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‘rosjnn and dearadation Qt Pb-Sn bearirtq

» a htlateral prore sr.. Oiirjtiqg service?, the
.becomes corrosive duo to the» breakdown of
with subsequent cixtdation occurring at
lemperatures (120-t J. nt the same time

HusiDu coi P«i and Gn betwee-n the substrate
mlay continues to sustain the growth ot Cu-Sn

ic compouncls, winch rir-pletes the* Sn c.orttent
lay below the threshold Ilimit of 3-4 wt/o and
s it liable to cori'osion. In the worst
? over tay is lost due to »rnrrosion and or
liure alonq the iaychr of brittle Ci.i-Sn

Lc compounds with the consequential seizure

'he 1ntprdeposillon of a Ni dlffuslo” barrier between
the substrate and the overlay is a widely accepted
r'rartif-p. lhis o+fers some relief but, Ni-Gn compound
tormatjon occurs although, to a lesser extent than Cu~Sn
rompc>nnrlis.

Recently, it was claimed that Uiu-P and Lu-b diffusion
harriers hasod (Dn impurity co-deposiiion of P and b
rciftiplot el y prevents the nucleatioii and growth of Cu-Bn
Inter met al 11c compounds. These claims and the

theoretical basis upon which these harriers were founded
were sublect to scrutiny and shown to be incongruous.

hn alternative diffusion barrier based on amorphous

Ni-f alloy has been identified in which only Ni~rSn~»
coiiipound was found to grow when Ni-P/bn couples were
annealed. lhe growth rate of this compound was
approx 1mal el V *3rie third less compared to that on a
crysl ai Jlri* Ni barrier which results in the growth of
duplex (N)AGni® -t NiSn”) compounds. It is found that

the Ni -P barrier partially crystallises before the
nucléation of compound; however, when the

barrier was examined with a Pb-20 wt/o Sn overlay the
onset o+ crvstaM lsatlon was prolonged during which the
extent of interdiffusion was also found to be markedly
loss coMipc>rrd to that in the Ni-P/Gn system.
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Sino th* advent of the wheel, man haw strived to
devise means to reduce wear and friction so as not to
impede the rotational movement of the wheel. The
earliest illustrated application of lubrication of

bearing surfaces was that of the moving of the stone

statue of the Pharaoh Rameses Il in which one sees the
pouring of a liquid, probably a vegetable oil, on to the
tracks along which the statue was sliding. In about
1500AD Cll, Leonardo Da Vinci described the use of a Sn

alloy for optimum bearing properties for low friction
ball and roller bearings. Many years later in 1839,
Isaac Babbitt first patented the use a of Sn-based alloy
which led to the arrival of "white metal” plain

bearings.

White metal bearings have been one of the major
successes of the 19th century engineering innovation.
They virtually provided all the <car engine bearing
requirements for the first half of the 20th century and
continued, until very recently, to provide most of the
engine bearings for the American market. The
development of thin wall bearings in the 1930's, which
rapidly replaced its cast-in predecessor for good

economic reasons, made possible a new lease of life for



Mhit* matal as progressiva increase in engine loads led
to premature -fatigue failure. This was brought about by
deliberately reducing the thickness of the bearing matal
layer so that the steel backing could increase the
apparent strength whilst reducing the local strains in

the white metal.

Eventually, increasing engine loads led to the
substitution of stronger materials for white metals.
Development tended to follow two separate paths. In
each case however, the prescription has either been to
provide harder particles in a softer matrix, as in the
case of white metal AIl-Si bearings, or the reverse, as

in the case of AlI-Sn or Cu-Pb bearings C21.

Plain bearings may be defined as those in which the
moving members are sliding by contrast with the rolling
motion of the rolling element bearings. In plain
bearing assemblies, the surfaces of the moving parts may
either be permitted to rub together in conditions of
boundary lubrication, as in marginally lubricated
bearings e.g. during engine starts and stops, or be
separated by a film of lubricant through which the
applied load is transmitted, as in the fluid film
bearings, during normal engine operating conditions. The
criteria of performance in both cases is the
transmission of load with maximum efficiency, which

necessitates minimum friction, minimum wear of the



mating sur-facss and oiaximum rsaiatanca to saizura,
fatigua -fracture or corroaion undar the operating

conditione.

High stiffness and damping characteristics coupled
with low friction at high surface velocities under
hydrodynamic mode of operation make plain bearings a

preferred choice for engine main and big—and bearings.

Plain bearings may be subdivided into two main
classifications! direct-lined housings or insert liners.
The former <consists of housings lined with white metals
or, more rarely, Cu-Pb or Pb-bronze and find
applications in large plant machinery and large diesel
engines. The latter type covers the largest range of
applications from the smallest automotive to the largest
marine diesel engines and are available as solid inserts
or lined inserts. Insert liners consist of backing
material such as steel, cast iron, or Cu alloy which has
been lined with bearing alloys of white metal, a Cu

alloy or an Al alloy.

In recent years there have been considerable
developments in engines for passenger cars and trucks as
well as for ships and stationary machinery C31. In
addition to an improvement in efficiency,the main
considerations were an increase in specific performance

and improvement in comfort in the case of passenger car



enginam. With angines for trucks and industry, priority
was given to improving efficiency and durability. In a
number of cases this aim was at least partly achieved by
increasing the power output and optimising the fuel
economy of engines already in existence. For example,
with regard to service life, trucks are expected to have
a mean service life of about 750,000 km and in some
cases 1-1.2 M km under good service conditions without

any engine component replacement.

Against the background of these ongoing
developments, manlufacturers of plain bearings are faced
with the task of adapting the 'three-1 ayer' materials
mainly used today for the increasing requirements.
These bearings comprise a steel backing sintered with a
bearing alloy of Cu-Pb or Al which, in turn, is
galvanically coated with a thin (15-20 |im) layer of
Pb-Sn, Pb-Sn-Cu or Pb-In as an overlay. Between the
two, a very thin <1-5 |im Ni layer is interposed which

in the case of Cu-Pb bearings performs the function of a

diffusion barrier, whereas in the case of Al bearings,
it serves as a bondinglayer between the other two
layers. The main purpose of an overlay is to provide a

better degree of confomability and embeddabilty than

would be achieved with the base lining material. It also
serves to prevent seizure. For Cu-Pb and Pb-bronze
types of linings the overlay serves an additional

function of protection against corrosion, which is only



a-f-fordad if a sufficient level of Sn <2-3wt/o0> or In
(5-6wt/0) is maintained in the overlay during the

lifespan of the bearing.

In modern highly - rated engines, bearings are
subjected to temperatures varying from 90«C up to as
high as 170<>C. Such elevated operating temperatures
inevitable promote the formation of Cu-Sn intermatallic
compounds at the substrate/overlay interface by means of
rapid diffusion of Cu and Sn, thus rendering the overlay

susceptible to corrosive attack.

Furthermore, elevated operating temperatures can

readily lead to the formation of acidic products in the

lubricant by chemical degradation. Under condition of
infrequent oil change, bearing failure occurs by
corrosion and erosion of the overlay. I in such
situations there are operating difficulties, i.e. dirt

accumulation or brief lack of lubrication this can lead
to the fracturing or splintering of the noM exposed
brittle intermetal lic layer and as a result lead to the

failure of the engine by seizure.

The problem of diffusion and corrosive degradation of
Pb-Sn overlayed Cu-Pb and Pb-bronze bearings have been
recognised over the last two to three decades.
Accordingly, a Ni diffusion barrier is most widely

employed. Whilst this retards diffusion to soma extant.



baaring failura haa baan notad to occur along tha Ni-Sn

intarmatallic compounda by fatigua fractura.

The preaent programma of raaearch waa deaignad to
investigate tha problem oi dif-fuaion in Pb-Sn overlayed
Pb-bronre bearings. Research reports on the mechanisms
of diffusion controlled Sn-metal and metal-metal systems
of intarmetallic compound growth and its control ware
evaluated. For axample,recently it has bean claimed
that Cu-P and Cu-B barriers retard the diffusion of Sn
and therefore completely suppress the growth of Cu-Sn
intermetallic compounds C4,5,&3. Thus it became tha
object of this research to elucidate tha beneficial role
of P and B and based upon this develop alternative

diffusion barriers.

The research falls into the following broad
categories!
a. Evaluation of C-P and Cu-B diffusion

barriers and

b Development of alternative diffusion

barriers based on amorphous coatings.
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2,1 Introduction

The potential ot a material for bearing application
cannot be deemed from the determination of its
mechanical or physical properties, metallurgical
structure or chemistry alone, but require extensive
laboratory and field tests in actual application. A
survey of bearing materials and their development based

upon this is presented.

The generally accepted methods of measuring diffusion
coefficients are presented together Mith recently
published reports by Oybkov C7,8] on reactive diffusion
and growth kinetics of single and two-phase
intermetallic compounds. The mechanisms of diffusion in

amorphous alloys are also reviewed.

Critical reports on the solutions to the problems of
diffusion in Pb-Sn overlayed bearings based on kinetic
or thermodynamic principles are not to be found. The
practice of interposing a Ni Cc9l], Co CIO] or Fe
diffusion barrier owes its origins mainly to the work of

Semlitsch, Kay and McKay Cl1,12] and Unsworth and Mackay
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C13]. Thas« authora hava carriad out datailad
invaatigationa into tha growth kinatica of Ni, Co and
Fa-Sn intarmatallic compounda but hava failad to

provida tantativa concluaiona upon which mora afficiant
barriara with raapact to intardiffuaion and raaction
Control could ba davelopad. For thia raaaon litarature
in tha fiald of aamiconducting davicaa waa raviawed

extanaively in ordar that infarancaa may ba drawn from

tha aolutiona to aimilar problama of diffuaion
controllad intarfacial raactiona ancountarad in tha
davalopmant of thaaa davicaa. Finally, mathoda of

electrodapoaition partaining to baaring applicationa ara

raviawad.

Baaring Matariali

Introduction

Baaring matariala ara raquirad to fulfil a numbar of
diffarant rolaa. Tha fatigua atrangth muat ba adaquata
to aupport tha impoaad loada undar dynamic conditiona
without wiping or axtruding at alavatad tamparaturaa.
Whilat high atrangth ia damandad of baaring matariala it
ia in oppoaition to tha raquiramanta of ambaddability
which allowa foraign particlaa to ba tolaratad by
ambadding tham in tha baaring and tharafora avoid

damaging tha ahaft.



Baaring matariala must ba con-formabla so that it
adapts to tha contour of tha shaft if daflaction or

<niaalignmant occurs in servica and thareby pravant matal

to matal contact. Baarings ara raquirad to have a good
ability to ratain a film of lubricant so that waar is
limited during engine starts and stops. Bearings are

also required to possess good corrosion resistance from

contaminants or degraded lubricants.

A large number of bearing materials ara in common use
since no one material has tha ideal combination of all
the required propartias. Inevitably, the selection of a

bearing material is based on a compromise.

Bearing materials ara classified in the following
categoriasi
(a) . White metals
(b) . Aluminium alloys
(c>. Copper-lead alloys and Leaded bronzes

(d>. Lead-tin and lead-indium overlay alloys

White Metal Bearing Alloys

The traditional white matal alloys are divided

according to the metal used as their basis, i.e.

Sn-based and Pb-based, with a number of intermediate
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alloym which ar> Sn-Pb basad.

In tha Sn-rich alloya, tha matrix ia Sn, aolid
Bolution hardanad by tha prasanca of Sb up to a contant
batwaan 7-8wt/o whilst for casting purposa Cu is limitad
to about S wt/o. Hardnass and tansila strangth
incraasas with Sb and Cu contant, whila alongation
dacraasas C141. Fatigua strangth is also raisad but at
a prograssivaly dacraasing rata as tha amount of
alloying incraasas C151. Tha addition of lwt/o Cd
alavatas tha comprassiva strangth and bulk fatigua
rating by about 40(V C161 though soma commarcial alloys

ara also known to contain Ni, As and Ta.

Laad—basad whita matais which claarly offar an
aconomic advantaga may contain approximataly
12-18wt/o Sb and hava aithar a low Sn contant (up to
5wt/o> or a high Sn contant of about IOwt/o. Up to
2wt/o Cu is usually addad but tha addition of As, Ni or
othar alamants ara mada to rafina microstructura and
improva machanical strangth 1173. At alavatad
tamparaturas thair machanical propartias ara markadly
raducad 1183. Pb-rich alloys hava an inharantly lowar

rasistanca to corrosion and saizura.

Tha group of alloys containing both Bn and Pb covar a
wida ranga with 20-75wt/o Sn and 10-65wt/o Pb. Sb and

Cu contant is maintainad in tha ranga 12-15wt/o and



1-Swt/o, rampactivaly. Them* alloym ara limitad to low
tsmparatura applicationa C19] dua to tha fornation of

Sn-Pb-Sb autactic which malts at about 180<>C.

Whita matals hava axcallant compatibility and have
good conformability and ambadability. Thair corrosion
rasistanca is in ganaral vary good. Unfortunataly,
thair rssistanca to fatigua by tha standards of prasant
day anginas, is poor and for this raason whita matal is
being raplacad by strongar baaring linings such as

Cu-Pb, laadad-bronza or Al-Si and Al-Sn alloys.

Aluminium Baarino Alloys

Al-bwt/o Sn baaring alloys hava baan in usa sinca
thair davalopmant in tha 1930's Cl15,203 and ara oftan
usad in solid form and not as bi-matallie shall
baarings but raquira a shaft hardnass of 400HV if thay
are not overlay plated. At tha present time, well over
one half of the internal combustion anginas for private
vehicles wutilise tha Al-20wt/o Sn alloy baarings and
nearly all commercial vehicle engines. Al-30wt/o Sn
alloy is also in usa to some awtant. It appears that
tha fatigua rasistanca and bearing performance of tha
20wt/o Sn alloy is adequate for virtually all automotive
applications while the higher Sn alloy has lower fatigue

strength but higher seizure resistance.
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Racantly, an Al-40wt/o Sn bearing alloy has bean
developed C21,22] specifically for use in marine diesel
engines where white metal is not adequate. This alloy
has lower fatigue strength than that of Al -20wt/o Sn
but retains its strength properties well at elevated
temperatures and embeddability is superior, which makes
it acceptable for large anginas. Other developments
have bean concerned with the making of
aluminium-babbitts C231, or Al-Pb alloy bearings C241,
which contains 8wt/o Pb based white metal in a matrix of
Al-3wt/o Cd which has an inherently high fatigue

strength.

A more recent development in the high strength
bearing alloys is the AL—-IOwt/oSi—Iwt/oCu alloy. The
fatigue strength of bearing alloys of this type is high,
almost equivalent to that of the strongest copper-based
alloys. Compatibility is good|] however the hardness of
the alloy and the relatively poor embeddability requires
that bearings be overlay plated for satisfactory
performance. This alloy was developed to meet the high
load requirements of the turbo-charged diesel engines

C253.

Generally, Al based bearings represent a satisfactory
compromise between the opposing requirements of high

strength and good surface properties. But under dirty
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mngin* conditionm mhaft wear can ba hlghar than with an
ovarlay piatad baarings. Corrosion is virtually unknoMn
undar normal angina baaring conditions, thasa alloys ara
resistant to angina oil dagradation products though
Matar contamination of tha oil supply has baan known to

corroda tha baaring sur-faca.

2.2.4 Coppar-Laad and Laadad-Bronza ftUovs

Cu-Pb alloys with high Ph contant in tha ranga
2S-sowt/o wara first introducad in tha USA in tha
1930's. Tha softar Cu-Pb alloys hava good surfaca
propartias and in fact tha 60/40 Cu-Pb alloys can ba
usad in soma anginas without tha banafit of tha soft
ovarlay appliad to tha 70/30 Cu—Pb alloy and

leadad-bronzas. Tha strangth of tha 60/40 alloy is low]

this and its suscaptibility to corrosion rastricts its
usafulnass to a ralativalysmall numbar of angina
applicationsC161. Howavar, a widaly usad 70/30 alloy,

ovarlay platad with 23 Mm of Pb-9n or Pb-In, oparatas
wall in a larga number of applications. Tha 70/30
alloy has good fatigue strangthand good seizure

resistance, both of which are further enhanced by tha
presence of tha ovarlay. This increase in tha affective
fatigue strength derives from the partial sacrification
of tha ovarlay in the region of thin films associated

with maximum oil film pressure. Tha maximum oil film
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pramsura ia tharaby raducad and tha affactiva fatigua

strangth ia incraaaad.

Tha low Sn-Pb-bronzaa, with a Sn contant of I|-2wt/o
and a Pb contant in tha ranga 23-2Swt/o, offar a uaaful
advantage in tarma of atrangth ovar tha 70/30 Cu-Pb
alloya. Tha loaa in conpatibility ia accaptabla if tha
baaring ia ovarlay platad. A furthar incraaaa in
atrangth ia achiavad if tha Sn contant of tha alloy ia
incraaaad to S-4wt/o. In tha caaa of

Cu-22wt/o-Pb-4wt/0-Sn aintarad alloy, a atrong 98/8

bronza matrix ia producad with 22wt/o Pb, diatributad
in tha form of intarconnactad ialanda. Tha alloy, aa
would ba axpactad, haa highar fatigua atrangth than

aithar Cu-Pb or tha low Sn-Pb- bronzaa.

Tha uaa of Cu-22wt/o-Pb-4wt/o0-Sn alloy praauppoaaa an
arduoua angina condition, in which caaa tha ovarlay
thicknaaa muat ba li mitad to 25 |im or laaa if pramatura
ovarlay fatigua ia not to auparvana. Tha auccaaaful
application of thia alloy ia alao dapandant on tha
anginaa ability to aliminata dirt ainca tha alloy ia
bardar and tharafora laaa conforming and laaa raaiatant

to ambaddability C2&3.
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2.2.5 Ovrlav ftUoy

In th» lata 1930'» tha practica of Pb or Sn baaad
ovarlay plating Ha» Introducad with tha aim of anabling
tha harder and »trongar Pb-bronze» to ba u»ed a» bearing
lining material, in order that tha »aizura problem»
po!>ad by tha»a »omawhat incompatible alloy» be ovarcoma.

Normally, overlay» are intended to la»t the life of the

bearing, and in »oma conaarvativaly deaigned engine»
running with low oil tamparaturar, thick film
lubrication and good filtration, overlay» may »urviva
savaral hundred thouaand mile» C2dl. However, the life

of an overlay ~can prematurely ba terminated in uprated
engine», by a combination of fatigue wear and corroeion

C273.

Overlay» are generally required to prevent tha

corroeive attack of the bearing alloy and reduce tha

tendency toward» »eizure. The latter ie a function of
compatibility, conformability and embeddability.
Compatability ia the ability of tha ovarlay to reaiat
»olid phara welding with the »haft wharea»

conformability ia tha ability to aelf-adjuat to »haft
deflection and miaalignment by deformation and wear.
The embaddability ia the ability to embed »mall foreign
particle» in order to avoid »coring and abraaive wear of

the »haft or the bearing lining material.



-16-

In  th« UK th» common ovmrlay compositions tor
automotivs snginss ara Pb-<8-12wt/0) Sn and
Pb - <6-10wt/0) In. The fatigue resistance and capacity

against loads of the binary Pb alloys are not enough for
the requirements of recent diesel engines. Accordingly,
ternary and quaternary Pb alloys have been introduced
where additions of Cu 126,281, Ni E27D, 8b, or Tl as
well as one element from the group consisting of Mn, Bi,
Ca, and Ba are made to improve overlay properties t273.
Pb, which is the major component of the overlay,
provides a high degree of conformability. Sn and In are
added primarily to guard against <corrosion, but also
serves to enhance the flowability of Pb so that abrasive
wear due to the shaft is minimised. Cu enhances wear
resistance most effectively, followed by Ni for the
Pb-based alloys containing 5-20wt/o Sn and 0.005-10wt/o
In and/or T1. However, Cu and Ni reduce the corrosion
resistance of the Pb-based alloys C271. The wear
resistance enhancing affect of Ca, Ba, Sb and Bi ara

than that of Ni and decreases in that order.
While <corrosion resistance is enhanced by the addition

of Sb, Bi, Ca, Ba and Mn respectively.
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2.2.6 Prgrad«tion of B»«rino Ovarlavs

In considering the degradation processes o-f bearing

overlays, basic properties such as corrosion resistance,

-fatigue resistance, wear resistance and conformabi lity
can all be deemed to have mutual relationships, in that
one poor property disadvantageous!y influences the

other, and hence the reliability and the life of the
overlay. The margin against some of these properties is
eroded in recent diesel engine designs brought about by
increased loading, increased operating temperatures, an
increase in oil drain intervals and a reduction in

minimum oil film thickness C271.

In recent internal combustion engines, the
concentration of corrosive organic acids can become high
when engines are in use over long periods. Particularly
if the oil is likely to be contaminated by water
(especially salt water) and products of combustion
(heavy or high sulphur fuels). The overlay is therefore
quickly corroded. As a result of the corrosive attack
the original smoothness (0.S-0.7 lim of the overlay
surface is caused to be uneven which can lead to
cavitation erosion by local decrease in the oil film
pressure. This is further exacerbated by reduction in

oil film thickness due to increased loading which causes
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matal to matal contact during angina starta and atopa.
Onca tha ovarlay haa baan convplataly ramovad from tha
main load carrying araa, tha ingraaa o-f corroaiva oil to
tha underlying bearing alloy can aeveraly corrode the Pb

phaaa of tha Cu—Pb or leaded—bronze bearing alloya.

The machaniama of corroaive attack of bearing
ovarlaya haa baan daacribad by Zuidama C291, Miakinova
and Qindin C301 and Uilaon and Shone C311. Wilaon and
Shone attribute tha corroaion of pure Pb in degraded
medicinal white oil to reaction between a aurfaca layer
of Pb oxide and oil oxidation acida. Thia initial
reaction forme depoeita coneieting of Pb aoape and
organic acide, which in time dieeolva to yield uniform
corroeion of Pb in the form of aevere etching. However,
if Sn or In ia alloyed with Pb, then corroeion ia
prevented by the praaance of a continuoue aurface layer
of Sn or In  oxide. The continuity of thie layer ie
dierupted by the praaance of Pb oxide if the Sn or In
content ia below 3wt/o and Swt/o reepectively, in which
case pitting occura in Pb-Sn alloya, whereae both
general and intergranular corroeion occure in Pb-In

alloya, aee Fig.l.

There ie no danger of corroaion of the ovarlay ao
long ae the Sn or In content ramaine at ite original
level. However at angina temperature, diffueion of Sn

or In from the ovarlay takae ©place and if the angina
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LFAO-rIN AlLt.0YS Lr.'W-INDIUM Al1J.UVS
r/.rnsuRC ui ihii tixioistD ihi.
Sn 2.U wt/y. Sii 2.d wt/y. iti 4.8 wt/*/. In - 4.H wt/y.
i.oturrfiiit |jrotprttvtr Hi>;ed cxiiu» 1.1_<(ifrerit fr_r?t_ectiv>* M!‘,‘-hl uk i @
film o tin film. filmof Ingi«im tilm
leal o:;iik? Civi de Lec*cl nx ids?
i i\t XFidijl b= i) Hiil  1IXtal>ti> OIfuU
Tiij «(.'rrOS1 un Inalisprl pit ting Nii forrn‘=ion Hi 11 i r-i) rosion
corrosion ot tho nr -uns
-airujuaia
Fig. 1 Sch*Rictic r«pr»s«nt«tlon of th» tl~chanisms by
Nhich Pb-Sn  and Pb-In alloya corroda in Madicinal

Whit* 011 at 140'C C313
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tvflvparatura is high (90-170<>C), as in rscsnt snginss,

diffusion can procssd to the extent that Sn or In falls
beloM the safety level and corrosion sets in as
described above. The diffusion phenomena occurring in

bearing overlays are Mell documented 19,10,323.

In the tri-metal bearings interdiffusion results in

the formation of Ni-Sn intermetallic compounds (NijSn,

and NiiSn) on top of the Ni diffusion barrier. The
function of the diffusion barrier is to prevent the
diffusion of Sn into the underlying lead-bronze bearing
alloy. In the absence of a Ni barrier extensive Sn
diffusion takes place. Cu-Sn compounds (Cu*sna and

CuisSn) form at the lead-bronze interface and the loss
of Sn is much more serious. In these circumstances
bearing failure can occur either by complete removal of
the overlay by corrosion or fatigue fracture along the
brittle layer of intermetalllc compounds. In both cases
ultimate seizure ensues by abrasive Mear of the exposed
intermetallic compounds with the shaft. This problem is
also recognised for the Al-Si-Zn overlay-plated bearings

used in the turbo-charged diesel engines 1253.
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Introduction

Dit-fusion is a process Mheraby the distribution oi
each component tends to wuniformity C33-43]. Diffusion
in solids plays an important role. For instance, the

rate of solid stats reactions, the growth rate of oxides
scales on metals, the sintering rate and the high
temperature creep rats of materials are determined by

diffusion process.

A crystalline solid consists of a regular array of
lattice sites which are low-energy positions for the
atoms. A simple concept of diffusion is the atomic

movement from one site to another. At room temperature

the Jump frequency is relatively small, however at
higher temperatures it becomes significant leading to
readily observable effects. Different Jump mechanisms

are possible depending on the nature of the moving atom
and the nature of the lattice. A  number of possible

mechanisms are shown in Fig. 2.

Fig. 2a demonstrates the exchange mechanism, where
the Jump consists of an exchange of two neigbouring
atoms. For dilute binary alloys, the diffusion

coefficient of individual species are required to be the
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Fig. 2 PossiblB etomic movemBnts contributing to
dif'fusion (a) sxchange, (b> ring, (c) inttrstitialcy,
(d) intarstitial, (> vacancy mechanism.

Fig.3 Gigg's energy as a ‘'function of position in

lattice, X is the Jump distance.
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mama. In moat casas this machanism is anargatically
improbabla. Fig.2b is a variant of tha axchanga
machanism. Fig.2c illustratas tha intarstitialcy

mechanism whara an

on a lattica sita to

direct jump from

possible. Fig.2d.
a major role in the
tin,
most common type of
which an atom from
neighbouring site.
favourable and is

substitutional

study of point defects in

Ciil521, AglS31,
base metal

systems C331,

indium and thalium C441.

Energetically this machanism

alloys

AuCS41,

composites ara

and diffusion

intarstitial atom displacas an atom

anothar intarstitial sita. Also, a

ona lattica site to another is

This mechanism is assumed to play

diffusion of noble metals in lead,

Fig.2e damonstratas tha

mechanism, the vacancy machanism in

a lattice site jumps into an empty

is most

common in most pure metals and

C45-491, as demonstrated by tha

some metals a.g. A1C50-S11,

and PbCSSI. Elactrodapositad

thought to be substitutional

in them occur predominantly

by a vacancy mechanism 134,38-401.

Rates of mas» transport by diffusion

The atoms in the crystal lattice occupy positions with

a relative minimum in tha potential energy. In Fig. 3

such positions are p and r. However due to thermal

energy they vibrate with a frequency f.
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An atom is transfarrad from poaition p to r with a

probability of axp<-S,/kT). Tha jump fraquancy is
givan by

P. - f <1)
in the absanca of axtarnal forca, a.g. concantration
gradiant. Howavar, undar tha influanca of forca tha

barriar for a jump in tha diraction of tha forca is

lowarad to (G. - cdam, whara

O0m - 1/2 XF (2)

Hanca, tha jump fraquancy from p to r bacomas

P»r * Pa axp <£0,/kT)

In most casas tXB, << kT so that

Pa, - P. <l + bS./KT)

So, to a first ordar approximation tha nat jump rati

bacomas

P-. - P, - Pa - p. <l + bG./KT)

and from aquation 2

Tha nat valocity of tha atoms is XPaati multiplying this
by tha numbar of atoms par unit voluma c¢c ona obtains tha

flux J.
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.3.3 T«ffIPT«tur« d«D»nd«nc» of diffu«ion

Th» Gibbm Bnsrgy G, can b> dividvd into a migration
enthalpy H. and entropy TS, and substituted into

equation 6 which yields

gi* f exp<S«/k) exp<—H,/kT) (7)

to a first approximation for interstitial diffusion.

For vacancy diffusion the temperature dependence of the

vacancy concentration and Gibbs energy of formation of

defects has to be considered which transforms equation

6 into
D - gX«f expC<S.+S,)/kTD exp C-/ kT3 (8)
Therefore, diffusion coefficients can generally be

written in the form

D-D. exp(-Q/KT) <9)
This is the so-called Arrhenius law where D, is the
pre-exponential coefficient and Q is the activation
enthalpy. The expression is an adequate representation
of diffusion in most metals and dilute alloys.

Although noticeable exceptions are the anomalous BCC
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fliBtalm CS73.

ThB>* mxcaptionm ara thought to ba du« to

(i) tempBratur« dapandancB o-f th« activation «n«rgy of
SBIt diffusion or

<iI)TtMO or morB mBchanisms contributing to bulk
diffusion.

SeBgar and Mshror CSB3 and CS91 has prBSBntsd BMprBSsioni

taking into account th« abovB offsets.

Pick's SBcond law rslatos tho concontration of tha
diffusing spacios to tha tima and position co-ordinatas.
I f tha change in concentration in the given volume

equals tha net flow into this volume, then

(10>

Substitution of Pick's first law into this continuity
aquation yields

ic 6 6¢c

- - — <b- > (11)

<t ¢X BX

This is the Pick's Second Law. If D is independent of c
and X

(12
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Th* solution to Pick's Sscond Lsm is

C. <-X»)
c<x,t) axp
(TIDt)*'« 4Dt

at ths following boundary conditions!

c(0,0) * c. and c<x,0> » O
Fig. 4 shows ths dsvslopmwit of
prufilB with tints. It follows from

plot of In c(x,t) vs. X» is a straight

174Dt.

ths

(13)

concsntration

squation 13 that a

lins with slops

Fig.4 Dsvslopmsnt of ths concsntration profils
c(x,t) of tracsr atoms dspositsd in an amount c(0,0) < M

on ths snd of a long rod.



.3.

.3.

.3.

-29-

D«t»rmination Infrdiffu»ion Co»*"icirntc

Gruba Mathod

Measuramant of diffusion coafficiants ara oftan
parformad with diffusion couples, e.g. a sandwich of the
type AB/A. In these cases the concentration of A at the
interface is kept <constant during the eKpariment i.e.
the boundary conditions are «¢(0,t) > O and c¢(x,0> ~ O

with the solution to equation 12 given by

c(x,t> c.<l - erf (- )> (14)

trf(y) denotes tha integral

-rf < ?- Ple-- I
y) fr o dx (S)
the so-called error function. Values for this integral

ara given in tabular form.

The above treatment is known as tha Oruba method C603

and is only applicable where D is —concentration

independent.

Boltzmann-Matano Method

This method allows more accurate determination of D

and assumes that 0 is a function of composition. As with
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tha Gruba (iiathod, an accurata datarmination of
concantration panatration profila is raquirad from which
tha Matano intarfaca is datarminad graphically. This
intarfaca raprasants a cross-saction whara tha opposing
fluxas of spacias A and B ara aqual. This intarfaca is
loiated as shown in Fig.5, such that araas N and M ara
aqual. In tha absanca of porosity and changa in molar

voluma this approximatas tha original intarfaca.

Tha Boltzmann solution to Pick's sacond law is givan

© oL YtKi-Jc. Il <16>

whara, dx/dc* is tha raciprocal of tha slopa of tha
concantration profila at a particular composition, c*,
and tha intagral is tha araa batwaan tha curva and tha

liatano intarfaca from c m c«w to c - c*.

Boltzmann-Hatano-Haumann Hathod

From tha Boltzmann-Matano solution to Pick's sacond law,
Haumann C611 darivad an aquation that is wvalid for
dbtarmination of D in an intarmotallic phasa if tha
concantration profila is approximataly linaar in this

phasa
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2t <Ci, - (:ie_i>)0JfA“*Xdc an
Mhar>
Cti - C|,( “ total cone, diffBranca in tha layar
Ci/> = 1/2<Ci,t — Cs,a)

d > layar thicknasm o-f intarmatal 1lic phasa
c*,i and Ci,i ara concentrations in phasa 2 at the
boundaries with phase 1 and 2 <see Fig.6)
The value of D obtained by equation 1 is an average
value in intarmatallic phasa 2 and does not represent

tha concentration dependence of D.

Wagner's Method

WagnerC&2] considered the material transport at the
boundaries of tha intarmatallic phases. From the
material balance set wup at tha phase boundaries the
following aquation can be derived which is concentration
independent!

tic, Xe, T CXPPMi" (18)

where

Am N1 “ concentration gap at the left and right
phase boundaries, respectively,
Ctf > displacements of right and left phase

boundary from the Matano intarfaca<Fig.6) .
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HATANO INTERFACE

Fig.5 Concentration penetration profiles illustrating
the application of Boltznann-Matano solution for D

erT«MO INTIRFM

Fig. 6 Schematic representation of determination of D
in intermediate phases by the application of
Boltzmann-llatano-Heumann method and Wagner's method.
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R>«ctiv Di'frurion

Introduction

In « chsmical r*action
anothsr solid to 'form a solid
continuous coharont layar of

raactants bacoma saparatad

tha rata of diffusional
spacias bacoma tha dominant
ovarall raaction rata. Usually tha

tha parabolic law which was first
and was than obtainad
Tha growth of two compound layars

by Arkharov C781, Schrodar

Sato C801 and othar invastigators.
tha thicknass of aach of tha
thair total thicknass, should
with tima. In ganaral, this is

thicknass - tima ralationship

compound layars is very complex

portion of tha curve is close to

somatimas ona of the layers

considerable period of tima while

in which onB solid

from ona anothar.

transport

factor

thaoratically

and Lauta 1791,

in Binary Sv«t«fl>

raacts with

product such as a

intormotallic compound tha

Tharafora

of tha raacting

datarmining tha

layar growth follows

astablishad by Tammann

by Wagnar C76,771.

was similarly traatad
Fromhold and
Thay concludad that

two layars, as wall as

incraasa parabolically

not tha casa. Tha

in tha casa of two

181,821, and only soma

a parabola. Moreover,

only occurs after a

tha others grow from

the very beginning of the experiment.
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A raont thaory davalopad by Wagnar C621, Kidaon C83],
Haumann Coli, Qurov at al [841 and athar invastigatora
ia baaad upon Pick'a lawa (mainly upon Pick'a Pirat law)
and takaa no account of tha rata oP chamical raaction.
Thara ara a numbar oP diacrapanciaa batwaan tha axiating
diPPuaional thaoriaa and tha axparimantal data availabla
in tha litaraturai tha main onaa ara tha Pollowing

according to Dybkov C7,83i

1. Prom a diPPuaional point oP viaw, all tha compound
layara in a givan ayatam ara axpactad to occur and grow
aimultanaoualy C843. Thia ia contrary to tha
obaarvationa. Thara ara a numbar oP binary ayatama in
which up to tan compounda axiat in a cartain ranga oP
tamparaturaa. Howavar tha aimultanaoua growth oP aay
Piva or aix compounda ara not raportad, tha uaual numbar

baing ona to thraa, and raraly Pour C2,841.

2. Tha layar growth ia oPtan non-parabolic,
aapacially in thoaa caaaa whara two or mora compounda
grow aimultanaoualy. In tha initial ataga tha procaaa
ia non-parabolic, tha layar thicknaaa-tima ralationahip

being linaar 12,843.

3. Prom diPPuaional conaidaratione, onca a layar
Porma it cannot than diaappaar bacauaa tha amailar tha
thicknaaa tha graatar ia tha layar growth rata, that

baing invaraaly proportional to tha axiating layar
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thicknasm C76,771. HoMavar, this may not ba tha casa}
van Loo and Riack CB63 annaalad a
Ti-TijAI-TiIAL-TiAI»-TiAl»-Al spaciman at 62S<>C for

ISh and found that TiAl and TiAl* had vanishad

compiataly.

Solid stata growth of ona compound lavar

Considar tha casa Mhara a singla layar of tha

compound p and q baing positiva intagars,
grows batwaan tha elamants A and B, Fig.7. Tha growth
of A*B, layar batwaan tha two mutually insolubla
alamants, say at tamparatura T|], is dua to two parallal
processas aach of which procaads in two consacutiva
staps. Firstly, tha B atoms diffusa across tha A.B,

layar and than raact with tha surfaca A atoms at the
A/A,B, interface (interface 1 > according to tha

equation

qB(diffusing) @ pA(surface) A,B, (19)
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tm 0
A- «pMM

*KA)

Fig.7 Schamatic illustration of tha growth oF tha
AquIayar batwean alamants A and B.



-37-

Sacondly, th* A atom« di-f-fum* acroas in th* opposita

diraction and raact at tha intar-faca (intar-faca 2)

with tha Burfaca B atoms according to aquation

qA(diffusing) + gB<surfaca) “ A,B, (20)

From tha viaw point of raaction kinatics 19 and 20

ara diffarant, whila tha raacting substancas ara tha

sama, sinca tha raactants antar in quita diffarant
statas, namaly as diffusing or surfaca atoms. Both
procassas involva two consacutiva staps C871i (a)

diffusion of atoms through tha layari and (b) chamical
raactions with tha participation of thasa atoms taking
placa at tha intarfaca batwaan tha layar and aithar A or

B.

Tha considarations balow ara basad on tha following

assumptions!

1. tha concantrations of componants A and B in tha
layar at boundarias 1 and 2 ara aqual to tha limits of
tha A,B, homoganaity rangai

2. tha changa in concantration with distangca within
tha A,B, layar is linaar

3. during tha growth both boundary concantrations and

a linaar concantration distribution ramain unchangad.
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Th«s« ammumptions are wuaually mad* to treat the growth
kinetics of compound layers C62,61,883. I f these

assumptions are satisfied then

- =0 (21)

Equation 21 implies that the concentration of A and B
within the A,B, layer depend only on position, x and are
independent of time, t C23. This condition is satisfied
for stoichiometric compounds having a limited range of

homogeneity.

One process in the A-B system

Let reaction 19 be the only reaction in the A-B
system. This is the case when diffusion of A within the

A/B, is negligible compared to that of B.

In the initial stage of interaction, a number of B
atoms are able to reach the A/ApB, interface since the
thickness is small and the diffusional transport of B
atoms is very fast (in the limit instantaneous). The
overall rate of reaction 19 is therefore limited only by
the reactivity of the A surface. This reactivity of A
surface towards the B atoms, however, remains unchanged
during the course of the reaction 1. In such a case the

layer growth rate is constant, therefore.
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I’_‘d]tjreal:ction regima (22>

where x is the thickness Of the layer (m>} t the
time (sec)l km the rate constant of the layer growth
under conditions of reaction control (m s*>). In
the subscript OBI, 0 indicates the reaction regime of
the growth layer, B shows that the B atoms diffuse
towards the reaction site and 1 indicates the interface

at which reaction takes place.

When the rate of reaction of B atoms with A surface

is very fast, the growth of 2B, layer is limited by
the rate of transport of B atoms across the layer. This
is the diffusional regime, which can be treated with

Pick's first lawi

oc,
i- - -D,— (23)
ox
where J» is the flux of the diffusing B atoms across the
ApB, layer towards interface 1 (mol m**s*)]| D> the
diffusion coefficient of B into the A,B, lattice (m*s*)

C( the concentration of component B within the compound

layer (mol nv™¥).

If the concentration distribution is linear (Fig.7),

then

(24)
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Hano,

— Cpi
<25)
1f the chemical reaction is inetantaneoum then all the B
atoms passing across the layer react at interface 1 to
«form compound. Thus the thickness of the layer
increases by dx. Therefore the flux, I can

alternatively be expressed as follows

N 3
) cat (akjaif fusimnal regime (26)
By equating equations 2S and 26, one obtains
ladidi ffusional x| (27)
regime
In this equation
kia, “ Da(Cm — Cai)
(28)
Cat
is the rate constant of the layer growth under
conditions of diffusional control. In the subscript IBI

the first 1 indicates the diffusional regime of the
layer growth and the other indexes have the former

meanings.
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Equation« 27 and 28 wara -fir«t proposad to calculata
tha diffusion coafficiants in growing intermatallic

layars by Haumann C611.

In ganaral, the growth rata of tha A,B, layar
dapands on both tha rata of diffusion and tha rata of
chemical raaction sinca aach of thasa two procassas
procaads at finita rata. Tharafora, aquation 22 and 27
are the limiting casas of a general relationship which

can formally be found by summating tha raciprocalsi thus

dx k.,
- m-= s —— (29)
dt 1 (kMiX/Kk,.,)
Integration of equation 29 at tha initial condition

X >0 at t - 0 yields

(30)
2k km
that if km << Kkii
into aquation 22.
equation 30 becomes
X " Ki,,t (31)
Hence, the raaction constant kt«, can ba found as the
slope of tha initial straight line portion of the
axparimantal thickness - time dependence plotted in

X - t coordinates.

If however, k*,, >> k,n/x than aquation 29 reduces
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to aquation 27. Accordingly, -for large > equation 30

simplifies to

X» 2k,,t (32)
The diffusional constant k,a, can therefore be found as
the slope of the straight portion of the same data, but
plotted in X* - t coordinates. Another way to find k,n
is by calculation using known values of Di, c¢*,, and

c»i (equation 28).

Note that the reactivity of the A surface towards the
B remains constant whereas the flux of these atoms
through the compound Ilayer gradually decreases as the
layer thickens. Hence, there exists a single value X*,,,

hereafter referred to as <x») at which these quantities

are equal. Thus
. . . 33
Jreaction Jdiffusion (33)
regime regime
from equation 22, 27 and 28 it follows that
(34)
At x < x* the reactivity of the A surface is lase than

the flux of B atoms and therefore there is an “excess"
of these atoms, which can be used to form other Chemical
compounds. On the other hand, at X > x* there is a
déficit of B atoms because the rate of reaction at the A

surface is greater than the flux of B atoms through the
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layar, thlaraiora formation of othar compound layara is

not poaaibla

Equations 29 and 30 can bo intarproted in torms of
ti mo, i.a.

dt « r-**— + — ldx (35)
Tho first torm on tho right hand sido is tho timo for

diffusion of tho reacting atoms to tho roactlon sito

dt =
diffusion (36)
and tho second is tho timo for subsoquont chomical
transformation
t - <
reaction Lkwil 87)

General casoi Reaction 19 and 20 proceed simultaneously

Tho growth of layer to tho loft from tho
original A-B interface is duo to reaction 19 whilst its
growth to the right is duo to reaction 20 (see Fig.7).
Taking into account the results from the previous

section, one obtains

dt " Lki"- - “Ijixi (38)

and
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7 H{L‘J AkMaJ Ve (39)
whar* kMs im chemical constant and ktM is a
diffusional constant which is a -function o-f D* the
diffusion coefficient of A in A,B,, and of boundary
concentrations Cn and caj, of A into the layers

Da(Ca, - c,j)
(40)
C«
Reaction 19 and 20 are considered to be independent of
each other for the following reasonsi (a) they are
separated in space; <b) the fluxes, j* and J>, across
the growing layer appear to be independent of each

other. Since each component of the compound forms its

own sublattice.

From equations 38 and 39 it follows

dx*i km
(41)
dt 1 @ (kmx/Zki(i)
and
dxas km
(42)
dt 1 * (kmx/k,M)
A general equation describing the A,B, layer growth

between A and B phases is the sum of the equations 41

and 42; thus

(43)
1 1 + <k«M></k«M)






than aquation« 43 and 44

dM 2k»,

dt | (k»,x/k,,)

and

4k, 2k,

For small valtas of x,

X “ 2k»,t

whareas for

This is tha casa

componants to tha

thasa <contributions

initial portion of

a straight lina.

kaw << k,»/x (or,

dx

k»,, + K».

dt

and tharafora

X - (k», + k»«)t

Again, for larga x

k»* >> kma/x (x>>x* and

larga valta of x it

whan
layar

ara
tha thicknass -
Indaad, if

altarnatively

tha conditions

X>>x")

.46 -

bacoma, raspaciivaly,

(45)

(46)

aquation 46 raducas to

(47)
bacomas

(48)

tha contribution of both

growth ara aqual. In ganaral,

diffarant. Navarthalass, an

tima ralationship is
<< K,,/Xx

K», and

X<<x* and x<<x*) than

(49)

(50)

k», >> K,«/Xx and

ara satisfiadi thus
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<51)
and
X» - 2(k,, + k,«)t (52)
There-for», this long-tims portion of thi X -t
relationship is parabolic.
Growth of two compound layers
A schematic illustration of the growth process of two

compound layers at the interface between two elements is
slinwn in Fig. 8. It is assumed that elements A and B
are mutually insoluble and that compounds A,B, and ABa

have a narrow range of homogeneity.

The A,B, layer grows as B atoms diffuse through
to interface 1 and react with the A surfacai
gB + pA - A,B, (53)
Its thickness increases as A atoms diffusa towards
interface 2 and react with A,B, to form A,B, compound!
(sp - qr)A + gA,B. - sA,B, (54)
The growth of the A,B, layer is due to reactions
(sp - qr)B + rA,B, » pA,B, (55)
and
rA + sB - AB. (56)

which take place at interface 2 and 3 respectively.
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~rMctioo

Fig.8 Schematic illustration of the growth of two
compound layers
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Th® compound is the product in reactions 53
and 54 and a reactant in 55. The A,B. compound is the

product in reactions 55 and 56 and is the product in

54. Hence the -formation of A,B, layer is due to
reactions 53 and 54 and the "dissolution" into A,B, due
to reaction 55. Similarly” the layer Qrows due
to reactions 55 and 56 and "dissolves" into the A,B,

layer due to reaction 54.

The thickness of A,B, layer Mill incr by

dx» - dxit * dxa (57)

where dxn is the increase in the layer thickness at
interface 1 due to reaction 53 and dx<« is the
increase in its thickness at interface 2 due to
reaction 54 the expression for dxn and dxni can be

found from equations 29 and 35 to 37, thus

dxn dt (58)
1 (ki*,x/ki»i)

where kg,, is the rate constant of A,B, layer
growth under reaction control and k», is the rate
constant of its growth under diffusion control. The
constant kig, is the function of the diffusion
coefficient, Ogi%gg>, of B and the boundary
concentrations Cg,,9pgq) and  cggigpgq,

of component B in ABg layeri
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K. (59)
Ctt uipao»

Similarly,

k«*
dx«, dt (60)
1 & <kM,X/kiM>

where

Ki« (61)

being the diffusion coefficient of A

in ApB* and Cpitt"pp, and Cpsippap, the

boundary <concentrations at interfaces 1 and 2.
During dt, the ArB« layer thickness will increase
by
dy. = dyw + dy,, (62)
where dyn is the increase in its thickness at
interface 2 due to reaction 55 and dym s that
increase at interface 3 due to reaction 56. The

expressions for dy,, and dyM are

By, gt (63)
1 + (kMiy/kin)
and,
dy,, ............ S dt (64)

1 <k(My/kiM)
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and,

"AlArta» CCAiuirPBi

D and c baing the diffusion c

concentrations, respectively, o

the ArB, layer.

During the same time, dt, the

layer will decrease by dx. as a

This decrease can be found from

where m is the mass and M the
compound. Since mass is the
density, fi.
Hence,
rg
dx. -dy»i
where the ratio of the molar

that of A,B, is denoted by g, i

.e.
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<6S)

(¢>6)

oefficisnt and boundary

f component A and B into

thickness of the A,B,
result of reaction 55.
equation 3, in fact;

(67)

molecular mass of the
product of volume and
(68)
(69)
volume, V, of A,B, to
g *
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I-f > <rg/p)km than dx/dt < 0.
Thim maanm that tha thicknass o-f tha A,B, layar remains
constant sinca tha rata o-f its growth is aqual to its
dissolution into butA,B. continuas to grow

linearly.

When the condition

rg
katitkiM < — Kk«
p

is satisfied the A,B, layar cannotgrow sinca dx/dt < O

and therefore only ArB. will grow. If ApB, was

initially present then it would dissolve into A,B,

until dx/dt becomes positive when it will begin to grow.
Similarly, tha ArB. layer thicknass remains

constant or equal to zero if

km-tkcM 7 (q/sg)kM.

If km-tkiM < (g/sglkwe

then ArB. is absent.

Note that both layers grow under reaction controlled
regime with regard to both components as

X << X*, X << X*, y << y* and y « y*
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.4.5.2 Non-lincat— linaar growth

Thickening of the layers Mould result in change in
their regime ot growth. Suppose that A,B, growth is
dittusion controlled w.r.t. B (><>>x*) and assume that
A,B, is reaction controlled with respect to A (Xx<<x¥*).
The regime ot A,B, growth is then regarded as reaction
controlled with regards to both components <y<<y*,
y<<y*) . These conditions can be described as followsi
kf«ww >> km/x, kwe << kim/x,
kaw << kiM/Zy, kww << Kin/y.

Therefore, equations 73a and b become

dx el I'g
R + - -k (79a)
dt Y. 9
—m ¢ kww - — Kk, <79b)
dt »9

From equation 79b it follows that the A,B« layer grows
linearly with time. Whereas the A,B, growth is

complicated (parabolic, asymptotic, etc.)



2.4.6 Th» rol”® critic«! thickn««» iIn d»t«rniinipg th* growth

2.4.6.1

kinetic» tha layer»

Departure« af layer thickne»» - time rel*tion»hip»

Suppose that the regime of growth of the A,B, layer
becomes diffusion controlled with regards to both
ccimponents B and A (x > x* x > x*>. In this case,
the A,B. layer cannot grow at the expense of component
A. Since at x > x* all A atoms diffusing across A,B,
are consumed into A,B, compound at interface 2

according to reaction 2a. Moreover, the thicker the AB,

layer the greater is the deficit of A atoms in
cumparison with the reactivity of the ArB. ; therefore
reaction 4a cannot proceed. At x > x* this layer grows
only at the expense of B. In such a case, the term

1 "keiay/Kkui«)
in equations 73a and b has no physical meaning. This
results in a decrease in the rate of growth of A.B..
Indeed, at x < x* this layer grows at the expense of
both components whereas at x > x* it grows at the
expense of B. Thus a departure of the y - t curve is

observed as shown schematically in Fig. 9.
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Fig.9 Departure of A fB ¢ layer growth due to change
in the growth regime ApBq

Fig. 10 1, Ha»* ofanpo layer, 2, mass offapBt
layer, 3, paralinear grbwttv. Region |, parabolic growth.
I, linear growth.
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4.7 P«r«linwr »tog» of growth of th9 I«Yor«

If >I>>x* x>>x* and y<<y* than equation* 73a and b

become

dx K,, + kpa rg

<80a)
dt X P
dy q kM
— % k», me—— — <BOb)
dt sg X
It is seen that the A,B, layer tends to a limiting

value defined by the equation
<k,, + k,,)p :
<a>

rgkan

while ArBa growth at fairly large x becomes linear.

Thus
dx
- (S2a)
dt
dy
(82hb)
dt
Equation of this type were first proposed by

Loriers C89-91: and Kofstad C851 which are observed when
the diffusion coefficients of the elements in the layers
are very different. Such kinetics are usually observed
in oxidation of metals and alloys. From equation* 80a,

b and 82a, b it follows that if
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Ki»i + Kk,M rg
----------------------- >> — kv,
X p
then the mass - time relationship is almost parabolic
whereas the more long - time portion is almost linear.
Fig. 10.

Late staoe of growth of layers

Eventually, the regime of A,B. layer growth becomes
dif-fusional with respect to component B <y>y* see Equ.54),
In this case, A,B, has no source of B atoms and its
further growth proceeds at the expence of A. Thus, at
X >X* and y > y* the growth of layers is due to
reactions 2a and 3a at interface 2 whereas reactions 1

and 4 cannot proceed, therefore terms

kwi/1lfkamK/km3 and kww/C I'"kwwy/KiM”"

have no meaning. For the late diffusional region

< X >> X* and y>> y* ), equations 73a and b become

dx Ki.. rg

(B3a>
dt X p y
dy K.,
— * d (83b)
dt y sg M

The solutions to these equations are often based on the

assumption that the ratio of the rate of growth of the
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IntTm»di«t» Pham» in B<rri»r«d QvrXav Bwrino»
Tha most common problvm in coatad
structuras is tha instability which darivas from the

chemical non—equilibrium batwaan the substrata and the
deposited layer. Consequently, tha demand for
equilibrium drives tha intardiffusion and tha reaction
between the substrata and the coating. Often tha
configuration which has tha minimum free enthalpy after
intardiffusion is not of tha same crystallographic
nature as either of the parent components. In  such
cases intermetal lic compounds are formed which are

usually of stoichiometric composition.

Generally, three aspects of intermetallic compound

formation can be recognisadi

l. nucléation of the compound
1. topography of the growth

I1'1. thermodynamics of formation

For a compound to nucleate in the parent phase, the
atoms which predominate tha compound must be transferred
to the site by a diffusion process. In tha Cu-Sn
system, the diffusion of Cu through the Cu«Sn* layer
is rate controlling C641 and that of Ni in Ni>Sn4 for

the Ni-Sn system CIOI.
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Th* topography of tha surfaca of tha aubatrata can
influence tha alloy growth C6S1. Thara is alao
evidence that aurface treatmanta can alter tha form of

individual cryatallitea C661.

The free enthalpy of formation at the temperature

concerned is a relevant factor in the formation of
compounds. If more than one compound can form, tha one
with the highest heat of formation can occur in

praferanca to others.

The intermediate phases in copper-based bearings with
Pb-Sn overlay have been identified by Craydt C631 as
Cu4Sni and Cu«Sn. The Sn rich Cu”Sna occurs first at
the interface, and with time transforms to Cu rich
CuaSn. Tin is also known to react with other metals
such as Ag, N i, Co and Fa to form intermatallie
compounds. Attempts have bean made to utilise Fa and Co
as diffusion barriers for bearings, though only Ni has
found axtansiva commercial application. Both Co and Fa
form Sn compounds e.g. CoSnt C121 and FaSni Clil at
temperatures of 170 <C. Nickel however, reacts at room
temperature C681 to form NiSn* which then transforms

to NiiSn4 at about 100 <C.
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2.S.1 NucX««tion and Growth Kin«tie» of Inthrm»di<it»

Phases
Nucléation of phases in metals and alloys is
predominantly hetrogeneous. Suitable nucléation sites

are non-equilibrium defects such as excess vacancies,
dislocations, grain boundaries, stacking faults, and
free surfaces, all of which increase the free enthalpy

and hence the local activity of the material.

However, the bulk of the transformation product is
formed during the growth stage by transfer of
diffusants across the parent/product interface. There
are two types of interfaces: glissile and non-glissila.
Glissile interfaces migrate by dislocation glide

resulting in shearing of the parent into the product.

Non-glissile interfaces migrate by more-or-less random
jumps of individual atoms and are thermally very
sensitive. Most interfaces are of non-glissile type,

whose parent and product may or may not have the same

composition. If the composition remains unchanged the
new phase will grow as fast as the atoms cross the
interfacei as such the transformation is interface
controlled. However, when the parent and the product

have different composition the growth of the new phase
will require long range diffusion. The transformation

is interface controlled if the reaction is slow, but
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di-ffumion <controlled if the interfacial reaction is

fast.

In general, the groMth kinetics of intermediate

phases are described by the power law of the form

Yy Kt*'«
where, x thickness of the compound
t « time

K,n > growth constants

Usually the diffusional growth of intermediate phases
follows a parabolic law behaviour in which n-2 . Any
deviation from parabolic behaviour is an indication that
some mechanism other than bulk diffusion is governing

the growth kinetics

Kay and Mackay CIll] have measured the rate of growth

of CutSn« at room temperature and found that the

growth rate was parabolic. Also, they have examined
the effect of different basis materials on the
compound growth rate against Pb-Sn coatings C123. They

concluded that the growth rate for the total compound
was the highest on the Ni-Fe alloy substrate, followed
by cobalt, silver, copper, brass and iron at 170°C. The
composition and the condition of the coating and the

hardness of the copper substrate also have an effect on
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th* growth rata of tha Cu-Sn compoundo. Thay aatimate
the activation anargy for tha Cu-3n symtem to be 39 KIJ
mol~". Tu and Thompaon have observed that the growth
rate of the CutSni at room temperatura in thin films
is linear, and that tha dominant diffusant is Cu.

However, the rate of growth of CuiSn in the temperature

range of 115-1SO was found to be parabolic with an
activation energy of 96.5 KJ mol'™*. This entails
that the CcuSn* phase which nucleates first is

interfacial reaction dependent and that diffusion across
it is not rate limiting. At the higher temperature of
220 oc, Cogan et al.C671 have reported the growth rate
of both Cu*Sn« and CuiSn to be non-parabolic and

suggests a grain boundary diffusion mechanism.
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2.6 Oifru»ioo in ftmorohou» and Crvatallin* Allovm

until r»cr»ntly there were relatively -few
investigations o-f di-f-fusion in amorphous alloys, mainly
because of the experimental limitations in measuring
small di-f-fusion rates at su-f-ficiently low temperatures

to avoid crystallisation.

A tentative comparison of the rates of diffusion in
an amorphous alloy with that in an equivalent
crystalline alloy cannot be made since a homogeneous
closed packed crystal of the same composition as the
amorphous alloy usually cannot be manufactured. A
crystallised form of the amorphous alloy is readily made
but is too <complex, consisting of multi-phase crystals
separated by a high density of interphase and grain

boundaries.

However, sufficient and reliable diffusion data is

now available to make a generalised comparison. Fig.11

shows diffusion coefficients of P, Si and Au in a range
of Fe, Ni and Pd based amorphous alloys C691. At a
given temperature, diffusion in an amorphous alloy is
faster than crystalline self diffusion and
substitutional impurity diffusion, but slower than
crystalline interstitial impurity diffusion and grain

boundary diffusion C69,703. Diffusion is also affected

by structural relaxation when an amorphous alloy is heat



68

Fig. 11 Auf P and Si dif'fusion coeF'ficicnts in
amorphous alloys, togsthar with comparable crystalline
data.

Fig. 12 Comparison of diFFerent diFFusing species in
M-Me amorphous alloys.
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traatad. Di-f-ferant invastigations have ahown aithar a
sharp dacraasa, a small dacraasa or no effect. These
conflicting results may arise from different methods of

manufacture C713.

With the exception of B and Si, every amorphous alloy

diffusant combinations investigated has displayed an

Arrhenius type of behaviour with an approximately
constant activation energy, indicative of a single
diffusion mechanism operating over the range of

temperature studied C69D, see Fig.12. However, diffusion
in metal-metal <M-M> amorphous alloy is significantly
faster than in metal-metalloid (M-Me) amorphous alloys,

SF*H Fig. 13.

Modelling of the diffusion process in amorphous
alloys has proved to be difficult. Attempts have
hitherto been made based on the random walk analysis of
diffusion of an interstitial atom through an idealised
amorphous structure C721. The treatment is based on the
idea that diffusion takes place between the adjacent
interstitial sites or voids for lighter elements such as
H, Li, B and Si. For the diffusion of heavier atoms, it
is generally assumed that migration via the largest
interstitials or ‘'holes' occurs.

Buschow C731 has shown a <correlation between the
crystallisation temperature of the glass and the

calculated enthalpy of formation of holes in a number of
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Fig. 13 Comparison of Au diffusion in M-Me and M-M
amorphous alloys.
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Fig.14 Correlation of measured crystallisation

temperature with calculated enthalpy of formation of
holes in binary amorphous alloys.
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amorphoum alloys, %mm Fig.14. Tha implication is that
tha highar tha crystallisation temparature the lower the
equilibrium concentration of 'holes’ and thara-fore tha
lower the dit-fusivity of tha solute species. Akhtar at
al.C741 have compared the diffusivitias of Pb, Pt and Au
in Ni-Zr glass and more recently C753 compared tha
diffusivitias of Pb, Ag and Al in Ni—-Nb glass.
Diffusivities decrease in the order cited in the first
series which is also the order of tha melting points
but not the order of atomic radius. In the second

series Al is out of order.



-72-

=2 N DI F—LSrdnNdy BRI BERS

2.7.1 Introduction

Th« davalopmsnt of diffusion barriers for

Pb-Sn

overlaysd bearings has largely been based on empirical

knowledge. The reason is that the information

on

properties of materials necessary for a systematic

approach to the problem of interdiffusion is difficult

to obtain. Hence it is essential to draw inferences

from the concepts used in other branches of technology.

To some extent, parallels can be drawn from the

most

detailed investigations carried out on semiconducting

devises, which also suffer from similar problems of

diffusion controlled interfacial reaction of silicon

with other metals.

To stop or reduce interdiffusion, the most practical

method is to interpose a diffusion barrier C921.

effective a diffusion barrier must have a

To be

slow

permeation rate with respect to the diffusing species;

tliis constitutes a kinetic barrier. Additionally,

the

barrier must not react at either of the adjoining

interfaces; this constitutes a thermodynamic barrier.
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Tha usa oi a partially oxidisad ra-fractory matal -film, a

thin conductive oxide -film, a nitride phaaa, or a
metallic amorphoue phase with high crystallisation
temperatura has bean noted. These barriers will slow

down interdit-fusion kinatically; thus they are kinetic
barriers meaning that the barrier and its neighbouring
constituents are generally not in thermodynamic

equilibrium.

The requirements demanded -from di-f-fusion barriers for
bearings are somewhat stringent. They are expected to
be kinatically and thermodynamically stable as well as
possess suitable mechanical and at least emergency
bearing properties. The method of barrier fabrication
to date has been limited to electrodepostion since it is
the cheapest, although a German bearing manufacturer
C933 is currently evaluating a physical vapour
deposition technique. Hence, the choice of materials

and the design of diffusion barrier are also limited.

Diffusion barriers can broadly be classified into the

following different typesi

Elemental Barriers

One obvious choice for the material of the barrier X

is the metal which does not react chemically with A and
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B on «ithar sida it and ham nagligibla mutual solid
solubility with both A and B. Of coursa thare is no
assurance that such a material can be -found but, even if
it exists, it may not behave as a di-ffusion barrier if

grain boundaries or other extended defects are present.

Campisano et al C941 have demonstrated the nature of
the problem in a study of bilayer films of Cu and Pb.
The two metals are immiscible in their solid bulk phases
and do not form compounds. Both films were
polycrystalline. The average grain size for Cu was of
the order of I0 nm and that for the Pb was much larger,
about 200nm. After annealing it was found that Pb had

penetrated throughout the Cu but that of Cu in Pb was

not detected. This was due to the much larger number of
grain boundaries in Cu than in the Pb film. Since the
bulk solubilities are nil, the intermixing resulted from
structural defects such as grain boundaries. In a

second experiment the ratio of average grain size was
invertedi the predominant moving species was also found

to be changed from Pb to Cu.

The grain size of polycrystalline film is thus of
primary significance in determining the atomic transport
properties. The size of grains, other structural
characteristics such as defects, the texture and stress
generally depend on the method of fabrication. Similar

effects to the above example were also observed by



-75-

Baglin and d'Hsurle C9S] Mho invastigated Cr/Cu and

Bi/Cu thin -films. Thesa two pairs of metals have very
low mutual solid solubilities; intermi>iing was
nevertheless observed. Other examples of this kind are

found in the Ti/Mo/Au metallisation systemsC961 and in
magnetic bubble memories. The mutual bulk solid
solubilities of Mo and Au are exceedingly low below
8000C and the two metals do not form intermetal lic
phases. However since the malting point of Mo is much

higher (262070 than that of Au, the Mo film is the

finer grained of the two, so that Au diffuses
preferentially into the Mo film. Thus, thin film Mo
doss not <constitute a diffusion barrier for Au. This

was further confirmed by Nowicki and Wang C971.

Most diffusion barriers for bearings appear to have
been based on this concept, for example Ni,Ag and Co
C13,121 of which Ni is most widely used. Although
these barriers prevent the interdiffusion of Cu they
fail to curtail the interdiffusion of Sn. Indeed they
all react with Sn to form compounds Cl21. Fe however,
approximates closely to a passive barrier, with the
lowest rate of compound growth. This may be due to

partial oxidation of Fe during the plating process.
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2.7.3 Sinai« Crv»t*l B*rri«rm

Ths May to aliminata faat di-f-fusion paths such as
grain boundarias and dislocations is to usa singla
crystal films. Tha solution is not practical for normal
applications but investigations have been carried out
which show that, in principle, such films do indeed

constitute effective passive diffusion barriers.

Tu and Rosenberg C983 produced thin film couples of
200 nm Pd and 70 nm Au separated by an intermediate
layer of Ag about 300 nm thick. In one specimen the Ag
layer was single «crystalline as was the underlying Au
film . In the other specimen the Ag barrier layer and
the Au layer underneath were both polycrystalline and
had an average grain size of 35 nm. Au forms solid
solution with Ag and forms compounds with Pb but Ag and
Pb do not react and have low mutual solid solubility.
Regardless of this, Tu and Rosenberg found that after
vacuum annealing for 48h at 200®C, the single crystal
layer of Ag was essentially impermeable to Au and Pb.
In contrast, the polycrystalline layer of Ag did not
prevent the formation of PbAu compound at the Pb-Au

interface after only 24h at 200®C.

A second experiment with a polycrystalline Ag layer

«as performed with Pd instead of Au. Metallurgically,



77

Pd and Au bahave similarly with raspact to Ag and Pb
but Pd and Ag are su-f-ficiantly dissimilar -for Pd to
alter the lattice parameter of Ag noticeably i-f a
sufficient amount of the diffusing Pd goes into solid
solution with the Ag grains. The lattice parameter of
Ag Mas found to be unchanged even when the amount of Pd
transported Mas substantial compared Mith the amount of
Ag layer. This result indicates that Pd is confined to

grain boundaries and does not penetrate the grains.

Kirsch et al C99] also investigated the
interdiffusion of Au/Ag thin film couples in the single
crystal and polycrystalline state. In contrast to the
previous experiment, their thin film couples Mere self
supporting and the Pb layer Mas absent. The absence of
the Pb film Mas significant. Whan the single crystal
couple Mas vacuum annealed at 1S0<>C for 40min the films
underwent no detectable change. When the
polycrystalline film Mas similarly treated, Au mbs seen
to diffuse into the Ag layer and Ag was also seen to
diffuse into the Au layer. The presence of Pb acts as
a sink for Au (or Pd) atoms and the Au (or Pd) does
not alloy with Ag, but forms compounds with Pb, the rate
of reaction with Pb being much faster than the process

of diffusion into the Ag grains.

The presence of a sink at the boundary of a film

which contains rapidly diffusing impurity atoms
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constitutes a strong driving force in thin film couples.

A demonstration of this is provided by thin evaporated

films of Au or Ag on Si single crystal substrate
C100-1023. Si and Au arc mutually insoluble. Because
the Si substrate is single crystalline, no significant

diffusion of Au into Si occurs but fast diffusion of Si
into Au is indeed observed. In an oxidising atmosphere
<O«,air,steam) SiO* Mill grow rapidly on top of the Au

film at temperatures as lom as |00~C.

Another demonstration of the effect a sink can have
on the behaviour of thin metal layers is offered by the
Ge/Au/Ni system C1033. Bulk Au and Qe form a single
eutectic, Au and Ni form a solid solution and Ge and
Ni form compounds. If the Ge layer and the Ni layer
are separated by a layer of Au, all the Ge diffuses
through the Au layer and combines with the Ni during the
heat treatment. Au and NI do not interact much during
this process. The condition which must be satisfied is<
that the atomic percentage of Ni exceeds that of Ge.

This guarantees that all the Ge can be bound in the form

of NiGe compound. If there is not sufficient Ni to bind
all the Ge all three elements become mixed in
laterally non-uniform aggregate. The results are

similar if Pt is substituted for Ni C1043.
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2.7.4 Amorphou« Di-ffu«ion Barrier»

A significant rscent development is the use of
amorphous alloy films as interlayer diffusion barriers
for metal-semiconductor contacts. Miley and co-workers
were the first to recognise the potential of amorphous

alloys as diffusion barriers C10S3.

I extended defects present rapid diffusion paths,
one way to eliminate them is to use amorphous materials
also known as metallic glasses. These glasses can be
produced from a large variety of different alloys,
presenting a scale of different properties C1061. One
important parameter is the glass transition temperature
Tg. A high value of Tg for the amorphous phase results
in a greater resistance to crystalline transformation
C711. Refractory metals such as Nb, Hf or W in
combination with transition metals such as Fe or Ni or
metalloid such P, B or Si often form metallic
glassesC107] with Tg high enough to withstand service

and process temperatures for semiconductor devises.

Amorphous thin film diffusion couples have been shown
to have diffusivities of 10**> cm*s** and hence
diffusivities in some amorphous films are many orders of
magnitude smaller than those in polycrystalline

metalsC108,109]. Generally, diffusivity in amorphous
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alloys ara intsrinsdiate to those of de-fect tree single

crystals and ot polycrystalline materials 121,703. The
main reason for this observation has been the
elimination of the grain boundary component to
diffusion. Anderson et al Cl 103 have observed no

interdiffusion of Au or GaAs after 16h anneal at 400®C
in the Au/amorphous W-Si/GaAs system and that for
Au/amorphous W-Si/InP, no interdiffusion was observed
after 8h at 450®C. The results were a significant
improvement over previous polycrystalline barriers
(e.g.TiPt) which degrade after Ilh at 350®C. Similar
improvements have been demonstrated by Suni and
NicoletC1113 for the Fe-W barrier, Thomas et al.C1123
for the Ni-Nb barrier and by Zhu et al.C1133 for the

Ni-N-W barrier.



-81 -

2.7,5 St«bl» Di-f-fucion Barrier»

A stabl* barrier layer must have a positive tree
energy ot reaction with the material ot the films on
both sides of the barrier. The solution is to seek a

material with a large negative energy of formation.

Compounds have the advantage of being numerous. By
selecting strongly bonded materials, chemical stability
with respect to materials on both sides of the barrier
can be achieved. A good example of such a barrier is
TiN, but nearly all nitrides, borides and carbides of
early transition metals are attractive candidates for
stable compound barriers 11143. These compounds are
characterised by high melting points, chemical inertness
and extreme hardness, and are formed by sputtering of
sintered compound targets or reactively sputtering of

elemental target.

An application of this idea has been described by
Fournier C1153 for the gate metallisation of transistors
where TiN is used as a barrier between Ti and Pt
layers. A layer of Ti only 10 nm thin provides
adequate protection against diffusion of Pt during a
heat treatment for 30 min at  4S0<>C. Reactively
sputtered TiN and TaN have been successfully used for Ni
metallisation of PtSi layers on a Si substrate CIIf>3. A

75 nm thick TiN was found to be adequate for a heat
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treatmant of 90 min at 600<>C. In tha absanca of tha
barrier , tha Ni and PtSi layers strongly intarmix
Cl171. These barriers are also used in Ti/Pd/Ag C1181

and Cr/Ni CIllI&l metallisation schemes.

It is possible that raactivaly sputtered films behave
as "stuffed" barriers (set.2.7.8 >, but overall these

compounds behave as a fair approximation to the ideal

case of a passive barrier.

7.b Partially Stable Barriers

An attractive feature of the compound diffusion
barrier is that it can be thermodynamically stable, i.e.
with the barrier X in a state of IOMer free energy with
respect to a reaction with adjoining materials A and B.
Although this stability does not ensure low diffusivity
of A and B in the barrier, it does ensure that the

barrier itself will not react with A and B.

An example of this kind has been investigated by Tu
and Chance CI 191 in which a polycrystallina layar of Ag
deposited on Pb was shown not to prevent diffusion of Au
atoms and thé subsequant formation of PbiAu. Howevar,
if Au alloys with Ag rather than raact with Pb the
molar free energy of Au is reduced with raspect to its

pure stata since tha alloy has a negative free energy of
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formation. Tha naxt stap is to bind tha Au chemically
(i.a. to lowar tha molar fraa energy) so that tha
«'v»action with Pb bacomas energatically unfavourabla. By

calculation and axparimentation, Tu and Chance shOH that
Pb ceases to react with Au if tha Au-Ag solid solution
ccjtitains more than 70 at/o Ag. For Pd this limit is in

the vicinity of 99 at/o.

This stability condition still leaves out of
consideration the second interface of the barrier layer
against the Au film. As long as such a layar is
present, the Au (or Pd) concentration in the compound

layer cannot be maintained at a fixed value but will
necessarily change with time. To ensure complete
cliemical stability of a compound barrier layer, it is
necessary in general to reach a state of stability

against both A and B simultaneously.

Another thin film couple which is claimed to be
stable is Ti,M,../Au. This metallisation system has
been introduced by Cunningham et al C1201. The stability
of Ti.Wi., against Au has bean deduced from
electrical measurements after annealing of the thin film
couple at 4SO0®C for 600h. A thermodynamic calculation
to support the claim is not given. However, Harris et
al.C121J) have shown experimentally that Ti.Wi., film
is not stable against Si but forms a ternary compound

with it. The reaction with Si sets in only at
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elevated temperatures. At lower temperatures the alloy
is metastable against Si, it should serve as an
acceptable barrier between Au and Si i-f neither are
fast diffusers through the Ti.M,., layer.

A general kind of partially stable
biHrrier is provided by silicide contacts. PtSi and

PdiSi are wused as the first contacting material.

Usually this first layer is then covered by a second
metal such as Ti . The free energy of the whole system
can thus be lowered if Ti reacts with the Si. Whether
PtSi is dissociated in the process and reforms

elsewhere or whether the titanium silicide is directly
formed by diffusion of Ti or Si across the PdtSi is a
question of kinetics. At the temperatures and times
usually encountered, Ti reacts slowly with PtSi] this
is the reason why the system can be applied successfully

in practice.

Alloy and multilayered barriers have the advantage of
being numerous, though, for bearing applications, only
Ni-Fe [9], Cu-Zn C93 and Ni-Sn C1223 have been reported,
none of which arrest interdiffusion of Sn. Recently,
Modes et al C1233 have reported the use of
Cu-<30-70w/0)Sn alloy in combination with an additional
layer of Sn or Zn. It is not clear whether any or all
of these alloys were designed to be thermodynamically

stable against Sn by free energy considerations. The
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use o-f multi layared barriers are not cofflmon to bearing
industry, although two examples can be cited, the work
o-f Modes et al C1233, and that at Glyco lietalwerke C1243
in which a two-layered barrier construction is
described. One layer consists of Ni and the other was

Ni-(30-90w/0)Sn alloy deposited on top.

Sacriticial Barriers

Sacrificial barriers exploit the fact that the
adjacent films that react and form compounds often do so
in a laterally very uniform fashion. A barrier layer X
that reacts wuniformly with the material A and B on
either side of it then effectively maintains a
separation between A and B as long as the barrier layer

is not fully consumed by these reactions.

One of the first applications of a sacrificial barrier
was proposed by Bower who investigated the role of Ti as
a diffusion barrier in the Si/Ti/Al metallisation system
C12S3. A recent patent describes the use of a sputtered
film of the intermetal 1lic compound TaAli as a barrier
between Al and Ta on a Si substrateC12&3. A Ta film
does not react with Si below 650<>C, but it does react
with superimposed Al film to form Tavils interfacial

layer.
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All of ths practical barrivrs dsvalopad for baaring
applications tend to fail into this category, not by

design but by the ensuing interaction of the barrier

material with either Sn or In from the overlay. Ni
and Fe effectively separates Cu and Sn or In but
permits the formation of compounds with Sn or In  whose
rate of growth is lower than that of Cu-Sn or Cu-—In

compounds.

Stuffed Barriers

Stuffed barriers are those whose low atomic
diffusivitics are attributable to the inhibiting effects
of impurity segregation along the fast diffusion paths.
The pronounced improvement of the diffusion barrier
properties of lio and Ti«<.,M,,, films in the presence of
impurities such as O or N confirms this. Impurity
concentrations of the order of 0.1 at.pet or less arc

usually taken as indicative of this type of barrier.

To unambiguously establish the role of an impurity in

a particular case s difficult, but there are many

instances where stuffed barriers are likely. For
example the presence of oxygen impurity in Cr improves
its effectiveness as a barrier against Al C1271 and
that of Ni against Pt C128I. In another instance, the

presence of 10-15 ppm of S in Cu is known to inhibit
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2.8 El»ctropl«tinQ Proc»«»»« for Plain B”™arino«

Ther* are three main areas of application oi

electrodeposits in the bearing industry!

<a> overlay plates;

<b> diffusion barriers and bonding layers between the

bearing alloy and the overlay, eg. Ni plate; and

(c) protective coatings for steal backed bearings.

With the exception of Ni as a diffusion
barrier and Sn or Cu as protective coatings for steal
backings the majority of electrodaposits are alloy

based.

Brenner C1463 describes the following four main

types of alloy piatingi

(i) Regular and Irregular Co-deposition

In this type of process the composition of the
deposit is governed by the rate of diffusion of a
particular species of metallic ion in the cathode
double layer. Thus an increase in the concentration of
a particular type of ion in the double layer caused by
forced <convection or elevated temperature leads to

increased composition of the alloy deposit. This is
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most liksly to occur in the baths in which equilibrium

potentials of species arc far apart.

In irregular co—-deposition the process is not totally
dependent on diffusion phenomena and the effects of
plating variables on the composition of the deposit ate
less. Irregular co—deposition occurs in systems in which

equilibrium potentials arc closer.

(ii) Equilibrium Co-deposition

Examples of equilibrium co-deposition are Cu-Bi and
Pb—Sn alloys in which the ratio of metals deposited are
the same as that of the metal ions in the plating

SLilution at low to intermediate current densities.

<iii> Anomalous and Induced Co-deposition

Anomalous co-deposition is rare and only recognised
for soma of the iron group of metals. In this system
the lass noble metal is deposited in preference to the

more noble one under certain plating conditions.

Induced co-deposition takes place when metals such as Mo,
W and Ga are induced to be deposited in small quantities
with Fa, Co and Ni which are otherwise not plateable in
elemental form. The effect of plating variables on

alloy composition are not clearly established.
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2.B.1 Elactrodepomition of L«ad-Tin ftllov»

Tha most widely used overlay deposits are Pb-Sn and
Pb-In. However, there are certain customary preferences
for their use; in the USA Pb—In is preferred despite the
higher cost of indium. The manufacture of Pb—In
overlayed bearings involves additional costly processes

since Pb and In are deposited as separate layers and

subsequently diffusion heat treated to form a
homogeneous alloy. A recent review by Walsh and Sabe
C1471 indicates that future developments for Pb-In

electrodeposits are likely to be based on tartrate or

sulphamate solutions.

In the UK and Europe, Pb-Sn based overlays are
preferred. Fluosilicate solution were first used for the
electrodeposition of Pb and Sn in the refining industry.
However, since the mid-19S0's the use of fluoborate
solutions for Pb-Sn alloy plating has come into
prominence. This plating system belongs to the regular
type of solutions in which metallic ions are introduced
in the form of concentrated Pb and Sn fluoborates. The
ratio of metallic ions in the solution is the same as

that desired in the deposit C1461.

The boric acid content of the bath is not critical;
however, a certain minimum quantity is necessary to

prevent the hydrolysis of lead fluoborate otherwise lead
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-fluorid* precipitates. Free fluoboric acid is also
added to prevent the hydrolysis of stannous fluoborate.
The presence of addition agents as glue in the bath is
a requisite as it promotes lateral growth and improves
adhesion and surface roughness. The addition agents
also enhance the Sn content of the deposit and are
generally one or a combination of two of the following;
gelatin, resocinol, or beta-napthol. Glue is generally
used up during the operation of the bath through
inclusion in the deposit, precipitation, or
decomposition. Glue content of the bath is maintained

on the daily basis to retain control of the deposits.

The International Tin Research Institute C1481
recommends a current density of 3 Adm'»s for still vat
plating and 6  Adm** for barrel plating. The

composition of the anodes is the same as the desired
cninposition of the deposits. The operating temperature

of the bath is usually maintained between 25 and 30<>C.

Electrodeposition of Amorphous Alloys

Generally, the electrochemical techniques for
preparation of amorphous alloys have preceded as
techniques of metal finishing for corrosion resistance,
wear resistance etc.; consequently there are relatively

few reported studies about their preparation and
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physical propsrtiss by this msthod. The amorphous
metals and alloys prepared by plating techniques are

listed in Table 1 CI301.

The amorphous metals or alloys have the toll owing

properties!

(1) Bi-S C1311, Bi-Se C1321, Cd-Te C133D, Cd-S, Cd-S-Se
and Cd-Se C1341, Si C13S1 and Si-C-F C1361 alloys show
the <characteristics ot n-type or p-type semiconductors,

developed as materials tor solar calls.

(2) Cr and Cr alloys C1371 and Ni-, Co-, Fa-based alloys
C1381 including W, Re and Mo are highly resistant to

corrosion and have good thermal stability.

<3) The structural transtormation trom a crystalline one
to an amorphous one tor the Ni and Co alloys C139] takes
place continuously with an increase in concentration ot

S, P, or B

(4) Ni-Mo-P and Ni-W-P C1401 and Co-Ni-P are recognised

tor good electrical insulation and magnetic properties.

The cathodic reactions tor both the electroless and
electrodeposition ot P- or B-based amorphous alloys are
similar and believed to consist at direct and indirect

processes. The direct reactions are simply nickel and
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hydrogen reduction. The indirect reactionm are
diacusaed by Scholder et al.C1413 who showed that in the
presence of phosphine <PH.) and Ni ions, Ni-P alloys
could be formed spontaneously. Because this reaction
most probably occurs on the surface, elemental P is
incorporated in the Ni lattice by chemisorption and
prevents normal crystal growth. The greater this
inhibition the lower the nucleaction energy. As a
consequence the nucléation rate is high and the lateral
growth is low C1421, resulting in a fine grained or even

an amorphous alloy if sufficient P is present.

In general it has been established that if the
amount of P dissolved in Ni exceeds about 12 at.pet.
then the structure of Ni-P alloy becomes amorphous. In
the case of Ni-B alloy approximately 16 at.pet. B is
required. The upper limits, are respectively, 25 and 35
pet. The concentration of P in the alloy is reported
to increase with the decrease in the <current density
C1443 while its distribution varies with its thickness

C1451.

The deposition processes for the amorphous alloys
remains poorly wunderstood, but some variations in the
alloy types occur. These include at least two different
amorphous phasesi layered or homogeneous in the case of
Ni-P 11443. The different amorphous phases C1433 depend

on the deposition conditions. As a result of pH
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Introduction

The experimental section o-f this thesis was
originally designed to be complementary to the work of
Kalubowila et al C4,5,63. As such it falls into two
main categories. A detailed investigation into the
deposition and performance of Cu-P and Cu-B diffusion
barriers on actual bearings for commercial exploitation
of patented processes together with concurrent
investigation into the possibility of co-deposition of P
or B with Pb-Sn alloy on the basis of previous work.
Having established the invalidity of this previous work,
efforts were channelled into the development of
alternative diffusion barriers based on amorphous Ct—C
and amorphous Ni-P alloys of which Ni-P was investigated

extensively.

Generally, there are three aspects to testing of
bearings for commercial viability. One concerns the
rate of chemical interaction among the bearing materials
and, therefore, the rate of growth of intermetal lic
compounds. The other two concerns the corrosion
resistance and the tribological properties of bearing
alloys. The use of test rigs enables these properties
to be investigated simultaneously under dynamic

conditions.
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A numbar diffarent typas of baaring tast rigs ara
describad in tha litaratura C163. Ganarally, thasa ara
of two main typasi -fatigua tast rigs and waar test rigs.
lhe former apply to hydrodynamical 1y lubricated bearings

in which dynamic loading is achieved by 'out of balance’

weights on a rotating shaft. The latter apply
to marginally lubricated bearings in which load is
applied by means of '‘dead weight'. The tast

rig intended for use in this project was of tha latter
type. This rig was designed to study the rates of
corrosion of bearing overlays by waight-loss analysis.
However, after extensive modifications of the test rig,
significant wear of the bearing overlays was found to be
persistent and therefore the true rate of <corrosion of
the overlays in the presence of diffusion barriers
became difficult to assess. Consequently, corrosion
testing, and heat treatment to assess compound formation

were investigated separately.

In all cases preliminary studies of barrier
deposition processes were carried out on plane Cu
substrate. The behaviour of diffusion barriers during
the heat treatment in non-oxidising silicon fluid was
monitored by metallographic examination and the compound
layer thickness was determined with the aid of
optical/scanning electron microscopy. Concentration

microprobe analysis and marker studies were also
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conductad. The results were then used to determine the

kinetic parameters of the diffusion processes involved.

Electrodeoosition processes

Commercially pure <99.9 wt/o Cu, 0.03
wt/o oxygen;BS2870 CIOI) high conductivity cold rolled
sheet Cu of 0.8 mm in thickness was used as the
substrate in all plane sample experiments on barrier
plating. The Cu sheet was cut into panels S cm x 7 cm

for preparation.

There were three stages in the preparation of
barriered samples; cleaning, electrodeposition of
the barrier, and immediate electrodeposition of the
overlay. The cleaning and preparation sequence wasi
i mechanical cleaning on wet paper - grit size 800

ii vapour degreasing in trichloroethylene
iii water rinse, acetone rinse, drying
iv masking uncritical areas with lacomite

\% storage of masked samples
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The following procsdure warn used immedlatvly prior to

piatingi
1 cathodic degreasing - 41 g/1 NaOH, 41 g/1 Na,PoO,
- temperature: 80®C
— current densityt 1.5 Adm"*
- timel 20 s.
2 anodic degreasing - "
- tima 5
3 water rinsing.
4 bright dip - H«SO« 0.72 v/o
- Hrfd 0.12 v/o
- HNO, 0.lb v/o
- tima 10 s,
5 water rinsing
6 commence barrier deposition - ’'live entry’,
7 water rinsing.
8 acid dip - HBF« 25 v/o.
9 commence overlay deposition.
10 water rinse, alcohol rinse. drying, and mechanical

stripping of lacomite.

11 storage

Th* sam* saquanca of praparation was

eniployad for alactrodaposition on bearing shells.
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How*v«r, mechanical cleaning and anodic degreaming were
omitted. Acetone rinsing was replaced with alcohol and

the bright dip replaced with 40 v/o HNOi acid dip.

In all cases, rinsing was by fresh mains water in a
two stage tank with final rinse in distilled water The
cleaning sequence was carried out with minimum delay
between treatments and, following the final rinse, the

specimen was rapidly transferred to the plating bath.

The average plating thickness of the diffusion

barriers were S—6 Ilim and that for the overlay was 20-22

Mm.

For the deposition of Cu-P and Cu-B barrier layers on
bearing shells — type PT14S/BEH 1011 (Glacier Metals Co)
with Cu-22w/0 Pb matrix, a technique commonly wused in
industry was employed. Bearing half shells were
arranged so as to form a circular column with a rod
anode suspended in the centre. Preliminary experiments
led to loosely adherent 'burnt' deposits. Consequently,
various anodes of different geometry were investigated
in order to satisfy the requirement of cathode to anode
area ratio of 111. Finally, a perforated tubular anode

was adopted to yield satisfactory deposits.

The same anode configuration was wused to deposit

amorphous Ni-P diffusion barrier on bearing shells.
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Smooth and adherent deposits of Pb-Sn overlay were
readily obtained on bearing shells with an anode to
cathode area ratio of 0.46. A cast anode of the same
composition as that required in the deposit was used in

the form of a solid rod.

Deposition processes for Cu-P and Cu-P barriers

The deposition processes for Cu-P and Cu-B diffusion
barriers were previously developed by Kalubowila et al
C4,5,61. These barriers were deposited wusing cupric
sulphate baths containing phosphoric and phosphorous
acid as a source of phosphorus and boric acid as a source

of boron.

The composition and conditions of the plating bath
for Cu-P are given in Table 2. Barriers were also
deposited from modified baths with the following

vari ations.

(i) The CuSO, content of the ©plating bath in Table 2
was increased to retard porosity and improve the
adhesion of the deposits. CuSO« concentration was
increased from 30 to 60 and 90 g/dm**. Accordingly«

barriers were also investigated in the extended range of

current density (c.d.)« i.e. from Oe5—-1.5 Adm * to



-101

0.5-3.2 Adm-«

(it) The phoBphoruoB and phosphoric acid contents were
doubled and tripled -from that given in Table 2 to

promote greater P content in the deposit.

(iii) The e-fTect of periodic variation of the c.d.
during barrier deposition was investigated in order to
produce barriers with a P concentration gradient. The

following variation in c.d. was madei

Current density (Adm'*) 0.4 0.6 0.8 0.6 0.4

Plating time (min) 0.5 3.0 20.0 3.0 0.5

The plating bath composition and conditions for Cu-B
alloy deposition are given in Table 3. As in the case
of Cu-P barriers, Cu-B barriers wore also deposited from
modified baths with increased CuSO« and boric acid

content.
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3.2.2 Dwpoaition Droc«»s»»___£or__gij_ Pb-P and Pb-Sn-Ni

alov

Tha daposition of Bi ia normally carried out from
perchlorate baths. However, due to their hazardous
nature, a chloride bath developed by Dingley et al CISII
was investigated instead. Bi deposits from this bath
were nearly always accompanied by a film of ‘'black mud’.
Consequently, a modified composition given in Table 4
was developed to yield bright deposits. For good
adhesion on Cu, the following pretreatment was necessary

after degreasing:

acid dip - 23 w/o HNO«
32 w/o acetic acid
29 w/o0 phosphoric acid
balance HiO

time 10-15 s

rinsing
activation dip - 18 w/o HCI
BiCli lgdm'*
time 15 s
Plating was initiated immediately, without intermittent
rinsing.

In an attempt to deposit Pb-P alloy, a lead fluoborate

bath containing sodium hypophosphite (20 gdm~>) as a
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source of phosphorus was used. Plating conditions and
composition of the bath were as given in Table 10 for

deposition of lead.

Pb-Sn-Ni deposition was carried out from the Pb-Sn
plating bath given in Table 8 to which 40 ml of nickel
fluoborate containing 22 gdm~* of NiCOi was added.
Similar plating conditions as those in Table 8 were

used.

Deposition of Amorphous Cr-C and Amorphous Ni-P

Allovs

The development of plating processes for amorphous
alloys was not the subject of this investigation but
established processes were used for the study of the
effectiveness of amorphous allays as diffusion barriers.
Consequently, a process described by Hoshino et al C1493
to deposit amorphous (amps) Cr-C and that described in a
patent by Gamblin CISOj for amps Nis”-P~ alloy were

used =

The electrolytes used for conventional chromium
deposition are based on chromic acid, sulphuric acid and
proprietary brightening agents. For the deposition of
amps bright chromium, formic acid as the only addition

agent was used. The composition and conditions for this
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proc«m ar* givan in Tabls S. Barriars ware deposited
on high purity Cu sheet and therefore the same procedure
of pretreatments as that described for Cu-P and Cu-B
barrier deposition was employed. An insoluble Pb anode
of commercial purity was used in cast sheet form of the
same dimensions as the cathode. Barrier layers were
deposited for 15 min giving an estimated thickness of 5

pm.

This process requires the electrodeposition to
be carried out within 90 min of the preparation of the
electrolyte so as to maintain an optimum concentration
of formic acid, which otherwise decreases by chemical
oxidation and results in the loss of the amorphous

structure of the deposit C1491.

The deposition of Pb-Sn overlay on amps Cr-C was
performed sequentially with intermediate rinsing, acid
dip in cone. HCI for 10s, rinsing, and acid dip in 25
v/o HBF«. Although good overlay deposits were obtained
on amps Cr-C, adhesion was poor. This became evident on
quenching the samples in silicon fluid at 150 «C which
led to extensive 'out gassing' and complete delamination
of the overlay in the central portion of the panels but
remained adherent in the peripheral regions. These
areas with good adhesion between the overlay and the
barrier were selectively cut from the rest of the panel

and diffusion annealed.
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In the method described byGamblin CISOI to
electrodeposit amorphous transition metal alloys the
preferred bath constituents are nickel chloride, nickel
carbonate and phosphorous acid. A  number of other
additives are recommended which influence contact and
corrosion resistance of the deposit. Typically, one or
more of the following are added; boric acid hydroxy
acetic acid, acetic acid, succinic acid, surfactants,
and hcxa-fluorides of Si, Ti, or Zr. The plating bath
selected for the deposition of amps alloy
for subsequent investigation as a diffusion barrier was
based on nickel chloride, nickel carbonate and
phosphorous acid and was absent of any addition agents.
The composition and operating conditions for this bath

are given in Table 6.

The preparation and pretreatment of the substrata was
substantially the same as that for Cu-P and Cu-B barrier
deposition. However, for deposition on a Cu substrate,
dilute HCI (50 v/o0) dip was applied immediately prior to
immersion in the plating bath. For the deposition on

Cu—Pb based bearings dilute <40 v/o> HNOa dip was

applied, followed by rinsing. This bath permits the use
of both active and inert anodes. To minimise the
maintenance of the electrolyte, rolled Ni (99.9 pet)

sheet was used as an active anode. Plain and perforated

tubular anodes were used for deposition on plane samples
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3.2.4 Deposition processes for Pb—-Sn and Sn

Lead-tin overlays were deposited from fluoborate bath
containing Sn and Pb together with free fluoboric acid,
bt~Aric acid and gelatin as an addition agent. The
composition of Pb—IOw/0 Sn alloy plating bath is given
in Table 8. Cast anodes in rod form of the same
composition as the deposit were used, with anodic to
cathodic area ratio of 0-46- For plating on plane

samples, rolled sheet anodes were used-

Pb-Sn plating baths were prepared from concentrated
fluoborate solutions of Sn <300 gdm’%*) and Pb <520
gdm™) . On each occasion the stannous content of the
Sn—f luoborate was determined by iodate titration and
test coupons were analysed by SEM—EDAX to determine the
Sn content of the deposit. In all cases barriered
samples were pretreated with a 5 s dip in 25 wv/o

fluoboric acid prior to overlay plating.

In order to make a detailed investigation of the
reaction mechanisms between Ni and Sn and amps Ni-P and
Sn, barriered samples were also coated with Sn overlays
from stannous fluoborate bath. The composition of this
bath is given in Table 9- The sample preparation and
pretreatment for Sn deposition was the same as that for

Pb-Sn deposition.
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3.3 Corrogji-in tests and Heat tr«atment

Accelerated corrosion tests were per+tormed in hot
medicinal white oil (MWO). Since MWO is not inhibited,
unlike commercial engine lubricants, these tests are

taken as the norm for assessing the corrosion resistam:e

of bearing overlays. Plane Cu samples coated with Pb in
the presence and absence of Cu-P barriers were
suspended in MWMO maintained at 150<>C. Prior to

immersion each set of samples were weighed and their

respective areas recorded. Periodically one sample was

removed from each sot, carefully washed in white spirit

and reweighed. The loss in weight per unit area was
then recorded as corrosion rate in mgcm**.
Similarly, heat treatment to assess nucléation and

growth of intermetallic compounds in barriered samples

were carried out in non-corrosive silicon fluid. Oil
baths wused for <corrosion tests and heat treatment
consisted of insulated one litre beakers seated on
independent hot plates. Motor driven propellers in each
beaker were used to keep the temperature fluctuation to
+ 10 by carefckl adjustment of the propeller speed and

temperature controller. Cut samples were suspended

from hooks on a glass rack which facilitated easy

immersion and removal of the samples.
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3.4 Matallooraohy

Samples prepared for metal lographic and analytical
examination were in most cases cold mounted to obtain a
normal cross section. In some cases it was necessary to
mount samples obliquely <appx S to horizontal) for
magnification of XIO of the compound layer thickness.
This was achieved by using a special die in a two stage
hot mounting process. The resulting mount was then
turned on a lath until the edge of the sample was

exposed. Thereafter the sample was ground and polished.

A great deal of care had to be exercised in grinding
and polishing the samples. The soft overlay tended to
wear out preferentially, and in particular the brittle
compound layers were found to fracture and lodge in the
ov>?rlay. Consequently, microblocks were sectioned using
a circular disc saw and coarse to fine grinding

performed on silicon carbide paper <120-1000) by hand.

Attempts to polish the samples in a normal manner

were futile. Therefore polishing was carried out
directly after pregrinding on a selvyte cloth
(stationary wheel) using 'Silvo’ silver polish. To
minimise the fracturing of the compound layers, the
direction of the ©pregrinding and polishing was

maintained at appx. 15® to the plane of the sample. The

desired final polish and the conspicuity of the compound
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lay»rs Mars schiaved by altarnate polishing and etching.

The thickness of the compound layers wars quite
conspicuous for the Cu-based diffusion barriers,
particularly after etching in freshly prepared NH40H
solution with I10v/o of 20 vol HtOi. For the Ni-based
barriers, various combinations of etching solutions were
tried; finally, a solution of 1 part nitric acid to 1
part acetic acid was used for deep etching. The deep
etching dissolved away the Ni and Sn matrices, and left
the compound layers unreacted. This etchent also
enabled the phase boundaries between different compound

layers to be observed.

In most cases, the measurement of compound layer

thickness was performed using an optical microscope with

the aid of an optical filler gauge. Because of the
irregularity of the compound thickness, at least 2S
random measurements were taken in order to obtain

reproducible average of compound thickness per sample.

3.4,1 Marker Experiments

In order to determine the relative mobilities of Ni
and Sn in the Ni-Sn intermetal 1lic compounds, marker

experiments ware performed on Sn overlayed samples with
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crystalline and amorphous Ni barriers. The use of
artificial markers such as Wor Mo wires or Alumina
particles sandwiched between the barrier and the overlay
was not possible. Attempts to interdeposit a thin layer
of Cr led to difficulties in overlay deposition.

Coiisequently, barriered samples were mounted obliquely

and polished as described above. Markers were then
fixed as 'knoop' micro-indentations on or near the
original interface and photographed prior to heat
treatment. Periodically samples were removed from the
oil bath and lightly polished in 'silvo’ and
photographed again before re—immersion in the oil heat
treatment bath. In this way a record of marker drift

during the heat treatment was obtained.

*.5 SEM and X-Rav Analysis

Qualitative analysis were performed on the SEM and
the Joel type JXA-3A X-ray microprobe analyser.
Quantitative analysis of some of the barriered bearings
was carried out on a Joel 733 micropobe analyser. SEM
in conjunction with Princeton EDAX analyser was used for
assessing the initial Sn content of the overlay and the
composition of the intermetallic compounds. Specimens
prepared for the quantitative analysis were in the
unetched condition. In all cases. Quantitative analysis

was performed using pure Cu, Sn, Pb-10 w/o Sn
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6} RESLIJI-TS

Introduction

The scheme of presentation of results is in
accordance with the course of this investigation which
generally progressed in two separate directions but with

the same aim of developing superior diffusion barriers.

Firstly, reports on the results of previously
developed Cu-P and Cu-B diffusion barriers 14,5,61 are
presented of which the Cu-P diffusion barrier was
extensively investigated. This was primarily due to the
difficulties encountered in depositing Cu-B barrier of
good quality. Furthermore, based upon previous
presumptions that P played a beneficial role in
retarding the diffusion of Sn, fluoborate and chloride
plating baths in conjunction with various complexants
ware also investigated concurrently but failed to yield

Pb-Sn-P alloy deposits.

Failure to substantiate previous claims for Cu-P and
Cu-B barriers led to the second phase of the
investigation which was concerned with the study of
amorphous Ni-P barrier. Results are presented on the
effectiveness of amorphous barriers in the form of

metallographic examination, compound growth morphology.
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Invaatiaation of Pb-Sn Overlaved Cu-P and Cu _g

Dif-fusion Barriers

Electrodeooaition of Cu—P and Cu—B Pi-fl*Lision Barriers

In the first instance Cu-P and Cu-B barriers were

deposited on Cu—Pb based bearing shells in accordance

with the original plating bath composition and
conditions as described in Tables 2 and 3 (Sectn.
3.2.1). It was found that the Cu-P barrier plated at a

c.d. of 1 Ampdm™ which, according to C4] is the

condition intermediate to those producing the best and
worst deposits. However, Cu-B barriers plated at
similar intermediate conditions, ie at c.d. of 0.75

Ampdm'* were burnt, semi—adherent and powdery.

Examination of the Cu-P barrier under the scanning
electron microscope revealed that the deposits were
micro-porous. Furthermore, Pb phases in the Cu-Pb
bearing substrate becamepassivated due to the
pre—plating acid dip (bright dip). Heat treatment of

such Cu-P barriered bearings overlayed with Pb-Sn led to

Cu-Sn  compound formation, contrary to the work of
Kalubowila C4D in which the Cu-P barrier was
investigated on Cu substrate only. Micro-Probe analysis

of barriered bearings showed that P was extensively
diffusing into the Cu-Pb substrate and not into tlie

Pb Sn overlay as would be required according to
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Kalubowila C43. It was also thought that th« porosity
in the barrier itself may be responsible in-part for the

loss of P into the Cu-Pb matrix.

Generally, porosity in electrodeposits results from a
low metal content of the plating bath and also from the
presence of substances which may inhibit the deposition
process. It was found that the rate of mass deposition
of the Cu-P barrier decreased as the P content of the
plating bath was increased. In addition, the increased
P content of the bath also decreased the range of c.d.
for good deposits. Despite this, the need to increase
the P content of the barrier in order to counteract the
loss of P into the substrate entailed the investigation
of a range of plating baths, which included up to three

times the P and/or Cu content from that given in Table

Metallooraohy and Analysis

Qualitative micro-probe analysis of barriered
bearings together with their SEM photomicrographs are
shown in Figs 15, 16 and 17. These barriers were
deposited in the c.d. range of 1.6-2.8 Ampdm** from
plating baths containing twice as much Cu and three
times as much P. These samples were heat treated at

150~7C for 166h. The photomicrograph in Fig 15 shows the
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existance ot CuiSn compound lying adjacent to the

barrier which has transformed from CutSn* compound

which forms first and lies adjacent to Pb-Sn overlay.
The presence of duplex compound may be confirmed by the
occurrence of two peaks in the Sn line scan. However,
since the line scan is qualitative only, it is not a
definitive proof of duplex compounds. On the other hand
in Figs 16 and 17 the presence of only one compound,
CuiSn, is evident. The difference between P-line scan

and P-background line scans in Figs 16 and 17 gives an
appx. indication of P distribution from which it is
evident that the majority of P resides in the substrate
and only a negligible amount diffuses into the overlay.
Comparison cannot be made for the P distribution in the
substrate with that in the barrier layer except for the
sample shown in Fig 17, where the P content of the much
thicker barrier layer appears to be the same as that in

the substrate.

Typical quantitative concentration profiles of some
of the Cu-P barriered bearings are shown in Figs 18 -
21. These barriers were plated in the c.d. range of 1.6
- 2.8 Ampdm-* from a bath containing twice as much Cu
and were heat treated for I000Oh at 140®C. By comparing
P concentration profiles in these Figs it is seen that P
diffuses readily out of the barrier and has greater
pfsference to reside in the substrate than the barrier

itself. At first glance, P appears to be
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Fig2l
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randomly di»tribut«d in the Pb-Sn overlay, however,
comparing P profiles with those of Sn it is found that P
peaks do not coincide with the Sn peaks of the Sn rich

Pb phase. This is particularly evident in Figs 18 - 21.

A striking feature of Figs 18 - 21 is that Sn
acquires a concentration gradient at the barrier/over lay
interface and to some extent diffuses into the barrier

as seen from the position and the magnitude of the

peaks. The occurrence of secondary Cu peaks in the
overlay is indicative of Cu diffusion in Pb-Sn, in fact
the coincidence of Cu and Sn peaks is indicative of

CuaSn compound formation.

The quantitative concentration profiles in Figs 22 -
24 are those of Cu-P barriered samples from previous
work [41. Barriers in these samples were deposited
by the ©previous investigator from an unmodified bath
(Table 2 ) in the <c¢.d. range of 0.5 - 1.2 Ampdm™*
onto plane Cu sheet substrates which were subsequently

annealed at 140®C for 960h.

The P distribution in Figs 22 - 24 is comparable to

those in Figs 18 - 21, except that there is no loss into
the Cu substrate. In comparing the Sn and P profiles,
similar observations to Figs 18 - 21 can be made, ie P
and Sn peaks do not coincide. However, the Sn profiles

are markedly different to those in Figs 18 - 21. The
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largast Sn profile registered in Figs 22 - 24 is only of
the order of 1 wt/o compared to 20 wt/o in Figs IB - 21.
In fact the average Sn content of the samples in Figs 22
- 24 was found to be 0.2, 0.4, 0.15 wt/o respectively.
Furthermore, it is seen from the relative positions of
the Sn profiles that Sn in Figs 22 - 24 does not acquire
a concentration gradient adjacent to the barrier but
towards the outer surface of the overlay. The
coincidence of Sn and Cu peaks in Fig 22 is indicative
of the existence of a compound at the barrier overlay
interface, however, its compositional ratio does not
confer with any of the compounds in the phase diagrams.
Two secondary Cu peaks for the overlay seen in Fig 23 is
due to fractured Cu-P particles from the barrier -

embedded into the overlay during sample preparation.

The deposition of the Cu-B diffusion barrier
according to the process described in Table 2 resulted
in burnt deposits which were unavoidable. Nevertheless,

this barrier was investigated on plane Cu samples.
Growth rates for this barrier were not obtained but
metallographic examinations have revealed that compound
formation was not arrested. Figs 25a and 25b shows the
micrographs of Cu-B barriered samples with 0.8 and 4.9
wt/o Sn in the overlay, heat treated at 150®C for 148h.
Even with 0.8 wt/o Sn in the overlay compound formation

is evident.
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Growth Kinetics of Copper— Tin Di*™u«ion Compounds

The combined growth rates for the sum of
Cu«Sn« and CusSn compounds for Pb—-10 wt/o Sn
overlayed barriers deposited on a Cu substrate from the
bath composition given in Table 2 are shown in Fig 26.
In Fig 27, the total compound growth rates from the same
bath containing twice the amount of P are shown whereas
Fig 28 shows the effect of halving the Sn content of the
overlay. Figs 26 - 28 also shows the growth rate of
unbarriered samples heat treated at the same temperature
of 150 OC. Thus, by comparing the barriered and the
unbarriered samples it is evident that a Cu—P diffusion
barrier has no effect in combating the Cu—Sn compound

formation.

The parabolic form of compound growth rates in Figs
26-28 are shown in Figs 29 and 30. It is seen that Uie
compound thickness extrapolates to about 2.35 and 1.48

]im for the 10 and appx. 5 wt/o Sn in the overlay.

It is also evident from Figs 29 and 30 that the
parabolic rate law x* * 2kt is followed reasonably
well. Nhere,

> » compound thickness,

t * time and

k * growth constant.

However, according to Einstein—Smoluchowski C1653,
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Fig26

Total (Cu«Sn> + CuiSn) compound growth rat« on Cu-P
barrlarad (Tablm 1) and unbarrimrmd Cu subatratm with

Pb-10 wt/pct Bn overlay hmat treated at 150'C.
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Fig27
Total (CuaSn* + Cu«Sn) compound

growth rat« on

modi tied Cu-P  barrimr <Table It 90 gdm"* HiPO« and

25 gdm-* H,PO> ) with Pb-10 wt/pet Sn overlay, heat

treated at 150'C.
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Fig28
Total Cu-Sn compound growth rate Cu-P barriered (Table

rt mubatrate with Pb-4.Bwt/pct Sn overlay, heat treated

at 150 C.
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Fig29

parabolic plot of total compound groMth rat* on

unmoditied Cu-P barrlar.



-138-

Fig 30

Parabolic plot of total compound growth rata on

mfadifiad Cu-P barriar.
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k is appx. interdi-f-fusion coefficient. Accordingly, the
interdiffusion coefficients estimated from Figs 29 and
30 for Cu and Cu-P barriorsoverlayed with Pb-10 wt/o
Sn were found to be in the range b.55 - 7.55 x [0"™»
m*s'* and those for the 4.B and 4.9 wt/o Sn in the

overlay were 1.04 - 1.18 > [O0™* m*s™.

Corrosion of Pb Overlay in the presence of Cu-P Barrier

Fig 31 shows the rate ofcorrosion of
electrodepositad Pb in the presence and absence of Cu-P
barriers. The barriers were plated from an unmodified
bath (Table 2) at c.d. of 0.5 and 1.0 Amp dm"*. It is
apparent from Fig 31 thatthe Cu-P barrier does not
impart any influence on the corrosion resistance of Pb.
For the duration of the experiment, the rate of
corrosion increasesslowly up to 50 — bOh butthereafter

it increases at a greater rate.

Investigation of Pb-P and Bi Barriers and PB-Sn-Ni

Over lav

Attempts to deposit Pb-Sn-P alloys were fruitless.
However, it was found that impurity co-deposition of P,
up to appx 0.05 wt/o with Pb was possible. Fig 32a
shows the Pb-P barrier with a Pb-Sn overlay in the

as-deposited condition. The presence of P is denoted by
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the sharp paak in the protile at the barrier/over lay

interface.

The e-f-fect o-f heat treating tor 20h at 150<>C is evident

in Fig 32b, whore Sn has dittused through the Pb-P

barrier and has acquired a concentration gradient at
the barrier/substrate intertace. At the same time P has
partially dittused into the overlay. As a result ot
this, turther investigations on Pb-P barrier were

discontinued.

Although Bi barriers were succcsstully plated on Cu,
exhaustive ettorts to improve adhesion between Bi and
Pb-Sn overlay tailed. In the cases where selo tape'
adhesion tests were successtul, insertion in a hot Si
tluid heat treatment bath led to overlay delamination
by blistering. Consequently, turther investigations

were ceased.

A limited number ot Cu samples a with Pb-Sn-Ni overlay
were investigated. The Ni impurity content ot the
overlay was not quantitiable, however it was tound that

heat treatment at 150<>C led to compound tormation.
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Investigation of Pb-Sn and Sn Ovgrlaved Ni and ftmornhous

Ni-P Diftusion Barriers

lietal looraphv and Analysis

In the early course of this investigation

amorphous Ni-P barrier Mas examined on Pb-20 wt/o Sn.

Fig 33a shows a micrograph of such a barrier after
heat treatment at 150«C for 141h. A two layer
structure is seen at the barrier/overlay interface of

which a uniform 1layer of Ni,Sn4 compound lies adjacent

to the overlay. The other layer has grown within the
barrier and was not identified as one of the Ni-Sn
compounds, but was found to contain a greater amount of
F than the rest of the barrier. The same micrograph is
shown in Fig 33b after deep’ etching in 1«1 in nitric
and acetic acids. Again the zone of rejected P within
the barrier is clearly visible. The columnar structure

of the NijSn« compound is also apparent after etching.

Figs 34-37 shows optical micrographs using Normaski
phase interference contrast. The combination of such an
optical technique with deep' etching to reveal phase
briundaries was found to be well suited for the study of
Ni-Sn compounds. Detailed examination under SEM was not
possible as it necessa''ily required more exotic

techniques e.g. TiO and Zn-Se film phase contrasting.
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Fig 34a shows a micrograph of a convsntional Ni
barrier overlayed with Sn after heat treating for the
extended time of 2S04h at ISO <C This sample was
lightly’ etched in 17. Nital which preferenti al 1y
contrasts the Ni>Sn« compound. Fig 34b shows the same
sample after deep etching which reveals the duplex
nature of the Ni-Sn compounds. The NiSn» compound
which forms below 100<>C and occurs only in
electroplated Ni-Sn couples is seen as the outermost
compound with a plate-like structure. The high
temperature NitSn« compound is seen between the
NiSni and the remaining Ni barrier with a more uniform

but columnar structure.

The micrograph shown in Fig 3S was taken after heat
treating amorphous Ni-P barrier overlayed with Sn for
2504h at 150«C. After deep etching the existence of
only NiaSn« compound is evident and, compared to the
micrographs in Fig 34, the structure consists of coarse
grains with irregular outwardly growth. Again, the P

precipitated zone in the barrier is clearly evident.

After prolonged heat treatment of the Ni
and amorphous Ni-P barriers for 4S92h at ISO”C only the
NiiSn, compound is evident (Fig 37) for the amorphous
Ni-P barriered sample as described above. However, a

four layered structure is seen for the Ni barriered
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sampla (Fig 36). Tho Sn overlay has been completely
consumed by the formation of NiSni and NiiSn»

compounds. Although a part of the original Ni barrier
still remains, Sn has also diffused through it to form

CuiSn compound with the underlying Cu substrate.

Marker Studies

Marker experiments were performed on NI and
amorphous Ni-P barriers ovarlayed with Sn only. Unheat
treated samples were mounted obliquely to give a
barrier/overlay interface distortion ratio of Is10. Fig
3Ba shows three micrographs of samples with the

amorphous Ni-P barrier prior to a diffusion anneal at
180, 170 and 1SO respectively. At this stage it is
seen that in all three samples crystallisation of the
Ni-P barrier has commenced at preferential sites near
the barrier/overlay interface. However, compound
formation is not observed at this stage. In comparing
with the corresponding micrographs for specimens heat
treated for 33.67 h (Fig 3Bb) it can be seen that
lateral spread of <crystallites has occurred in the
barrier at 180<>C. However, at 150<>C no further

growth of the larger crystals is evident, but formation
of a fairly thin and continuouslayer of crystals at the

interface is evident.
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Fig 38b also shows the onset of a continuous
compound-like layer which grows in the Sn overlay.
Compositional analysis of this layer revealed that it
dc.es not constitute a Ni-Sn compound but it is in fact
a zone of intermixing. Figs 39a and 39b show
micrographs of Mi barriered samples before and after
heat treatment. In Fig 39a what appears to be extensive
compound formation at the barrier/overlay interface is
in fact the Ni barrier itself and is a manifestation of
exaggerated < xI0O > surface roughness of the barrier;
it gives the erroneous appearance of a highly irregular
compound-like' growth front in the Sn overlay. The
effect of the same heat treatment as that for the
amorphous Ni-P barrier is clearly evident in Fig 39b
where the zone of intermixing in the Sn overlay is found

to be more extensive than that for the Ni-P barrier (Fig

38b). It was also found that Sn was diffusing in the
barriers. But, unlike the diffusion of Ni in the
overlay, no optical evidence of this was found. As a
result, the original aim of the marker study which was
to elucidate the dominant diffusant as well as the

direction of growth front could not be achieved and

therefore further marker studies were suspended.
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F|g40 X-Ray diffraction profiles of amorphous Ni-P barrti
as deposited and heat treted condition.
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Analvai» o* Ni «ind ftmorphous Ni-P Oi-f-fualon B«rri«r«

The analysis of Ni-based barriers together with Ni-Sn
intermetallic compounds was pertormod by X-ray
di-firactometry and EDAX compositional point analysis

across the layered samples.

X-Rav diffraction studies

Fig 40 shows three X-ray diffraction profiles of
amorphous Ni—P barrier on a Cu substrate. In the
as-deposited condition, Ni and NijP peaks are absent

and only those major peaks of the underlying Cu are

present. The high level of the back-ground trace is a
further indication of the amorphous nature of the Ni-P
barrier in the as-deposited condition. A heat treatment

of 18h at 150®C produces no change in the state of the
deposit. However, a |h heat treatment at 400®C leads
to crystallisation of the amorphous Ni-P barrier into Ni
and NitP. A possible interaction with Cu in the form

of CusP is also evident.

Ni and Ni-P barriered samples heat treated for 2504h
at 150®C after which the remaining Sn overlay was
stirpped and x-ray diffraction profiles produced are

shown in Fig 41. In both cases Cu, Ni, Sn and NisSn«
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compound were identified, though some peaks remain
unidentified. In comparing the profile for the Ni-P
barrier annealed for 2S04h with that of crystallised
Ni-P barrier after annealing for Ih at 400 <C (Fig 40),
the absence of Ni»P peaks confirms that the Ni-P
barrier after 2504h of anneal does not undergo complete
crystallisation. For the Ni barrier, however, the
existence of the second compound NiSna could not be

confirmed

from the X-ray profiles as the data is not

cited in the ASTM card index C1663. Furthermore, for
the identification of NiaSng, a correlation with the
d-spacing of peaks was obtained but not that of the
intensity ratio given in the ASTM card index.
Compositional analysis of Ni/Sn and Ni-P/Sn diffusion
couples

Figs 42 and 43 shows the EDAX compositional analysis
across Ni and the Ni-P barrier/Sn overlay interface
respectively. They are accompanied by SEM micrographs
depicting the interface morphology and 'knoop' hardness
markers' placed on either side of the original
interface. As stated previously, (Sect.4.4.2) the Ni
barrier/Sn overlay interface gives an impression of a
dendritic type Ni-Sn compound, however, this is the
manifestation of surface roughness of the Ni barrier.
As for the Ni-P barrier/Sn overlay interface, partial
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crystallisation of the barrier at the interface occurs

in the form of protrusions and a discontinuous layer.

From these Figs it is seen that a 17h heattreatment
at 1500C IS insufficient (within the limit of distance
between the successive point of analysis)for the
observation of Ni-Sn compounds, if any. For the Ni-P

barrier, Fig 43, broken-lines shows a deflection in the

Ni and Sn composition profiles. The solid—lines show
the assumed profiles accounting for the limit of
accuracy (1-2 at/o>. A 17h heat treatment appears to be

a prerequisite stage for the occurrence of Ni—Sn
compounds, in which extensive interdiffusion takes place

for the Ni barrier. Where the depth of penetration of

Ni into the Sn overlay is greater than that of Sn
into the Ni barrier. For the Ni-P barrier,(Fig 43) l.he
extent of interdiffusion is less compared to the Ni/Sn

system (Fig 42) although Ni is the dominant diffusant.
P also diffuses to a limited extent in the Sn overlay
and forms a region of ternary Ni-Sn-P solid solution
enclosed by Ni-P and Sn markersi some of it precipitates
within the barrier as seen from the slight (2 at/o)

build-up in the P concentration profile.

Figs 44 and 45 shows micrographs and concentration
profiles of the same samples as in Figs 42 and 43 after
an extended heat treatment of 143h. In  both systems

the presence of NisSn« compound corresponding to 42-43
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at pet Ni was confirmed by good agreement with the
published phase diagram <42.8-43.7 at/o Ni) c1l67].
Again, compositional discontinuities (broken line) are
observed for Ni in the Sn overlay. For the Ni barrier
(Fig 44), the peak of the discontinuity in the Ni
profile occurs at 28 at/o Ni which is appx. 3 at/o in
access of the NiSni compound. On the other hand, in the
case of the Ni-P barrier, (Fig 45) the peak of Ni
discontinuity corresponds to 40 at/o, which is appx. 2-3
at/o deficient in the composition of NiiSn4 compound.

These compositional discontinuities may be explained in

terms of excess Ni from Ni saturated Sn.

Photo-micrographs and compositional analysis of Ni
and Ni-P barrierd samples after 2504h of heat treatment
at ISOOC are presented in Figs 46 and 47. Fig 46
clearly indicates the presence of duplex Ni-Sn compounds
oi. the Ni barrier. The average composition of NijSn«
compound was found to be 40 at/o Ni which is deficient
by 2-3 at/o C167) whereas that of NiSn< is 25 at/o Ni
in good agreement with 24.5 at/o Ni found by Kay and
Mackay C123. Only the NiiSn« compound was observed on
the Ni-P barrier with average Ni content of 41.5 at/o

though with a greater (40-43 at/o) range of homogeneity.

Once again, P accumulates in the Ni-P barrier by as
much as 4 at/o. In both systems, the prolonged heat

treatment induces the diffusion of Cu through the
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barrier and into the Sn overlay. Although the quantity
of diffusing Cu is within the limit of detection, a
greater amount was found to diffuse through the Ni

barrier than the Ni-P barrier.

Compositional analysis of Ni-P/Pb—-Sn diffusion couples

Figs 48 and 49 shows the EDAX compositional analysis
of Ni-P barrier overlayed with Pb—-20 wt/o Sn alloy after
33.67h and 236h anneal at 150 <>C, respectively. It is
seen <Fig 48) that for the shorter heat
treatment(33.67h), Sn acquires a concentration gradient
of appx 40 at/o at the barrier/overlay interface and
tliat its diffusion into the barrier is considerably less
compared to that in the Ni/Sn and Ni-P/Sn systems. In
fact, similar conclusions can be drawn for the diffusion
of Ni into the Sn overlay. It is of interest to note
that a peak in the P profile is absent for the
barrier/overlay interface. Also, P appears to penetrate
the overlay to the same extent as that in the Ni-P/Sn

system, however its average concentration is only appx 4

at/o. Furthermore, from the SEM photomicrograph no
evidence of partial crystallisation of the barrier was
found.

After extended annealing of 236h (Fig 49), NiiSn«

compound has grown between the barrier and overlay, its
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composition at the barrier/compound interface
approximately corresponds to that given in the Ni-Sn
phase diagram, but deviates by 5 at/o at the
compound/overlay interface. It seems that NijSn*

compound grows out of and around the Pb-rich phase. The
build up of rejected P is also evident in the barrier.
Prom the SEM photomicrograph the partial crystallisation

of the barrier is not evident.

Growth Kinetics of Ni—Sn Compounds

The growth rates of the Ni»Sn# compound on an
amorphous Ni-P barrier and Ni«Sn« * NiSn« compounds
on a Ni barrier are shown in Pig 50. The average
thickness of these compound layers were determined using
a deep etching technique which relied on a preferential
attack of Ni and Sn in order to highlight the compounds
for optical measurement. Thus, it is possible that the
measurement of compound thickness may have incurred
constant errors. However, Pig 50 demonstrates the
advantage of the Ni-P barrier over the Ni barrier in
restricting the average compound thickness to appxe one

third for the same duration of heat treatment.

The growth rates shown in Pig 50 are plotted on
parabolic axes in Pig 51. The broken lines show that
for the Ni barrier the early portion of the growth is

nun-parabolic whilst the later may be parabolic.
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Similar considerations apply for the growth rates from
the Ni“P barrier, but the on-set of parabolic growth

occurs at a later stage.

Fig 52 shows linear and parabolic growth rates from
Ni-P barriered samples with Pb-20 wt/o Sn overlay. The
rate of growth for the Ni-P/Pb-Sn system is lower than
that of the Ni—P/Sn and was found to be parabolic. The
intercept of the broken line on the Jtime axis suggests
an incubation period of appx Ilh  whereas that for the
Ni-P/Sn system (Fig 38) a growth of 2.5 Mm at zero time

is indicated assuming parabolic growth.

Determination of interdiffusion coefficients in

Intermetallic compounds

It was shown in the literature review that there are
two methods which are amenable to the determination of
interdiffusion coefficients in intermetallic compounds.
These are, the Magner's and the Boltzmann-Matano-Heumann
method, of which the former was used since the latter
method also requires the integrals represented by the

shaded areas in Figs 53a and 53b to be evaluated.

The penetration profiles shown in Figs 53a and 53b
are representative of the Sn concentration after
annealing the Ni—P/Sn and Ni/Sn diffusion couples for

2504h at 150 »c. In these figures, the first subscript
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Fig53b

Concentrjktion penetration profiles illustrating the
application of Bol tzmann-liatano-Heuman and Magners
solution for the determination of D in intermetal lic
compounds. (a) Ni'misn  compoimd on amorphous Ni—P

barrier. <b) Ni -iSn compounds on N\ barrier.
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2 to the AC term re-fers to NijSn« compound® whereas
the -first subscript 3 refers to NiSn,. The second
subscripts 1 and 2 refers to the lower and higher

concentration gaps respectively.

Substitution of the values for relative concentration
gaps as well as the respective distance of the compound
boundaries from the datano plane in the Wagner formula
(Eq IB) leads to the determination of the interdiffusion
coefficient.

(18>

AC,, X ¢ = eXPPnST]

It must be emphasised that there are numerous sources

of errors- Generally, these stem from the accuracy of
the determination of concentration profiles and
e*>timation of the Matano plane. The theory also assumes

linear concentration distribution within the compound
and that it grows from single phase parent materials.
Thus, the values of interdiffusion coefficients

presented below are likely to incorporate errors.

The values of interdiffusion coefficients for the
NiaSn« compounds from both Ni—P/Sn and Ni/Sn systems
were found to be in good agreement. These were, 1.51 Xx
10 w and 1-93 > 10* cm*s'* respectively. That
for the NiSna compound was found to be one order

of magnitude lower, i.e. 2.86 x 10** cm*s'*
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_0 DISCUSSION

Introduction

It has been demonstrated in the foregoing results
that the claims made in a previous investigation on the

ability of Cu—P and Cu-B diffusion barriers to prevent

the nucléation of Cu-Sn compounds are unfounded.
Indeed, it is shown that by critical consideration of
the literature on diffusion phenomena and impurity
segregation effects that the postulation of such

barriers for bearing application would have been futile

from the onset.

Consequently, a need to identify more efficient
diffusion barriers was recognised. Amorphous diffusion
barriers in the field of semi-conducting device

fabrication has recently acquired greater application,
but as yet remains unreported for bearing applications
where the primary aim is not only to minimise
interdiffusion but also to curtail the extent of

compound formation.

Results on the application of amorphous Ni-P barriers
to Sn overlay has demonstrated that Ni-Sn compound
formation may be reduced by up to one third compared to

the Ni crystalline barrier. Furthermore, the
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convtfntional Ni crystalline barrier on Sn leads to
duplex compound formation whereas the amorphous barrier
leads to single compound formation. The interdiffusion
aiid in particular the interaction between compound
forming amorphous and crystalline couples remains one of
the least understood subjects. Nevertheless, the
collective information in the literature and the results
of this thesis are used to describe a model for the
phase suppression of NiSn« compound in the amorphous

Ni—P/Sn couples. The results of the preliminary
investigation on the interaction between amorphous Ni—P
barrier and Pb-Sn overlay are complex and too few to
fully unravel its mechanistic aspects. Even so, an
attempt is made to include this system in the

discussion.

Finally, a section is presented which relates to the
technological significance of the experimental results

obtained.
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Invertig«tion of Cu-P and Cu-B barriera

In essence this early part of the project became a
repetition of previous work performed by Kalubowila
C4,5,6>1. In part, this constituted investigative work
to elucidate experimental factors which may have been
responsible for the failure of barriers on actual
bearing shells. At the same time, efforts were expended
in the development of alternative barriers and overlays
based on previous reports that these barriers suppress

Cu-Sn compound formation altogether.

Examination of Cu-P barriered bearings after heat

treatment showed that CuiSn compound formation

persisted. This was thought to be due to preferential
diffusion of P in the Cu—Pb bearing substrate and
not in the overlay . This phenomena was then recognised

as a possible source for the failure of this barrier
since Kalubowila C41 postulates its success on the
preferential diffusion of P in the Pb-Sn overlay which
binds with vacancies in the overlay and thereby
immobilises the diffusion of Sn. Hence, the need to
optimise the barrier deposition processes on actual
bearings was recognised in order that the P content and
its distribution in the barrier and overlay be
maximised, whilst at the same time the inherent porosity

<due to the low metal content of the plating bath) be
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minimised. Despite this, the compound formation was not
alleviated even though the P content of the barrier and
overlay were enhanced (Fig 15, 16 and 17). Furthermore,
barriers were also investigated on plane Cu sheet
substrates (as in C41) in order to eliminate the effects
of any prevailing electrochemical differences during the

barrier deposition on actual bearings.

Comparison of compound growth rates on plane
substrates (Fig 26 to 30) in the presence of both
modified and unmodified Cu—P barriers led to the

revelation that that the Cu-P barrier and therefore, P
does not impart any beneficial effect on compound growth
rate, let alone prevent its nucléation. In fact, only
by reducing the Sn content of the overlay was there any
notable decrease in compound growth rate. Similar

conclusions can be drawn for the interdiffusivities.

The compound growth rates of predominantly Cu«Sn are
not untypical of those observed by Unsworth and Mackay
C131 who also found the initial stage of growth to be

reaction controlled with almost linear growth followed

by transition to parabolic control. They C131 too
reported a decrease in the growth rate by reducing the
Sn content of the overlay. Finally, the predominance of

Cu>Sn compound at temperatures above 60-100 <C is also
in agreement with Tu and Rosenbug 1641 who investigated

Cu/Sn diffusion couples. Thus, if P imparts any
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influencs at all let alone prevent the growth of Cu-Sn

compounds it would have been evident from the study of

growth rates. Clearly then the ultimate possibility of
there being no or very little Sn in the samples prepared
in the previous C43 investigation emerged as a strong

contender.

Indeed, quantitative analysis of the Cu-P barriered
samples heat treated for 960h at 140«C taken from
previous work C4l1 (Figs 22, 23 and 24) shows an average
Sn content in the overlay to be less than 0.5 wt/o,
whereas in Cu-P barriered bearings similarly heat
tr eated most of the 10 wt/o Sn had reacted to form
compounds (Figs 18 to 21 and Tab. 11). Qualitative
analysis of Cu-B barriered samples also taken from the

previous study led to the same conclusions.

It is important to briefly discuss the origins of the
erroneous conclusions reported in the previous

investigation!

i) Quantitative analysis of the Sn content of the
overlay was not performed. It was inherently assumed
from qualitative micro-probe analysis without ZAF

correction or taking into account the sensitivity scale
that a Sn profile from a sample produced during the
earlier course of the investigation was automatically

représentat!ve of the Sn content in the overlayed
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sainples subsequently prepared.

ii) The stannous Sn** ions in the Pb-Sn plating

solution progressively oxidises to stannic ions. The
concentration of stannous ions in the solution dictates
the Sn content of the overlay during its deposition. It
st'ems that the previous investigator was wunaware of

these facts.

Finally, a brief discussion on the mechanistic
aspects of the Cu-P and Cu-B barriers is warranted. It
is shown in this investigation that Cu-P and Cu-B
barriers do not impart any influence on the nucléation
and the growth of Cu—Sn compounds. The postulation
that P and B impurities plays a beneficial role in
retarding the diffusion of Sn is incongruous. Where
such effects are reported C1533, these are only valid

for the very dilute alloys, and not for concentrated
alloys with 10 w/o solute. It may be that P and B
segregates at grain boundaries in the Pb-Sn overlay and
if so it may retard grain boundary diffusion of Sn.
However, at the prevailing heat treatment temperature of
ISO OC lattice diffusion of Sn dominates and not grain
boundary diffusion. Alternatively, the nucléation and
growth of compounds may be perturbed if P or B strongly
interacts with Cu or segregates at the barrier/over lay
interface. This is not the case since P and B diffuses

readily out of the barrier and into the substrate and
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the overlay. Thus the Cu-P and Cu-B barriers Mere
mis-conceived Trom the onset, regardless of their mode

of operation.

on the nucléation and 0roMth of Ni-Sn compounds;

Crystalline Ni vs amorphous Ni-P barrier.

In the present study of bulk diffusion couples as
opposed to thin film studies, little information exists
on the criterion for the nucléation of the first
compound. However, it is generally accepted that the
compound which exhibits largest interdiffusivity ( D)
nucleates first. Recently, Bene' C1S41 has proposed a
model for solid-state silicide nucléation which also
accounts for the rate of free energy <0G > degradation
and, therefore, assigns -DOG product as the governing
parameter which enables the selection of a particular
compound among others as the one to nucleate first.

Bene' C1S51 has also formulated first nucléation rules

for low temperature metal-metal thin film systems based
on the review of existing literature. In the majority of
such systems the first phase to nucleate is the one

adjacent to the low temperature eutectic in the binary

phase diagram.

In thin evaporated film couples of Ni and Sn,

NiiSn« has been reported as the first compound to
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nuclaate at room temperature C1561, yet other authors
C1S7] tound NiSn compound. From the study of thin
electroplated Sn film on rolled Ni sheet, NiSn CISBI and
Ni»Sn4 C159] compounds were reported whereas, NiSn»

was found C12,1591 in the study of thick film couples
where both Ni and Sn films were produced by

electrodeposition.

It must be emphasised that the aforementioned studies
relates to the initial interaction between Ni and Sn at
room temperature and that the first compound to nucleate
also depends on the method of fabrication which dictates
the defect concentration as well as the mode  of

diffusional transport.

The present investigation is concerned with the study
of bulk diffusion compoundCs) in which an incubation
period in excess of 17h was observed resulting in an
interphase consisting of Ni and Sn and Ni, Sn and P
solid solutions for the Ni and Ni-P barriers
respectively. It is most likely that as a precursor
to this interphase formation, that during the course of
Sn deposition on the barriers and in the initial
stages of the heat treatment a first interface layer
develops, perhaps a few atomic layers thick consisting
of an intermetallic compound with the lowest free
energy. However, as the heat treatment progresses, the

need to maximise the rate of energy degradation <-DUG>
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leads to extensive intermixing < for Ni-Sn is -ve)
and the growth of a bulk interphase or solid solution.
Thereafter, at a critical composition an opportunity may
present itself for the nucleaction and growth of the
first bulk compound (Ni,Sn4) which not only has a

larger compared to the mixed state but the rate of
energy degradation is also expected to be greater during

its growth.

The situation for the amorphous Ni-P/ crystalline Sn
system is more complex and not directly comparable with
the above description of the Ni/Sn system. Since an
amorphous structure is highly energetic in comparison
with a crystalline one a <competition is expected to be
encountered between the rates of energy degradation due

to crystallisation of the barrier and that due to

intermixing. Self diffusion in most amorphous alloys is
known to be greater than in its crystalline equivalent
but interdiffusion is known to be much less. Thus, a
need to maximise energy degradation by intermixing
requires structural changes in the amorphous barrier.

Amorphous Ni-P alloys are known to crystallise by
precipitation of Ni-rich phases surrounded by Ni»P
matrix C1641. The crystallisation temperature of a Ni -P
alloy increases with P content up to 20 at/o and
decreases with P content greater than 25 at/o tl643.
Furthermore, the effect of ternary alloying in

amorphous/crystalline diffusion couples is also known to
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reduce the crystallisation temperature El 121 depending

on the nature o-f the third alloying element.

By <consideration o-f these -factors, it is highly
probable that in order to sustain intermixing

crystallisation o-f the Ni-P barrier must take place. The

key question is whether the crystallisation oT the
barrier precedes intermixing. In this investigation
partial crystallisation was Pound to occur prior to
difPusion annealing (Fig 36a) and, thereafter,

interalloying was observed after 17h of heat treatment.
Thus, crystallisation precedes intermixing and as a
result, (Fig 43) interphase formation can proceed at a
greater rate after crystal lisation since the newly
formed grain boundaries can then act as fast diffusion

paths.

In comparison with a crystalline Ni
barrier, the extent of interphase development is much
less since the partial crystal lisaion of the Ni-P
barrier at the Sn interface leads to a self limiting’
system ie, Ni is effectively locked up' as precipitated
pools; some Ni is also bound in the form of Ni,p matrix
surrounding the Ni pools and only the excess is
available for interphase and/or compound formation.
Finally, a situation similar to the crystalline Ni/Sn
system is acquired, where the rate of energy degradation

by continued growth of the interphase and
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crystallisation of the barrier would be less than that
due to nucléation and growth oi the -first <NisSn«>

bulk compound.

1 The growth 0i Ni-Sn compounds.

In the preceding section it was stated that Ni,Sn4
was the first bulk compound observed in both the Ni-P/Sn
and the Ni/Sn systems at 150 <>C. However, for the Ni
barrier NiSn» also forms as a second compound. From
the X-ray diffraction profiles the existence of NiSn»
could not be elucidated as the relevant data is not
listed in the ASTM powder diffraction data files.
Neither is the compound predicted in the Ni-Sn phase
diagram (Fig 54). But, the existence of such compound
is cited c12, 1603 and is unique to electroplaf
structures. Therefore, its identification is based on
compositional analysis only. However, information

concerning the rate of growth of NiSn« is not reported.

The crystal structure and the morphology of the
compounds that form depend on the type of electrolytic

processes used for the preparation of diffusion couples

and the time and temperature of diffusion. For the Ni
barrier, a continuous layer of Ni*Sn« with columnar
type grains forms at the Ni interface whereas a

discontinuous layer of NiSn« with plate—like structure
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develops at the Sn intertace <Fig 34b and 36). By
contrast, NisSn« compound formed on a Ni-P barrier
consists of much larger grains with a highly irregular
compound/Sn interface. The reason for the difference in
the morphology of NisSn« compounds growing from Ni and
Ni-P barriers may be associated with the difference in
the densities of the respective barrier layers. The
densities of Sn, NiiSn«, and Ni are 7.29, 8.42, and
8,90 respectively, and increases consistently from Sn to
Ni. Therefore, Ni,Sn* growing on a Ni barrier is

likely to be under compression whereas the density of

the Ni-P barrier is likely to be much lower than the Nij
thus, the NitSn« compound is likely to experience
tensile stress. In the ~cases where a compound

experiences a large tensile stress the observation of
Intergranular pores within the compound layer have been
reported. This point cannot be verified since detailed

metallographic examination was not possible.

Alternatively, it may be that grain boundary diffusion
within the compound makes a significant contribution to
its growth which may lead to the irregular compound
growth front. Again, lack of experimental evidence to
confirm this effect implies that it only remains as one

of the possibilities.

The intermetal 1ic compound Ni*Sn« is the only phase

formed on amorphous Ni-P barrier whereas both Ni*Sn«



-189-

and NiSn» compounds are -formed on crystalline Mi

barriers. Parabolic growth rates of these compounds are
stiown in Fig 51 where the growth on a Ni barrier is the
sum total of NiySn« and NiSn*. Comparing the two,

the growth rate on the Ni barrier is appx.. 1.5 timK»s
faster than that on a Ni-P barrier. The combined growth
of duplex Ni“Sn compounds follows the parabolic kinetic
rate law reasonably well (broken line in Fig 51) between
400 and 2504h of heat treatment. However, during the
first 100h it follows an almost linear relationship.
Bearing in mind that the exact time for nucléation and
growth of the second compound (NiSn») is not known, it

is reasonable to assume that this must occur at around

400h of heat treatment, beyond which both compounds are

growing parabolical 1y and are, therefore, under
diffusion control. Below 400h of heat treatment, the
growth of NisSn« compound follows a near—linear

relationship (Fig 50) and is therefore growing under
reaction control. Kay and Nackay €123 and Tomlinson and

Rhodes C 1613 have reported parabolic growth of NisSn#

compound on electroplated Ni and polished Ni sheet
after heat treatment at 170 and iaO<>C respectively. In
both cases the compound growth rate was found to pass
through the origin. However, the growth of Ni~*Sn« on

electroless Ni deposits with appx 17 at/o P was also
found to be parabolic C1613 with a thickness of 1 Mm at
zero time and was attributed to surface roughness. In

the present study the initial rapid growth under
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reaction control can be attributed to the same eifni t
(see Figs 39a and 39b). However, i-f parabolic growth is
assumed throughout the course of heat treatment then a
compound thickness of 3.25 Pm results at zero time,
clearly this cannot be the case since an incubation

period between 17 and 143h was observed.

In contrast to the initially linear growth reverting
to parabolic form after 400h for the Ni barrier, the
growth of NiiSn4 on the Ni-P barrier assumes parabolic
form after 900h of heat treatment. Prior to this, the

growth is non-parabolic and which cannot be described in

simple terms. The non—parabolic nature of compound
growth rates is often attributed to some intervening
metallurgical factors. For example, non-planar starting
interface of the diffusion couple, ie surface roughness

effects, dominating grain boundary diffusion process or
other restrictive processes such as impurity segregation
and oxidation of one of the starting interfaces have all
been proposed. The surface roughness effects can be
ruled out for the present work since the surface of the
Ni-P barrier in the as- deposited condition is smooth
and bright. The most likely explanation is that the
compound growth relies on grain boundary diffusion since
the lattice diffusion of Ni from the partially
crystallised barrier is restricted. Therefore, grain

boundary diffusion dominates.
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Final ly, the incubation period observed prior to the
growth of compounds is not reported for the Ni-Sn system
in the literature. The -fact that the incubation period
was found for both the Ni and Ni-P barriers implies
that the cause is inherent in the fabrication process,
in which case either impurities are co—deposited or the

barrier surface is oxidised during preparation.

Growth of Ni—Sn compound on amorphous Ni-P barrier

overlaved with Pb-20 w/o Sn alloy.

In the given time constraint it has not been possible
to study the Ni-P/Pb—-Sn system in detail. Despite this,
the observations made are sufficiently significant to

warrant a brief discussion.

In the early stage of heat treatment significant

penetration of Sn into the barrier was observed. At the
same time both P and Ni were found to penetrate the
overlay. The extent of interdiffusion is markedly less

(Fig 48) compared to the Ni-P/Sn system heat treated at
the same temperature for half the time (Fig 43).
Furthermore, the barrier remains amorphous since
crystallites in the vicinity of the interface were not
observed. This implies that interdiffusion is limited as
long as the barrier remains integral. However,

precipitation of excess Sn from the Pb-Sn overlay leads
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to a concentration gradient <40 at/o) at the
barrier/over lay interface which does not correspond to
any of the Ni-Sn compounds. In comparison with Ni-P/3n
system, the extent of Ni diffusion in the overlay is
restricted whereas, the diffusion of Sn in the overlay

ilself remains unperturbed.

After further heat treatment of up to 23i>h <Fig 49),
the onset of barrier crystallisation is evidenced by the
build up of P (from 23 to 29 at/o> at the barrier/
compound interface. This is substantiated by Pittermann
and Ripper C1&41 who observed a decrease in the

crystal lisation temperature with the P content greater

than 26 at/o. However, this factor alone does not
explain the cause of Ni-P crystallisation. It may be
that during the initial heat treatment, the average

concentration (20 at/o) of diffusing Sn at the barrier/

overlay interface is insufficient for the onset of
crystallisation. During the ensuing heat treatment,
this Sn content is likely to rise to the extent that the
barrier begins to crystallise. Thereafter, the increase
in the P content may provide further impetus for
crystallisation. Even so, the increase in P results in
part from its inability to diffuse in Sn as found in
the Ni-P/Sn system and also from its inability to

diffuse in NijSn, compound.

In both Ni-P/Sn and Ni-P/Pb-Sn systems, diffusion of
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Sn in the barrier may be responsible for the onset of
crystallisation and this stage precedes the nucléation
and growth of Ni*Sn4 compound. The pertinent question

IS to what extent the partial crystallisation of the

barrier influences the growth of NisSn« compound? The

answer might be that, compared to the Ni barrier, a
partially crystallised Ni-P barrier can still limit the
supply of Ni. But in comparison with an amorphous

barrier, a partially crystallised barrier can enhance

interdiffusion via grain boundaries.

Marker studies for the Ni—P/Pb-Sn system was not
conducted. Consequently, it is difficult to predict
which of the two Ni«Sn« interfaces contributes to its
growth. I f it is assumed that the Ni»Sn4/ Pb-Sn
interface dictates growth then the growth at this
interface is likely to be limited by the availability of
Sn. Semlitsch C93 has investigated growth of Ni-Sn
compounds at 170"C with overlays containing 12, 16, and
20 wt/o Sn- With 12 and 16 wt/o Sn, Ni*Sn grows, but

for the 16 wt/o Sn this compound begins to transform to

NisSn4 after 300h of heat treatment. On the other
hand, with 20 wt/o Sn, the transformation occurs after
only 100h. This shows that the Sn content in the

overlay not only dictates the growth of a compoundhut

also the type of compound formed.

The growth rate of Ni,Sn4 from the Ni-P/Pb-Sn
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system is shown in Fig 52. However, since the Ni/Pb-Sn
system was not investigated the relative benefits of a
Hi-P barrier over a Ni barrier cannot be discussed.

Unlike the growth o-f Ni.Sn, in Ni/Sn and Ni-P/Sn

systems, NiySn« in the Ni—P/Pb—-Sn system grows
parabolical 1y. The parabolic nature of NiiSn« growth
cannot be explained in any detail. Perhaps, one
argument is that the compound once formed relies

predominantly on the diffusion of Sn through the Pb-rich

phase in the overlay.

Suppression of NiSni intermediate phase in amorphous

Ni-P/Sn diffusion couples

The kinetics of growth of intermediate phases in
binary diffusion couples have been studied in several
theoretical and experimental investigations. Williams

et al C162] have presented a summary of earlier work.

Recently, however, a model has been presented which
establishes the criterion for the survival of a
nucleated phase C1631. The model specifies a
requirement of minimum flux through the intermediate
phase in order that it acquires a stable thickness
relative to its adjacent phases. Under conditions where

the flux within the newly created phase is significantly

less than that in its parent phases, the new phase
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cannot acquire macroscopic dimensions and may even

contract to satisfy the flux requirement.

In the following discussion the notions of the abovt?
model will be used to describe the absence of the NiSn«
phase in Ni-P/Sn system with reference to a model which
describee the formation of duplex Ni-Sn compounds in
Ni/Sn system. However, since the above model is based
purely on diffusional considerations a brief discussion
on other impediments to the formation of intermediate

phases will also be given.

Duplex Ni-Sn compounds on crystalline Ni barrier

Fig 55 shows the schematic representation of a NiSn«

nucleus at a Ni*Sn4/Sn interface after the NiiSn*

compound has acquired a critical thickness. The
direction velocities of various interfaces are also
shown together with their inequalities which describes

the successful growth conditions for NiSn« compound in

the crystalline Ni barrier/Sn overlay system.

The notion of critical thickness is well known; as
the dominant phase grows, flux across it diminishes, the
rcibe of migration of its boundaries decreases and
conditions for successful growth of a subsequent phase

are enhanced. Experimentally, this has been observed.
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With up to 143h of heat treatment the second compound
was not detected however, for the samples heat treated

up to 4592h, a substantial thickness of NiSni compound

was found. Initially, the growth velocity V4 of
NiaSn« compound at interface 4 is expected to be
greater than VI since Ni diffuses interstitially in Sn

ar;d the necessary composition and atomic rearrangement
can be acquired relatively easily. However, as the
compound layer approaches its critical thickness the Ni
flux diminishes and V4 decreases. Yet the compound is
expected to continue its growth at interface 1 since Sn
flux IS thought to be greater than Ni flux through the
crtmpound. Thus, a part of the required inequality, that

VI > V4, IS satisfied.

At the critical thickness of the Ni*Sn* compound,
NiSn« nucleates since the Ni flux through both
compounds is greater than the critical value required to
sustain NiSn« growth. This is evident from the
excess Ni observed on the Sn side of the NiSnt compound
(Fig 46) after 2S04h of heat treatment. The continued
growth of NiSns nucleus depends on the relative
order of magnitudes of interface velocities V2, V3, and
V4. If it is assumed that V4 is greater than both V3
and V2 then this leads to the condition that NisSn«
out-grows the NiSn» nucleus. This cannot be the
case, since a steady growth of NiSn« has been observed

even up to 4592h of heat treatment. Furthermore, V4 in
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this model represents the velocity of the NijSn*/Sn

interface at critical thickness in absence of NiSn«
which is expected to be very small since Ni flux is also
expected to have fallen below the critical level.

Hence, both V3 and 72 are greater than 74.

If NiSn» is to acquire macroscopic dimensions then it
clear that 73 > 72 and in the direction shown in Fig
55. This implies that 73, the growth rate of NiSn*, is
greater than the rate of transformation at the
Ni»Sn*/NiBn* interface. 72 corresponds to either
NiSn* transforming to Ni«Sn« compound or vice versa.

The latter case is unlikely since the higher temperature
compound of the two is NijSn* which cannot transform
to the less stable, low temperature NiSn« compound. A
direct proof of this was provided by Kay and flackay C121
who found that NiSn» transforms to Ni*Sn« compound at
temperatures above 100 ~C. Finally, the growth front
(73) of NiSn« in contact with Sn is expected to migrate
at a much faster rate since only one Ni atom is required
which readily diffuses in Sn and therefore easily
facilitates the atomic rearrangement necessary for the

growth of NiSni.

Thus, the schematic of a model shown in
Fig 55 describes the growth of duplex Ni-Sn compounds

on a crystalline Ni barrier in terms of relative
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intercacial velocities. It is postulated that “or a

successful growth of a second compound the interfacial

velocities bear the following inequality:

V3 > V2 2 va

.4.2 Single Ni-Sn compound on amorphous Ni-P barrier

In the previous section the kinetic behaviour of a
model system with two compounds growing on crystalline
Ni barrier was considered. In the following the kinetic
behaviour of the same model system will be investigated
but with the view of postulating a set of possible
conditions leading to the suppression of NiSn, compound

on amorphous a Ni-P barrier.

As in the previous section, it is assumed that NiSn«
nucleus has formed when the critical thickness of
Ni«Sn« compound is achieved. Two possibilities are
considered! either the nucleus survives to the extent
that it is not detectable within the limits of
detectability during the concentration depth profiling

or the nucleus once formed does not survive at all.

The schematic of the latter is shown in Fig 56
together with the necessary inequality of interfacial

velocities. It is assumed tnat VI is practically zero.
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This is justified by considering the concentration
profiles in Figs 43 and 45 together Mith the marker
motion, which indicates that Ni is the dominant
diffusant and that the depth of penetration of Sn in the
Ni-P barrier is substantially less than that in the
cr/stailine Ni barrier. Furthermore, the interphase
region bounded by Ni-P and Sn markers in Fig 43 is
thought to be a crystallised Ni—P barrier consisting of
Ni rich islands in Ni,P matrix C1643- Thus it is

highly possible that the growth of Ni,Sn4 at the

Ni-P/NitSn« interface is likely to encounter an even

greater barrier in terms of atomic rearrangement and

therefore V4 > VI.

For the model system shown in Fig 56, a situation s
considered where the NiSni nucleus is out-grown by
NisSn« and undergoes dissolution by transformation to
NijSn*. This requires the rate of growth of NiSn« to
be much lower than its transformation to NisSn« which
in turn is lower than the growth of Ni*Sn”® at the Sn
interface* This means that the Ni flux 1is high enough to
sustain NisSn« growth but not high enough for NiSn«
at the Sn interface. Such a possibility can arise if
the Ni flux in NiySn« after the nucléation of NiSnj
is such that the majority of Ni atoms arriving at the
Ni»Sn*/NiSni interface are consumed in the
transformation to Ni,Sn#. Yet, the rate of this

transformation should be slower than the direct growth
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o-f NiySn« at the Sn interface. Clearly, this cannot

be the case and therefore the inequality

V4 V V2 > V3 Vi

\s not satisfied.

An alternative scenario is presented in Fig 56 with
the relevant inequality. It is postulated that the
NiSn* nucleus once formed continues to grow at the Sn
interface but at the same time undergoes transformation
at the NisSn«/NiSns interface. The growth and
transformation of NiSn™ proceeds in such a manner that
V3 >y V2 so that the nucleus does not acquire
macroscopic dimensions. This is possible since the Ni
flu>{ from the Ni-P barrier is less than that from the Ni
barrier (compare Ni profiles in Fig 42  and Fig 43).
Consequently, a smaller of Ni e>{cess is observed on the
Sn side of the NiySn« (Figs 45 and 47) which leads to

the following implications!

(1) The critical thickness of NijSn« with the Ni-P
barrier should be achieved much earlier than that with a

Ni barrier.

() V2 '"* V3 since the majority of the Ni i?
consumed in the transformation of NiSn« to NiaSn* and

only the remainder is available for NiSnt growth.



(rern) V2 is expected to be > V4 on the basis that less
required to undergo transformation at the
Ni.Sn./NiSn, interface than to maintain Ni,Sn,

growth at the Sn interface.

As a —consequence of l, I, and 111 the NiSn,
nucleus is expected to shrink to a finite thickness such

tt(at the Ni flux within it is maintained at a critical

value so that its existence is continued. In a steady
slate condition, NisSn# s expected to grow at the

expense of NiSni at a some what greater rate than
otherwise it would in the absence of NiSn<. This model

also satisfies the requirements of the Ni-Sn phase
diagram which predicts the presence of both NijSn«
and NiSni compounds at low temperatures if the

following interfacial velocity conditions are fulfilled:

V3 >» V2 > V4 > VI

However, the thickness of NiSn> may be
such that its presence is not detected by EDAX spot
arialysis which was used to determine the concentration
profiles. This is a possibility since the average
distance between successive points of analysis was 0.5

(im.

Other means that may be offered for the missing
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Technological importance of amorphous Ni-P barrier

Ci'ystal 1ine Ni is the most widely used diffusion
barrier in the bearing industry. As recently as 1987,
Tomlinson and Rhodes C1611 have claimed to be the -first
to report the results of interaction between electroless

and Sn, which is primarily intended for application
in the electronics industry. In the light of this, the
rt-fults of this thesis concerning the interaction of
amorphous Ni-P/Sn, Pb-Sn are novel. It is found that
the amorphous Ni—P barrier with Sn overlay offers a
significant advantage over the crystalline Ni barrier
and this becomes apparent after 300-400 h of heat
treatment. However, for bearing applications, Pb-Sn
overlays are used and not Sn overlays. Nevertheless, an
assumption that the amorphous Ni-P barrier is likely to
offnr similar advantages when used in conjunction with
Pb-Sn overlay is not wunjustified. A direct comparison
of the Ni-P/Pb-Sn system with that of the Ni/Pb-Sn is
not available but, it is found that with the Ni-P/Pb-Sn
system the barrier remains amorphous for longer periods
of heat treatment (33.67 - 236h) and that during this
pt-t iod interdiffusion and Ni,Sn, nucléation is

delayed.
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COINJCI-LJS I OM S

f'revious claims that Cu—P and Cu—B barriers based on
Johnsons di-f-fusi onai theory - that the diffusion of
iiMpLirity <P or B) into the overlay inhibits the
diffusion of Sn - are unfounded for concentrated <Pb-—10

w/o0 Sn) alloys.

Quantitative analysis of previously produced samples
indicate that only O.l w/o Sn was present in the overlay
and not 10 w/o Sn as claimed. This confirms that
Johnson's effect is probably only valid for dilute

(Pb-0.1 w/o Sn) alloys.

As a consequence of 1 and 2 the <claims that Cu-P and
Cu-B diffusion barriers prevent the nucléation of

CiuSn« and Cu«Sn compounds are also unfounded.

Furthermore, a similar approach based on Pb-P barrier and
the co-deposition of Ni impurities with Pb-Sn overlay has

also proved to be futile.

An alternative barrier based on amorphous Ni-P alloy has
been identified. The compound growth rate on amorphous
Ni-P barrier overlayed with Sn was found to be up to one

third less than that on a conventional Ni barrier.
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Only NiySn« compound grows on a amorphous Ni-P barrier
whereas, Ni9Sn4 and NiSns compounds grow on the Ni
barrier. The latter compound is observed a-fter tlie

Ni"Sn* has acquired a critical thickness.

During the early stages of heat treatment,

an incubation period was found for both the Ni-P/Sn and
theNi/Sn systems. This incubation period was denoted by
extensive intermixing which is a precursor to compound

formation.

The NisSn« compound on the Ni-P barrier grows

non-parabolically for the first 900h of heat treatment
and thereafter tends to grow parabolically. For the Ni
barrier, non-parabolic growth is observed for the first
400h and thereafter the combined growth of duplex

compounds displays parabolic nature.

The appx values of interdiffusion coefficients
calculated for Ni.Sn”» compound from the Ni-P/Sn and

N4/Sn systems were found to be 1.51 x I10** cm*s" and
1.93 X 10 cm*s** respectively, whereas that for NiSnj
compound was found to be one order of magnitude lower,

i.e. 2.86 X 10™* cm*s**.

The Ni-P barrier overlayed with Pb-20 w/o Sn alloy
retains its amorphous nature for longer duration of heat

treatment. During this period the extent of
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3.7 SLIGCBESTIOfvIS RTDRT LIFtTI-IEF< UJOFtHC

In th©® main there are three general aspects to this

project which warrants further investigation.

The need to evaluate the performance of a amorphous Ni-P

barrier from engine tests, in terms of mechanical
pr>>]jerties and structural integrity of the Ni-P barrier
and additional benfits offered by way of enhanced

corrosion protection.

Improvement of the amorphous Ni-P barrier by codeposition

of a second metal, metalloid or both.

A detailed investigation of the crystallisation process

in the Ni-P/Pb-Sn system.
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