 fo r  N+,  3008 fo r  Ne+)  (F igs .  t t  ro  13  ) .

-  1 1
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i
4.5cm

l
[ " " "

A M E  P O T E N T I A L  ( -  6  K V )

SUPPORI GAS (e.9.  N2 -  lO-4 tor r )

PLASMA RE6ION

E X T R A C T I O N  E L  E C  T  R O O E

toN
BEAM

TARGET

a

-50  tv
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100

30KeV Nn
En 40B s tee l

i

Fig. 8 The relative irnprovenent in wear for the mean of several
tests at l0 and l5N load for ni t rogen implanted En40B
nitr id ing steel as a funct ion of dose.b
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z
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=
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1018 1019
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4. Results

Captions to the f igutes and plales

NUCLEAR REACTTON ANALYSIS

F ig .9  :  o -pa r t i c l e  ene r ry  spec t run  f ro r  t h "  l 4N fd ,o ) l 2c

reac t i on  i n  an  N+  iFp lanced  s ra in less  sEee l  d i sc .

f ig. t0: As for r, ig. 9, bur with a nitr iding steel disc.

DEPTE PROFTLES (XPS)

! ' ig. l l :  Depth profiLe of nitrogen in a nitrogen inplanred
(5 x I0" ions/cn') En58B sraialess steel disc relal ive

to oEher important species.

f ie. \2'.  As f ig. l l  bur nit loge i ldplanred (2.8 x tOlT ione/..2)
En40B n i t r i d ing  s  l ee l  d i sc .

Fig. 13: Depth profiLe of neon in a neon inplanred En4OB nit l iding

s tee l  d i sc .

LTXE DISC AN LIKE PIN TESTS

Fig.14: Change in volunoelr ic near rate per unit  contact area

as a funct i .o.r  of  s l id i [g distance for pin and disc tests

for uninpLanted En58B stainless sree1, En4OB nitr id ing steel,

NSog tool steel and Eo8 carbon steel discs lubr icsred ir i th

ohite spir i t .  Rolat ional speed = 600 r.p.r0.

I ig.  15: As r ' ig.  14 excepr with N- implanred discs.

Fi .g.  16: Change in near par;rmeter (p as a funct ion of s l id ing

distance for pin and disc tests on 50 kev N- slainless steel

discs 1ubl icared wirh white spir i t .  Rotat ional speed = 600 r.p.ro.

DISC ON STAINLESS STEEL PIN TESTS

I' ig.  17: Change in volunetr ic \rea! rate pe! uni t  contact area as

a funct ion of s l id ing distance for pin and disc tests on

unioplanted En58B stair less sree1, En4OB nitr id ing stee1,

NSOII tool  s leel  and En8 carbon steel discs lubr icated \ ,r i th

nhite spir i t .

- 1 8 -



F i g .  l 8 : Change in volumetric r,rear rate as a function of sliding

distance for pin and disc tests on a 50 keV N+ inplanted

gn58B stainless steel disc lubr icated with white spir i t .

As Fig. l8 but with gn40B ni tr id ing steel discs.

As  F ig .  l8  bu t  w i th  N90I1  too l  s tee l  d iscs .

As Fig. 18 but r l i th En8 carbon steel dises.

As Fig. l8 but with 50 keV N+ ioplanted, 40 keV C+

irylaated,, 40 keV B+ iuplanted and 5O keV Ne+ iuplaated

En40B ai tr id ing steel discs.

YAEYSVW PROFTLES
. L

Fig. 232 Talysurf  prof i les of N'  implanted, r tea! tested (a) stainless

s tee l ,  (b )  n i t r id ing  s tee l  and (c )  too l  s tee l  d iscs

Plate 11: Scanning electron micrograph of a run in wear groove. 'fhe

dimension perpendicular to Che wear sears is approxinately

haLf the width of the groove.

Plate III: Scanning electroo micrograph of a wear gfoove after

several  runs at 40newtons pin ioad' .

Plate IV: Scanning eleetron uicrograph of a \ilear groove after an

unlubricated run. Note the rouaded edges of the platelet

caused by high temPerature during wearing.

F i g .  l 9 :

r ig .  20 :

Fig.  2r : .

Fig. 222

J .

5 .

6 .

8 .

o

Captions to the wear improvement tabl-es

Uniuplanted l ike on l ike tests ( f ig.  14)

L ike  on  l i ke  tes ts  (F ig .  15)

Un i rnp lan ted  d isc  on  s ta in less  s tee l  p in  tes ts  ( f ig .  l8 )

En40B n i t r id ing  s tee l  d ise  on  s ta in less  s tee l  p in  tes ts  ( f ig .  l8 )

NSOH too l  s tee l  d isc  on  s ta in less  s tee l  p in  tes ts  ( f ig .  2A) .

En8 carbon s tee l  d isc  on  s ta in less  s tee l  p in  tes ts  ( f ig .  2 l ) .

Species dependence tests ( l ' ig.  22).
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t0-6
U N I M P L A N T E D  L I K E  O N  L I K E  T E S T S

o
A

tr
I

E
u

('�I

E(,

-

t ;
l-

G,

E

t!
3
(J
g,
F
lrJ
=
3
o

to-7

to-8

STAINLESS STEEL OISC AND PIN
NITRIDING STEEL D ISC AND P IN
TOOL STEEL DISC AND PIN
CARBON STEEL D ISC AND P IN
LOAD =  10  NEWTONS

I

INCREMENTAL SL|DlNG DISTANCE, (  x  )
( t  UN|T  =  15494  cms  )

Change in volumetric wear rate per unit contact area as
a funct ion of s l id ing distance for pin and disc tests on
uninplanted En58B stainless steel,  En40B ni tr id ing sree1,
NsoH tool steel and En8 carbon steel discs lubr icated with
wh i te  sp i r i t .  Rora t iona l  speed =  600 r .p .m.

0 .1

F i g .  t 4
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to-6

1o-7

1d8

to-9

LIKE ON LIKE TESTS
LOAD = 10 NEWToNS

A UNIMPLANTED STAINLESS
STEEL PINS & DISCS

O UNIMPLANTED NITRIOING

E

E

-

uj

c
c
trl
=

I
Fql
=

o

\  - \ -  v  e r r r r ' r r  LAr r  I  q ,u  t . r r  t  F  U -

-  
\ -  t . .o  o  UNIMPLANTEO CARBON

..  
- \ .  

o-  - -  ^  STEEL PINS & DISCS
E. \ . .  V\ - -  ^  O UNIMPLANTEO TOOL

). - .  
- "  s rEEL P|NS & D|SCS" ' \a. .  -  - ' -* .-o

\ .b. . . . . . . . . .  o. . . \o." . . . . . .-.-._:_.]l-.

50kev ."""-r-""'!-&4 --J:.--.-...-r..r....

N ' IMPLANTED ( sx to17  t oNs / cm2)  -  l . . -
STA IN LESS STEEL D ISC & \  A - . .
UNIMPLANTEO STAINLESS STEEL

l lnl"rrorrao (8x rolz roNs/ cm2)
NITfUDING STEEL OISC & UNTMPLANTED
NITRIOING STEEL PIN
N :.]UP!A-NTqq ( 2,! lo17 loNS /cm2 )
CARBON STEEL DISC & UNIMPLANTEO
CARBON STEEL PIN
N'  TMPLANTED (4 x  to17 toNs /cm2)
TOOL STEEL OISC & UNIMPTANTED
TOOL STEEL PIN

1 1 0
INCREMENTAL SLID' ING oISTANCE (x)

(  1  UNIT = 15494 cms )

As l ig.  l4 excep! with N" implanted discs.

A

r00

! r g .  r J -
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1o-5

N '  -  5  x  l 0 r '  i o  n s  / c  m J
I U  K E Y

S T A I N L E S S  S T E E L  D I S C S

.  U N  I M  P L A N T E D  1 0  N E W T O N S

A  I M P L  A N T E  D  4 0  N E W I O N S

A IMPLANTED 10 NEWTONS
ll

-

e
ur
tr,l
:

e
o-
c,
ttl
' to- 5

to -7

! 1 9 .  r o

I N C R E M E N T A L  S L l 0 l N G  0 I S T A N C E  ( x )
( l  U N t T . 1 5 4 9 4  c m E )

Change in weai paranetet Kp es a funct ior of  s l id ina distance
Ior pia and disc tesrs on 50 kev N+ irplaf l lecl  stainiess steel
discs lubr icated with rhi te spir i t .  Rotat ional speed
=  6 0 0  r . p . m .
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)

1o-6

fi-7

1o- I
0.1

UNIMPLANTE D

x

lrJ
F

ut
3

tr
l!

STAINLESS STEEL PI ,NS

.  STAINLESS STEEL DISC
^  N I T R I D I N G  S T E E L  D I S C
r  T O 0 L  S T E E L  O | S C
r CARBON STEEL OISC

LOAO = 10 NEWTO NS

I ' i g .  17 .

1 1 0
INCREMENTAT SLlDlNc DISTANCE, (x  )

(  I  U N I T  =  1 5 4 9 / '  c m s  )

Change ilr vo luDelric rrear late per unit contac!
area as a fudction of slidiflg distance fo! pin and
disc tests on uniEplaoled En58B stainless steel,
En40B ni tr id ing stee1, NSoH tool steel aod En8 carbon
steel discs lubr icaled l ' i th white spir i t .  Rotat ional
s p e e d  =  6 0 0  ! . p . m ,
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N r = 5 x l 0 l ? i o n s / c m 3

50 kav

STAINLESS STEEL PINS
LOAD :  10  NEWT0NS

a

A

E
{

E

!

tr,
,.

&
G

|r,
-

I
G
F
t!
:
3
Jo

UNIMPLANTED

IMPL ANTE O
1o-7

to-t

STAINTESS STEEL

t l 0
I N C R E M E N T A L  S L I D I N G  D I S T A N C E  ( x ) .

(  1  UNIT = 15494 cmsJ

I ' ig. 18. Change in voluoetric wear rate as a functioo of sl iding
distance for pin and disc lests on a 50 kev N+ ioplanled
En58B gteinless steel disc lubricated I ' i th lrhite spir i t .
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to-6

lo-?

t0 -E

N I T R I D I N G  S T E E L

I
I N C R E M E N T A L  S L I D I N G

( l  U N I T  -  3 5 0 0 0

N+ =  2 '8  x  l 0 l?  i ons /cm2
50 keV

N I T R I D I N G  S T E E L  D t s C S
STAINLESS STEEL P INS

LOAD =  l0  NEWTONS

U N I M P L A N T E D

UNIMPLANTE D, HEAT TRE ATED
IMPLANTEO

IMPLANTED, HE AT TREATED

t 0
DISTANCE (x )
cms)

-,
E
t,

.''.
E
t

T

bl
F

c
c,
EI
.

g
G
F
lrl
=
=
J
o

a
o
A
I

r00

F i g . 1 9 . As  F ig .  l8  bur  w i rh  En40B n i t r id ing  s ree l  d iscs .
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to -6

to-t

Io-9

TOOL STEEL
Nr = 3.6 x  t0 l7  ions/cm3

50 kev
TOOL STEEL DISCS
STAINLESS STEEL PINS
L0a0 = l0 N Ew ToNS

UNIMPLANTED
UNIMPLANIED HEAT TREATED
IMPLANTEO

a

A
t0 

-7

E

E

-

ttl
F

e
E

t!
'

9
E
F
lrJ
:
f

o

*  IMPLANTED HEAT TREATED
(BEFORE IMPLANTATION)

IMPLANTE O HEAT TREATEO
(AFTER IMPLANTATION)

A

't00

r L g .  z u

INCREMENTAL SLtDtNc D|STANcE (x ) .
(  1 UNIT = 38260 cms.)

As Fig. 18 but nith NSoH rool sreel discs,
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CAREON STEE L N'=2 x  1017 loNS/  cm2
50 kev
CARBON STEEL OIsCS
STAINLESS STEEL PINS
LOAD = '10 NEWTONS

.  U N I M P L A N T  E D
b UNIfiPTINTEJ, HEAT TREITED

I  IMPLANT E D,  HEAT TREATED
tr  IMPLANTED

100

E

:E

UJ

E

c
uJ
=

(.)

F
u.l

o

1o-7

1o-E

1o- e
0.1 I  t 0

INCREMENTAL SLIOING OISTANCE (  x )
( l  UN IT  =  37416cms)

F ig ,  21 .  As  f i g .  18  bu r  w i rh  En8  ca rbon  s tee l  d i scs .



to-6
SPECIES DEPE N DENCE

N +  t x p t l H t E D
N.r  IMPLANTED
C ' I M P L A N T E D
B+  IMPLANTED
UN IM PLAN TED

N +  =  2  8  x
Ne+= 2 '0  r
B ' =  2 ' 0  x

C - :  2 ' 0  , (

N I I R I O I N G

S T A I N L E S S

L o A D  =  l 0

l0 l7  ions /  cm3
l0 l7  ions /cm?
'lOl7 ion s /cm?
l0 l?  ions /cm3

STEEL D ISCS

STEEL PINS

N E W T O N S
ro-7

E

e

:

trl

G

E

lrl
3
I
E
F
t!
I

Jo

rd
A
A

.*

a

100
I N C R E M E N T A L  S L I D I N G  0 t S T A N C E  ( x )

( l  U N  l T  .  3 5 0 0 0  c m s . )

F iC .  22 , As  F ig .  18  bu t  r i t h
40 keV B+ inplanred
s tee l  d i scs .

50 keV N+ ioplanred, 40
and 50 .kev Ne+ inplanred

kev C+ i$pLanted,
En40B ni tr id ing
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4.1 Uninplanted Like on Like Tests

Fig. 14 gives the relat ive wear performance of the four steels

before inplantat ion against unirylanced pins of the same steel- .  A

stainless steel component in contact with another stainless steel

component has been knornm for decades as a notorious combination in

industry and its position on the wear graph is therefore not surprising.

On the other hand, tool  steel shows relat iveLy good resistance to wear:

by a faetor of 4 i t  is better than stainless steel.

Plotted in this graph has been the volumetric wear rate against

the incremental  s l id ing distance. A particular line on the graph

represents a run on a wear groove. This run is interrupted several

times to measure the amount of material renoved and the sLiding distance

betlveen each interruption is knorm as the incremental sliding distance.

4.2 Like on Like Tests

Fig. 15 gives the eorresponding results for the implanted discs,

run against l ike pins, conpared with sini lar runs for unimpl"anted discs.

Ttre nost marked improvement is that for stainless steel, implanted to a
1 1  )

dose of 5 x 10" ions/cm' (sol id black l ines) an improvement by a factor

of "14. The dashed, dotted, and dash-dotted l ines represent sini lar -

but not so oarked - i ryrovements for inpLanted ni tr id ing steel,  tool

steel and carbon steel discs respect ively ( i roprovements of 6x, 2x and

3 . 5 X  a t  a  s l i d i n g  d i s t a n c e  o f  6 1 9 7 6  c n s ) .

4 .3  S ta in less  Stee l  on  s ta inLess  s tee l  Kp tes t

fig. 16 shows a plot of the pin rnrear parameter Kp (defined in

sec t ion  2 . l l )  aga ins t  the  inc rementa l  s l id ing  d is tance.  As  the  p in

wear parameter does not take inLo considerat ion change in contact area

- 3 5 -



there is no such.downward trend with increase in sliding distance exhibited

by the volumetric wear rate (K.,r) plots. Hor,rever, the results support the

deductions from the K' curves for stainless steel i.e. an improveuent in

wear  res is tance o f  14  a t  a  s l id ing  d is tance o f  61976 ens .

4.4 Unirplanted stainless steel tests

Fig. 17 and the fol lowing f igures refer to discs of the four steels

worn against uniuplanted stainless steel pins. From Fig. 17 we obtain

another comparison of the performances of the unimplanted steels. It

is seen that the performances are worse because of the fact that

stainless steel is a poor wear couponent.

4.5 Nitr id ing steel on stainl-ess steel tests

In Fig. 19 we have compared the performance of inplanted and heat

treated En40B discs. .One of the samples was heat treated and then

iuplanted with nitrogen ions; however, this didn't improve the wear

resistance signi f icant ly.  lon inplantat ion, however,  seems to be by a

factor of 2 better than heat treatment for inproving wear performance.

4 .6  Too l  s tee l  on  s ta in less  s tee l  tes ts

Fig. 20 compares the wear rate of tool  steel (a) before implant ing

(b) after implant ing with ni trogen ions (c) heat treat ing'  (d) heat treat ing

Lhen inplanting and (e) Implanting then heat treating to see if the order

of these two operations is important. Implanting only seems to have a

smal l  ef fect (an improvenent of only -1..1x.1 ;  heat treat ing is better by

a faetor of two. Inplanting and heat treating (both before and after

implantation) collectively reduces the wear rate even more (up to 1 2x

at a sliding distance of 46295 cms) but then this improvement breaks dor.m,

presumably because the implanted f i lm has been broken through, as discussed

Later  in . th is  s tudy .

- ) o -



4.7  Carbon s tee l  on  s ta in less  s tee l  tes ts

Fig. 21 reveals that ion irnrpLantation is a more suecessful method

of improving wear resistance than heat treatment (7x compared to just

I .5x) " Irylanting and heat treating colleetively onLy seems to prod.uce

a lower wear rate than just by implanting after a sliding distance of

74832 cms"

4"8 rnvest igat ion of the dependence of the wear propert ies on ion

In I'ig. 22 ve have conrpared r^rear performance of nitriding steel

ioplanted with four different ions wirh the uninplanted steel. A11

inplanted species give rise to sinilar wear properties (an improveuent

of about 6x) with the exception of neon whose effect breaks dorm after

63000 cns.

4.9 l,Iear Inprovement Tables

Table 3

Uninplanted like on like Tesrs

Kv
Kv.

J

. (= improvemeni
s E . s E e e t

]-n \^leafJ

Sta in less  s tee l

Nitr id ing r l

Too l  r l

Carbon It

d isc  +

t f

p1n

t l

t t

n

1 . 0

2 .2  S l i d ing
= 12395

4 . 2

2 . 9

d is tance,  x
ens

t t

t l
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Table 4

Lilce on like tests

Stainless steel

Nitr id ing rr

Carbon rr

TooL tr

d isc  +

t t

t l

t l

p1n

l l

t l

t l

r  3 . 9

6 . 0

r . 8

3 . 4

x = 61976 cms

Table 5

Uniuplanted disc on stainless steel pin tests

K v  s t . s t e e l
Kv .

J

Stainless

Nitriding

Tool

Carbon

s tee l  d isc

t t | l

t r  l t

t r i l

r . 0

t . 6

r . 4

t . 4

x = 12395 cns

Table 6

En40B ni tr id ing steeL disc on stainless steel pin tests

Kv uninol.
Kv .  imp l .' t -

Unimplanted heat treated

Implanted

Iuplanted heat treated

7 . 3

1 2 . 5

1 2 . 5

- 3 8 -
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Table 7

Kv unimpl.
Kv. inp1.

Unimplanted heat treated

Irylanted

2 . 3

1 . 2 x = 80346 cms

t* : .  n" : .  . r . : ted (before impl  . )1 .2

(af ter  inp1.  )  5 .2

Table 8

En8 carbon steel-  disc on stainless steeL pin tests

J

Uninpl-anted heat treated

Irylanted

ftnpl-anted heat treated

1 . 6

5 . 6

5 " 5

x  =  56124 cns

TabLe 9

Species dependence tests

Kv unirnpl.
Kv. inol .

J .

I

N '

Ne

+
C

4

B .

1 4 . 5

1 1 . 7  x = 5 2 5 0 0 e m s

1 4 . 5

1 6 . 7

s tainless s tee l
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4olO. Nuclear reaction s t s
4 2

Fi.gs, 9 and 1O show the al-pha particle spectra for two of the

sa.nples analysed- - nitrogea ;mFlanted. stainless ar1d. nitrid.ing steels

respecti.vely. The x-exis is a measure of the energy of the particle

enitted. a^nd the y-axis a neasure of the nurnber of particles at that

energy. fhe so peak corresponds to an energr of about 10MeV. The

height of this peak is compared with the height of a stand.ard., for example

siU"con nitri-d.e, to obtain the anount of nj.trcgen present. An iateresting

and i-uporta^nt part of this work was a ccnparison of the height of, the

peak at the pit of a wear grlcove wi.th that at the surface of an unnorn

region for tool steeL (section !).

- J + O -



5.  D iscuss ion

fhe wear inprovement tables show quite e1-ear1y that for all

inplanted discs there is an improvement in wear resistance., ranging from

a fac tor  o f  1 .2  fo r  too l  s tee l  wear ing  aga ins t  s ta in less  s tee l  to  14  fo r

stainless steel against stainless steel.  One could quest ion the

rel iabi l - i ty of  the results though: For instance, i t  can be seen from

the figures that the unirylanted regions and implanted regions generally

only overlap to a smal1 extent - this is il lustrated clearly in the

stainless steel f igures (16 and 18).  The overlap is smal-L because of the

fact that it takes much larger sliding distances to remove equivalent

amount,s of mater ialrcoupled to the restraints on the size of the f lat

(0.2 -  0.5 m) mentioned in sect ion 3.3. I lowever,  bY couparing the

near rate for a given sl id ing distance in the region of overlap, this

problen can be overcome.

From the figures it can be seen that, aside from iuplantation, wear

propert ies improve with increasing sl id ing distance. Ihis can be accounted

for by the increase in the contact area causing the normal stress - and

hence the wear rate - to be reduced.

The problem notr is to try and.account for the improvement in wear

resistance caused by ion iuplantat ion. Since the wear tests were carr ied

out under ful ly lubr icated condit ions, i t  is necessary to take into account

the effects of asperity defornation and strength on the load bearing

proper t ies  o f  the  wh i te  sp i r i t  f i l -n  a1so.  Johnson e t  a l .8  ( " . . .1 ro

6
Hartley" for a review of this work) have shom that Ehe pressure on

the asperi t ies is related to the f i ln thickness by

k = /5\u' '
P o  \ i t  /
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where p, is the f lu id pressurer po the total  Pressure, h and ho f i lm

thicknesses for rough and smooth surfaces. Thus by the smoothing out

of asperi t ies during wear the stress on the f i lm increases with a corres-

ponding decrease ia effect ive f i ln thickness. Now ion implantat ion'  as

mentioned in sect ion 2.2, has the effect of  hardening the surfae.e of the

asperities so that when contaet occurs smal1 equiaxed partieles are broken

of,f to produce a net sgoothing of the surface. Ttre reduction of h

(eqn. 8) during wear due to smoothing causes the pressure ia the fil-m to

rise sharply and the contact points support less 1oad, giving iryroved

wear resistance.

Thus, since the pin and disc are in intermittent contact, the

effective smoothing of one surface cornbined with a nore efficient

lubr icant distr ibut ion between the two surfaces results in a reduct ion

of the wear rate for this tribological couple. However, from the ta1-ysurf

profii.es (fig. 23) it is quite clear that the depth of the wear grooves

is by a faetor of up to a thousand deeper than the ion range predicted

by the LSS theory (section 2.2) - and the wear improvement holds out to

at least the groove depths in most sauples - the exceptions being the

neon iuplanted En40B steel (Fig. 22) and the nitrogen inplanted heat

t rea ted  too l  s tee l  d iscs  ( f ig .  l8 )  a l l  run  aga ins t  s ta in less  s tee l  p ins .

The depth  pro f i les  o f  n i t rogen (F igs .  l0  and l1 )  in  the  En58B

stainless and En40B ni tr id ing steel N+ implanted dises show that the

distribution is much deeper and is far from Gaussian as predieted by the

LSS theory. The En58B stainless steel disc has a ni trogen peak at

approximatel i  12008 (142 ni trogen) and tai ls of f  to a negl igible value

at abour 40008. In the En40B nitriding steel sample there is no such

clearly def ined peak however -  there is more of a f lat  distr ibut ion

- ) , 2 -



(rnax. 5Z nitrogen) truncated at the surface. The distribution tailed

off very gradualLy so that there was sti1l a considerable amunt left

(2.57") at  70008, Also included in these plots are depth distr ibut ions

for carbon, chromium, nickel and iron to see if the different anounts

of these elements in each sample cou1d be related to the different

nitrogen profil-es. I{owever, any direct eomparison cannot be taken too

l- i tera11y as the stainless steel had received 1.8 t imes .more ni trogen

ions. This was an unfortunate consequence of the different rates of

ernission of secondary electrons from the di f ferent steels during

inplantation thus affeeting the reading of the beam current to differing

degrees. This would, on the o.ther handr 'merely effect the size of the

peak as the LSS theory predicts that the range is dependent on ion energy

rather than dose.

.  X-ray photoeleetron spectroscopy also revealed that thAre was far

more free than chemieally conbined nitrogen. This results in higher

di f fusion eoeff ic ients.  During the implantat ion process, loca1

temperature rises are betr,reen 250 ar,d 300oc.10 Now llartley and Longworthg

have found from Moss.bauer spectroscopy studies that nitrogen becomes

mobi le at.  2750C - this l ies within the implantat ion temperature range.

The conpressive stress eaused by inplantat ion which we mentioned in

sect ion 2.2 a1-so increases the di f fusivi ty by factors of three to f ive

(Dearnaley and Hart leyl l ) .  Thus these two effects could account for

the  deeper  p ro f i les .

Even so, 70008 is stil l nearLy a hundred times shallower than the

depth of the grooves so there must be some other mechanism or mechanisus

causing the region of ion damage to move in with the wear groove. This

- t + 3 -



could be related to the conpressive stress during implantat ion i 'e '  a

rpvement of ions induced by the Load stress applied nornally. Ihis stress

gradient hypothesis has been investigated by J. Charles at Cambridge who

found however that this effect is negl igible.

1 ' '

C.p. Flynn' '  d iseusses the possibi l i ty of  thermal nigrat ic in of

the ni trogen ions into the bulk of the steel as a result  of  l -ocal

fr ict ional heat ing during the wear Proeess. (ni t rogen in stee1, we

recal l ,  becomes mobi le at 275oC). Unfortunately there has been no.

success Chus far in measuring the Local teqerature rise. llowever, in

this study nuelear react,ion anal"yses were performed on the pit of the

wear groove and reveal-ed that there was 307 of the surface nitrogen

stil1 present. Ttris is eonsistent with the inward movement of nitrogen

during wearing. Since the Charles team at Cambridge. found no reason

for migrat ion.under the inf luence of a stress gradient,  i t  seems 1ike1y

that the frictional heating is responsible for the movement.

I t  is also interest ing to note that the run in wear groove (Fig. 23(c))

run for - l0rO0O cm is of the sa.me order of depth as the 40N groove' run

for -  1 1000 cn. This is not necessari ly due to a hardening of the

groove pi t  relat ive to i ts s ides: Due to the centr ipetal  force caused

by the not ion of the disc, weax part ic les tend to be thrown onto the

outer side of the groove and hence abrasive wear tends to occur here.

Another factor is that wearing of the groove was successively interrupted

and the pin removed for pin measurements and then replaced back in the

groove - not necessari ly in exact ly the same posit ion as before.

The neon implanted En40B sample - nominally* implanted to a dose

Unfortun'ately there is no nuclear react ion analysis avai lable forneori

to check the dose.



of 2 x 1017 iorrs/cm2 showed very l i t t1e retent ion of neon froo the )CPS

data  ( r ig .  13) .  w i th  a  peak  s igna l  o f  l . lZ  there  was v i r tua l l y  no  neon

(which is insoluble in steel)  present deeper than 3008. one could rherefore

correlate this with the breakdovm to wear resistance (fig. 22) as

mentioned above. The En40B samples implanted with boron, carbon and

nitrogen ions showed no signs of breakdown however and exhibited sirnilar

wear properties with the boron imrplanted sample the best. Thus wear

iuprovement seems to be little dependent on the chemical nature of the

implanted species but rather their  s ize and solubi l i ty.

Finally we compare ion inplantation with heat treatment as a method

of improving wear resist.ance, recalling that the former does not affect

the bulk propert ies of a sauple. Fig. 19 and rable 6 reveir l  thar for

En40B ni tr id ing steel,  implantat ion of one component has twice.the

effect of  heat treatment whereas implant ing heat treated samples has

1ittle inprovement on just iuplanting. with tool steel however

(r'ig. 20 and Table 7) one can deduce that heat treatment has twice the

effect of  ion implantat ion whereas heat treat ing both before and after

implantation iuproves the wear properties even more until the hardened

f i lm referred to above is broken through. rmplantat ion appears to be

better than heat treatment by a factor of 3.5 for En8 carbon steel

( f ig.  21 and Table 8) but the inplanted heat treated samples showed berter

proper t ies  a t  h igher  s l id ing  d is rances .

6 .  Conc lus ions

rt  has been shornm in this study that,  for En58B stainless steel,

.N .s .0 .H.  Loo l  s tee1,  En40B n i t r id ing  s tee l -  and En8 carbon s tee l :

( i )  ron inplantat ion of one component of a tr ibological  couple

under lubr icated condit ions, can increase the wear resistance of steels by

over an order of magnitude. The exact f igure depends on the wearing
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'conponent, the nature of the ion impla"nted. and. the slid'i'::g d-i-stance"

(ii) fropfantation is a viable alternative to heat treatnent; in

all cases bu1k properties are not affected., and the actual i-nprovenent

is better except for tool steel.

(iii) Inplanting and heat treating collectively shorvs only a

slight improvement on just i-nplanting alone, witb the exception of tool

steeJ., up to a slid.ing d.istance of approxinately ,[5 netres.

(:.v) gfre chen1ca1 nature of the ion species is relatively

r:nimportant, apart from the size and. the solubility in tbe steel'

(v) finatfy, the resuLts have also 'supported. exlsti-ng theories

on the neehan:isras of wear improvement caused by ioa irnplantatj'on and

have provj-d.ed. a sound. fra.oework for f\rrther wozj< in this field''

7. Furtbelr trTozk

1. Deternination of the loea1 teuperature rise during wearing'

This would. checlc the valid.ity of our assumPtion that the rise is

sufficient to enable nitrogen to d.i-ffuse into the sa.mple.

2. l,lore work with dijferent insoluble ions and also solecular

species would. check our deductions fron the neon d.ata.

J. More work using d.ifferent steels 'would. check the generality

of all our conclusions.

4 ' D o s e d e p e n d e n c e s t u d ' i e s o n a w i d e r a n g e o f s t e e l s - a t

present only Enl+OB nitriding steel has been examined' after inplanting

with JokeV nitroge' iorr"r5 (F:.g S). the ass'nption that these

properties are general, as nade in this stud.y, would then be justified'

or othenvise.

5. Although the bulk properties of all the steels ar€ unaffected

! t -

by inplantation, surface properties are; for stainless steel this could

- 4 5 -



te critical i.e. i-oplanting ooulcl reslore lts ttsta-inlessrt properties.

Thug corrosion tests oa loplantecl stainless steeL wouJ.d. be very ugefuJ..

5. Fina[y, the effects 6f irnpl,aating both coroponents of a

tribological coupleeioe. disc and. pin , bas yet to be stual.iecl.

I

i
i

H
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Apnendix

Appendj:c I : Sputtering Loss

Accozd.ing to Bett and CharlesvrorthT the d.epth of naterial removed.

d.uring inplantatj-on , d. , is given by

-  D . S  /  r e \
C t  =  

5 -  
. . r . .  ' . e . '  \ A r l

where D is the d.ose i-oplanted (ions/ *2), S is the sputtering

coefficient and. N the atornic d.ensity of the material..

The narci-ur::n d.ose wortb inplanting into the ioaterial is shown to

be given by

z .N .F ;  /  nc \
%  

=  . ' - _  . . . . . . . . . . ' . r "  " " '  \ - - 4 , /

where ilp (tae ion range) "' 55O e.

N  4  8x to22  a tons  /  *3

S =  .1 .53

The fr! an6 S values are thoge for an i-nplantati.oa energy of 50 keV.

Tbis gives the marj.:otr:n dose as D- = 5.15 x 1017 lo,,s/ "^2'

Appendix II : The Accuracv of the Wear lfeasurements

Ma:cj.rnr.rm error j,n d.ia:aeter of pin flat = 1.3 % ,

rf rr tf a'.ea rr rr rf = 2.6 ib,

volume rr rt rr = 3.9 7o ,

rr I tr slid'ing distance, x, = 1 % '

Thus the naxj-mr.m possible error in the voLumetric wear rate

-  2 " 5 + 3 . 9 + 1 =  t  7 . 5  f i .
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Append.ix IIf : fhe Accuracv of the Depth profiles

As nentioned. i.:: the d.iscussion, these results carurot be taken too

1iterally because of the d.i-fferent sputtering coefficlents of the atonic

species, io€.l those with lower coefficients tend. to build up relative tc

those of higher coefficients ihe d.eeper vre probe iato the surface. This

is best illustrated by the carbon profiles in Figs 11 and. 1zz The

solubility of carbon in steel is Less than o.2 fi, thus the 1Lf" average

value fron the profiles is either d.ue to this effect or to the fact that

there waa a Iot of und.issolved. carbon present before the analyses.

Alternatively there could. have been a lot of surface contamination

resuJ-ting from residual lubrica.nt left on the surface, d-espite clea:ri.:eg

thoroughlyo Fortunately though rritrogen has a high sputteriag coefficient

so the nitrogen pro*LJ.es are reasonably reliable.

IV : Electron ui tne wear

Plate II shows half of a seroent a rrur in wear groove and

PLate fllshows about a tenth of a segnent of a vrear groove after several

nrns at a pin loaC of 40 Newtons, rrln for about ten ti-ues the d.istance

of that in Plate rf. rt can be seen that the grooves are much, nore

shallower and. difficult to resolve for the track in rrr - despite the

gTeater nagnification. Thj.s is because theasperities on the pin have

been wotn d.ovm and hence d.o not create such d.eep fumows as in II. In

fact this is eeactly what we found. fron the talysurt' profiles (Fie zJ).

Plate rv shows an j.:eteresting view of a wear groove forsed. d.uring

un-lubricated. wear (ttsevere '!rearrt). The round.ed. ed.ge of the platelet

iraplies that rnelting teraperature vras reached. d.uring wearj-ng.

of

n f
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