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ABSTRACT
Licjuid nltriding of H,lld steel,; have been puriormed in the ten'pe-

raturc rang" of 5~5vC_5750C and for tllL.Q5 of upto 5 Jus of treat-

lTIcmt.Thi' lu"ure of layer,; fOl"r.-,ed hay", been l[lvestigatca by optical

metallc<]rapiLy, microhardl\Qss mp.ilSllrem",nts and X-rilY dltfrilC'tilon

techniques. Reliltiv,," WOdrrates wer" de~erHllnec On a pHi-an-disc

type ilpjHriltus. Effects of addit.Lon of sulfur to these baths has

also j")een ,;tudied.

The thickness of the compound layers have been found to increase

wlth tn"atfficnt time at a particular nitridlDg temperature and wi.tlJ

tGmperilture <.1til l'articujilr trGatment tlIee, Higher haI"QlleSS values

were ob~"incd On sawplGs treated at lower tonperaturus. Addltion

of sulfur has b,~en found to incre"se ttl" surfae,-, h<lrdness V<lIUc8

'md decreease tI,,; depth of nitrogen penetration. The wear resistancr=

of mild stcocl !>ilmple",nitrided _~nure<l-soda bath5 increased with

treatment time ilt any particular tel(,perdture whereas decrea8eo

with an incre<lse in treatI~ent temperature at <l constilnt Hltrldlng

time. Addition of sulfur was found to increase the Wear resist<lnce.

X-ray diffraction techniques showed that the nitrided l"yer cOn-

sists of Fe]N and Fe4N nitrides. An unidentified phase ilave also

been detected in the nitrided layers. The con,pound layer was fauna

to cOllsist predominantly of Fe]N nitrldo. AddItion of SUlfur in

the bi.lths have been found to le<'ld to the formation of Fe-5
2
in tJle

cOmpound layurs of Illild steel samples.
00
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INTRODUCTION
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1.1 Int.roductl011

A hard wear resistant surface with a tough ductlle core arc

essent_ial prOPL'rtleS for th" siltisfactory pe'rforn',ance ot many

englneering components. G",nerally it ~s not poss.Lble to impart

such a comb~nation of prQpcrtles only by thermal and/or mech.lr..Lcal

treatmen-L:s. 'I'his JS b~'cause hardness is generally ilssoclated wit:n

;>rltl-lones" Clnd ,;0 a component treated for maximum.')ilrdne,;,;

;)eoomCStoo brltt:l" \-Ih81-E'ilS'thc s,w'e component treated fOl: TILClximuTI,

toU',Jhness wlll not be hard onough. Consequently, soveral proc"ss",;

kno'.vn ilS c,arburising, cYClnidlng, nitridlng, etc. have been deve-

loped by WhlCh this highly CleslrClble COmblnil'tion of properties

Ciln be ilttalned cOillITlcrcially.

In carburlsing, the high tcmperature modification, '( -iron lS iILLpre-

gnated with cClrbon In the temperatun, range of its staoility l.e.

above the upper crltlcal temperature,; a-nd the satllriltion tdkcs

plilCe b"low the solubility limlt of carbon in y -iron. The carboll

impregnated la-yer is subsequently quench",d resulting in the

formatlon of" a metalstable philse, martensite, WIUCll lS airectly

responsible for the high hilrdness. In nitrld.Lng, low tumperature

moaificatlon. (i -iron is impregnated ,nth ratrogen and tne imixe'j-

nation wlth nitrocJen occurcs above tho solul:nlity limic or thlS

elument in u. -iron. The surrace hardness of nitrogen llLpreg;latcd

stee 1 is caused ?y the highly ciispersed nitride precipitiltes

"'hose gUClntity and dispersion influence the attainiinJe hilrdne,;s.

'l'hus the surface hilrdness obtain8d by. the processes CClrlJllri,;~ng ana .
.0,



2

cyaniding processes depend D upon tne heat treiltment after the

COffil'o>ntlon of the surface has been altered. In the Cilse of nltl:l-

d1)19, the co.-nposition of the case 1S altered in such a way thClt

the comPOUTIo.sformcd are Inherently hard and for this rea"on,.::I!9

further heat treatfilent is necesSilry.

'1'he process of TI.Ltriding, if handled properly, gives very high

surface hardness ilnd Weill: resistanc"" not attainable by ilny other

Oilse h,::trdening technIque. Noreover, TIltrlding of steels IS per_

formed at much lower temperatures and 50 the properties of tn"

core are not altered.

'l'he nitrided parts arB free of internal streSSES and therefore

free from agIng effects, maklng them especially sUltable for

gears, cranshafts, ,gauges etc. Nitrided l<lyers can reta.Lll hard-

ness il't high 'temperatures n,aking thcm spcc.Lally SUitable for

certain ilpplications.

\'.'c!Clr-r"'SJ_stClnce)_8gr"<ltly il,crc!ilsed by nitriding "nd t001 marks

itr,d surface seratC!HoS .';eemto Ililve ll.ttle effect l.ll thc fatiguu

properUes of nilrided steel. The formation of the hi,gll llitrl[)geli

philse in the nitrided case increases the corrosion reS,lstanee of

st8cl in dtj~ospl,,-,rl.c air, frcsh water, superh8at8d steam <lnd

gasoline meoi" et_c. increilses the fatigue limit under COlT"Sl.Ve

concliti,on.

During nitriding of steels at telCI'Craturas bel,-,,,' tne ellt:ectoid

(591"C). The
C~

., -phase starts gotting saturat",,, wi,th
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nitrogen. Whenthe limlt of solubility of nitrogen ir, "-phase

for the given temperature is reachGd, the next phase y') begins

to form. Ul'on further saturation with nitrogen, the E-phase

will be formed. As a result tho E -phase riChest in ni'trogen,

will be at the surface of the cQ~ponent being nitrlded. It will

b[),~~c~",d~d-:3by the y' -phase and finally, the" -phase whJ.cl1

gees over to the core:

£ -----> y ------.."" ---------->core

",hen tile tcmperClture is lowered, til" E and" -phase decompose

and t:lC excess l- -ph,,:;e 15 precipitLlted as shown by the equiliDriu/Il

dlagram (Flg. 1.1). Therefore, at rOOm tGIT,perature we Obtain,"

case in whiCh the' phas8s arc arranged in the following m:dal'

(from the surfilce to the core):

E +y' (excess) -----*y-----~" > y (exces:;) -----> cere

1.2 '1'yI''"'sof Nitriding

NitridJ.!\g is more expensive, more complbx and

ilny other surface hardening technique. However, the proces" of

nitr.Ld.Lng ehas received consiaerable attention from thG indu5tr.Lal

as well as scient.Lfic community. As a result nitr.Ldillg ca.n nO\"bG

performed in various.satura.ting media, solid, liqu~ci or g,,-seous.

NUIT,erousmodifications of the techniques have been evolved to SU.Lt

specific requirements In service. Nitriding processes arc classi-

fied on the basis of the medium from which rntrogen is generated
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III atomic form and are:u.,ect to saturate tile steel surface. Tne

mOre cornmon processes lllclude,

1.2.1 Gas Nitridlng'

Gas ll.ltriding is usually accomplished in muffle furnaces. AmalOnL•.

gas is introduced into a gas tight furnace ch,llnber heated upto

a temp"rature of 500°C

fo,llowing equations:

61HlOCand decomposes according to the

2N

2H

3H + N (atomlc J

It is important to note that ammotna gas decompose givlng the

nitl'ogen in nascent or mono-atomic form, whiCh is the only fOl'n-

capable of entering the steel ilnd diffusing into it. If the an>IllO-

nia gas
,

dccompos~outsidC the gas tlgllt retort of the furnace

and then the d.issoclated ammonia 1S "dmitted lnto tho retort,

no nitriding of the steel w.l.ll occur, because the n,olccular nitrogen

contiilnccl In the c,eco"'pose ammonia lU not capable of diffuslng

i,nto thO' steel. 'l'he poss,ibillty of lrOn re~ctu,c; w,ith nitr"'c;en

was knOl'.T.as e,,-rly as in 1906 but the present cornmerclal vial)iLity

of t~lC process is due to toe fe~~'.JstudY of 'the prcblem in 1919

Adolph the Krupp works in Essen, GeJ;)llanyanc l te,

flXther devclOplrent by subsc'luent invcstigiltors throughout the

world.

j



1.2.2 Ion-Ni:triciing:

5

The'most recent development in the flelcl of nitriding 1" tILe

SlC'd ,hSCflarge or ion-nltrlding. This uses the plasma state of

natter "-no.is also' called plasma nitriding. Tho process wltn l1:S

lac]" cle'jroQ of varlability and ada]Jtiblllty, appears to nave a

brcador cange of ilppliciltion than any of the other nitriding

te<.:hniql.:es,

ThQconcept and the principle of ion-nltrlGing were flrst e5tab-
2lishccl in GermanyBy Bernerd Ilerghaus in the early 19]()'s •. In

this technique, " low pressure TIltrogen gas introduced into a

vacuum ehilmber (1-10 torr) is lonised, under the influence of "

high d.c. voltage (400-1000V) "nd becomes electrically conductive,

Positive nitrogen iOllS are attracted by the cathod~c workpiece

where, on heating its surfact!. They cause the n~tridillg action.

The energy trilnsfered to tne workpieces by the J.on-ooml)ardment

is utilised to heat the workpiece to the necGssary treatment

terrperature (400-600oCJ. The temperature of the workpiece is

measured and controlled by means of ther-mocouples which ,u-e J.tlSer-

ted in the charge. Thus no external heating is required.

1.2.3 LIQUID NITRIDING

In l)quid nitriding th8 work is heated in molten >;alt bat'ls COll-

tairlJ.llS cyan~des. The sodium cyanide ,in the bath nJacts w~tn

the oxygen in the air ;;md is oxidised according to the reaction,
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1. NaCN + O~, > NaCNO

Thus both nitrogen and carbon is picked up by the steel during

heating in cyanides. This sin'ultancous satuI"<ltion of the steel

WJ.thc"rbon and nltrogen results In superior properties of this

layer.

when
. 0pGrformed in the temperature range of 540-575 C, thlS precess

adds rcore Il.ltrogen "nd less carOOll and is therefore classificci

as nitrH.1lng. Heating of steels in cYilnide baths in the tCTIll'cra-

tur" range of 820-870oC, ildds up mOre carbon and less nitrogen

and according tIl" op~ration is called cyaniding.

The liquid nitridlng technique has several modiflcatlons and lS

appll.ed to a wids variety of carbon, low alloy and tool steels.

In order to accelerate the chemical activity of the bath, enlarge

the nUl[lberand types of stGcls that can be proce",sed aud to

improve the properties, several special liquid nitriainy processGs
3-5 . .have been developed. In one such process, called liquid pressure

nitriding3 anhydrous amonia is introduced into a cyanicie bath.

The bath ~s sealed and maintained at a pressure of 1 to 30 atmos-

pheres:- Because the molten cyanides are diffused with anhydrous

ammonia, a newly pruparcd bath does not require aging J-ne may be

put into imediat8 operation. In yet another process, aer~ted

bath nitridl,qg3, measured "mounts of air are pumped tjlrough tne
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molten bath. The int~oduction of air provides agitatiun and

stin,ulates chemical <lctivity.

The presence of sulpnur in liquid nitrlding bath~ l~ 4-6
KllOW!J

to result in improved properties p"rticularly in tIm scuffing

resistance. In presence of sodium sulphido, addlt.lonal rQactions

occur within the melt:

Hence the sulphur content aecaierates the forrr,atlon of cyandLe

radic"l and the nitridlng effect .1.5greatly IncI"e<lsed. The degree

to which sulpnur Lecones a part of the compound zOne has not yet.

been complutoly unuerstood; nonet.heless, practicill "F'pliciltion

is now '-Iell established; and in addition to increasing the Weilr

resistilnce, th" fatigue resistance of treated materials i,; .lflCrcoOlscct

by dS much as 100%.

A typical commerc1al bath for llquid-llltrid1llg is composed of a

mixture of sodium "ndJpOtas"lUm-~,"salts. The sociiunl s"lts Hhieh-~~--
comprise 60-70% (by wt.) of the total nnxture consists of 96.5%

NOlCN, 2.5% N"2C02 i:\nd 0.5% N"CNO. The'potaJsiurr. salts 30-40%

(by WL.) of the mixt'.lc", cunsist of '>6%KCN, 0.6% K2COJ
, J% KCNO,

0.5'0 KCl. The operating lemperdture ci tnis s"lt bath i" about

565°C. 'l'his bath 1S w1dely u"eu for nltr1dlng tool "teel", inclu-

dUlg high speed steels iind" variety of low alloys steels 1r,clu-

d1llg lutralloys.
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Uscs of liquid nitriding ilre SImIlar and at time!; identICal

to gas ILltrlulng. HCvKvcr, in SOl~Qcctses liquid Illtridlng has

proved to be superior to other case hardening fi,ethoGs. Moreovel'

llltriding in the liquid bilths has all tha ildvantage& of hGilti"9

iI, a liquid bath,

1.2.3.1 L:Lquld-Nltl:lding.ell UrUa-SOQil Baths;

1nsl'itc of elll these advantages liquid nitrJ.dillg suffers from

il llIajor ulsauvantii'llJS, in thClt the salt is deadly p6Ts~n-ous:j'"

"TIC:req\llt"es very spccidl care during storage, handling and

OP"Tdtic,n. Effect to overCOm" this difficulties has resulted

in" number of modlflcatlons3,6 of liquid nitridiug teIChnHlue.

These include cY"nate-cyarndc baths, carbamide baths anei llItrlGe-

soda baths. In addition to these a new teclmique7 of nitrj,oillS

~n Urea and Soda has been developed ~n the depOirtment of Netallur-

gJ.cOll Engineering, BUET, Dhaka. Results obtilined7-13 so filr h",s

been very encouraging.

DurJ.ng melting intJ.mate mixtures of equal volumes of urea and,
sodium carbonate roact to form SOdJ.UfficYilnide, ammoni~, carbon

diOxide and 'water vapour. Of these products an"non~a, cilrbon d~oxiae

and water vapour loave the pot leaving only sodulm cyanide ~n

the bath. The sodi.um cyalude then reacts wi.th oxygen accurding

to the following reac.tions produce active nitrogen and carboIl.
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ccn.puS.ition for satisfactory Illtriding has been id"lltlfied. No

efforts hiive so far been made to relata th" pI"oporti"s of tne

nitriuE'(~ ,;pccimens to the structures of the nitr~6"a layers.

This study aims to ueterITLlnU the naturo of the layers forn.co.

durlnc! Il.Ltrlding Din urea-sodLl baths by using optical metallo-

graphy and X-ray diffractioJO techrnqm,s. and also to relate tILe

hardness illlCi'~'ear properties of the nitrldcd 5ilmples to the

structures of the nitridGd l"yers.

It 1-.0known th<lt the addition of sulphur cOlll!-,ounds to a molten

bath improves the wear propertles of steels nitrided in conven-

tional cyanide-based baths. Effects of addition of sulphur On the

nature and vroperties of the steels nitrided in urea-saGa oatns

have also been investigated III -an exploratory manner,



._._---- - . - -- ----- - -" - --- - - --- --- -

Chapter-2
LIQUID NIT RIDING
IN UREA-SODA BATHS-A SURVEY



2.1 Introduction:

Li,guid nitr.i<11ng in urea-soda baths is a process developed .in tile

cepartmocnt of Hetilllurgical Englneering <It Bilngladesh University

of Engineering and '.rechnology, Dh"ka. No work On baths vased

entirely on urea-soda has oeen reported even in recent rev lew ,

pap8rs.14-l5 Investigations15 On the addltlon of 0.5 !Jct. urea

to convE'I,tionill liguid nitriding baths have, however, Leen !Jer-

forrred and was found to improve weilr resistance,S pet, urea haE,

been used to rE'gE'nerilte cyanide-cyanate melts. It hilS been clilimec

that the utilisation of tlns new technique will help to lll,provc

the quality of macJnne spares ilnd components iI, Bangladesh. In

t"is chapter a description of the process and a Dri",f l-eview of

the work done so far has been attempted,

2.~ PrE'par"J.ion of the t>ath:

£quill volume,s of ure". ilnd sad" ar~ thorou'Jhly miXed and tl1en

n~lted in a pot by very slow-hea~ing. During meltiny intlmate

mixtclce of urei: and sodium carbonate react to iorm SOdlUm"y"nlne,

ilcnmonia, carbon diOXide and water vapour. Oi these product lOll

aJlL'llonia, carbon diOXide and Wil'ter vilpour lGClVethe lJot ana thus

only sodium cyanide .es lett .en the bilth. This sodiurr, cYilnide

then reClcts w,-th oxygen to produce active nl.trogen <l)ld CilrDon.

2.3 ],.';Jing:

A minimum cyanate content was found to be essential for satlsfac-

tory nitridi"g and it was reCol\'il1\endedthat the molten salt should



b~ a9'od for about 12 hrs at 560-5800C b£fore any w~rk is ~lacuu

in the bath.9 During aglng tne cyanide content Gucreilsed ,,'Ilile

tile cyanate content increased due to oxidation. Experilnents 11,1)

In this bath hav~ shown that 25-)5% cyanatc In the bath give"

good result. Because of continued oxidatlon the ratio of ~yalldte.

to cyanide changes with time during nitrlding. Careful control

lS th~rcfore nec"ssary for satlsfactory operat.Lon and proper

additions must be made to maintiJ.in the_bath compositlOIJ. It has

already been pointed out that nO experiments to deterl1line the

exact nature and amount of additions has so far been perforfficd.

2.4 Maintenance:

To protect the bath from contamination and to obtain satisfactory

nitriding., all worked placed in thc bath should b", thoroughly

cleaned and free of oxides. Over h"ating (above 590oCJ' cau::;e5

breaking down of the salt to carDonatc and 5hould be avoidcd.l)

Carbonate content in excess of about 25%should be ren,oved by

decreasing the bath tCI:1perature. At low temperatures thQ carlJonate

solidifies and settles at the oottom and may then be remov8d by

a SpOOIl.

2.5 Behavlour of thc Bath:

It h"s been observed th"t like the conventional liqllld [utrlding

baths cased on cyanides thlS bath also had a llmited life dnd

after the expiry of this usefUl life satisfactory nitriding coula



13

not be Dotal-ned.ll,13 This ha~ been attrlbutc.d to tne higil car-

bonate build up l.n the bi;lth • .Fo,; eX"'InpIe, tile Lath JJdsed Oil urea-

socia on isothermal aging became. viscous after anout 60 hr" at

500Ge ane 46 hrs at 540°C. No nitrldlng could then De performed

and the salts in the bath had to be discarded. At still nigh

tC!-HlpE'ratures 575°C for example, the rate of ev"'poratlon of t'd,

salts was found to be very high.

Ur0a and Seda react with oxygen in dir ane. hence gets QXldlSed

to cyanato. 'l'his cyanate Oil further oxidation forms "ton,ie ni'tro-

gen ilnct carbon and also sodlum carbon<l.te. It can also be noted

thil't a higher amount of CarbOl'Clte forms at a higher ten,peraturc

i.e:. th" rut" of reaction is faster ilt higher ten,peratures. This

gradual incroiise In'the clmountof carbonate is not unexi'ectcd

Lceau,-e on Helting eyaradc is formed in the bi;lth. T!llS geh, OX1-

d15ed to CYi;ln~tei;lndthen to c~rbonate. Thi~ CarDOnelteaoes not

tak" p~rt ,ln further re~ctiOl1 Whlle mOrlOcarbonate forDls ciue to

[urth"r oxid~tion o£ cyan.Lte. Thus the celrbonelte content in tel'"

lJath Iner"ases cor.tinuously. 'Ine salt Jl.ixturc was melLeo by i.:eatIrL'J

"t tile Sf'eCI£led ten.peraturcs. It took 2 to 3 hro. wefore " cOlnple-

tell' molten salt b~th could be obt"ined. Reactlons during this

stage l~ i'erhaps responsible for the high carbonate content in

the b<lth. Moreover, equal amounts of Urea and Soda was melted

and thus the amount of soda in excess of the amount required

for tne reactIon was also present in th", bath, resulting in a

high cilrbonate content ilt the e"rly stages of operat~ofl. Experi-
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ments has not however been l-'erformed with stoichiometrlc anLount

carnOllate in the preparation of t;lO bath. 1'loreover, although

has been Indicated1l that the useful life of the bath could

be Increilsed by

a. Periodic addi.tion of only urca or a mixture of greator

arrount of urea together with a smaller iJIT,ount of car-

bonate to replenl"L the spent salt.

b. RemovIng tho exec,;" carLo:late by 10we1:111gthe DdL."

temperJ-ture and thus allo'w.Lng the carDollilte to settle

at the bottom. The carbonate could then be J:el(,oved

eilsily Dy a perfolCated spoon.

c. USIng scdlurl carbonate in amounts exactly reql:;red

for the oalanced equatIon of the re"ction wltn uroo.,

No experiments have so far b"en peI"formed.

2.6 Ef[20t of Process Vdriables:

As in other i..echnlques o[ nitridillg, the maXll\1U/1Lhardness of 'tilee-,
sp8cin-Bns nitrided in th.LS bath has been obt"ined after s!lorter

tre"tment times at higher temperature:;, while at lower treatment

temperatures, the maximumhardness is obtained by nitriding for

a longer period. Results of nitriding in inherently less tOXlC

bath has shown that the case depth produced lS higner8 than that

obtained in conventional baths. Exploratory 12experiments on the

effects of nltriding on the mechanical jJroperties Uke 'fatigue;

wear resistance and tGnsile properties !lave shown 'ti'lC\-t.these'



propertleG can be slg~ificantly ult8red by nitrioing in thlS

b:>th in much the saL'I'"way as by nitridlng in th", conv(olltlolJal

cyanide lJasea baths. Optimumtreatl"ent conditions capaJJlc of

glving best results were, however, not ldentified.

2.7 SJ.fety Precautlons,

Operatin,:! personnel must DOcareful'ly instructed in handling the

poisonous cyanlde containing salts. All chemlcal containers

must be clear ly marked to indicate COlltentS. Personne 1 should_~. A._,
be provided with fucilitles for washing their hand:; ,thoroughly,to- ._..-- ...•_'""

prevent contan\-ln<ltion Ly the cyanide s<llts. Sheild, gloves,',"
aprons and eye protection should be worn by operating personnel.

P<lrts should be preheated to arive off uny moisture t"at may DC

present: before they are lmmersod in-the molten s<llt bath, Proper

venting of furnace and rlnse tanks to the outdoors is recommenacd

to provide sufety agalnst fun,lOsana spattlOring and to minJ.hllse
"corrosion in the work area. NitrCitc - nitrite salts must not

coroe in contact with n:Ltriding salts in the n-olten salts; con-

tact wi.ll result in an explosion.

2,8 Economic ConSlderat ions:

The raw-materials urea and suda are readily avallable allover

Bangladesh. The cost of nitriaing is also greatly reduced oy the

use of this but,h, For eX<lmple1 kg of salt for a conventional

cyanlde bath costs nearly Taka 1000/- (One thousand) while lJroduc-

tion of 1

than '['aka

kg-Sf salt in

30/- 1thirty)

urea-soda baths involves a cost of

only.

less
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MATERIALS AND METHODS

3.1 Introduction:

Liguid nitriding of mild steel specimens in baths based On Urea-

Soda were porformeo. and th" nature of the layers formed were

deterrr,ined. Effects of sulfur on tne nature and. properties of the

nitrided layors has also been explored. In this chapter, the

preparation and heat treatment of the specin,clls. u"ed in tIle present

investiyations are dcscribed. Th8 different experimental tech-

niques used to follow the effects of llitriding are also desCrH)ec.

3.2 Speclmen Prepdration:

A one-inch dia mild steel rod was hot forged into a 1"/16 tlLick

flat bar and specimens mea"uring 20 mmX 20 l1dUwere prepiJxed

for optical metallography hardness measuremonts ana ",tructure

deterrr,ination. 10 rnmlong mild steel pins for wear stuales were

prepared by machining mild steel rods.

3.3 Heat Treatment:

The high hardness of the nitrided layers has to be supported

by a strong core. It is thus a usual practice to nitrIde specimens

at temperatures 30-S00C below tempering temperatures.

Since it was expected that quenching Will not cause appreCIable

hardening in mild steels, tho specimens were not heat-treated.

•

(
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However, in order to obtain uniform specimens, all the samples

~lOr8 normalised by heating_to 910°C and cooling IOn stlIi alr.

These were then polished and stored in a deSlcator prior to

nitriding.

3.4 Ni.triding;

A cast iron pot heated in a gas fireu pit furnace has been used

as a bath in these experiments (Fig. 3.1)."A chromel-illumel

thern,ocouple placed inside a stainloss steel tube closco at one

end and immersed within the liquid was used to r.-,e<lsuretlW t,-,mpu-

rature. A solenoid control valve designad and f<;lDrieateo in th",

dept. of metallurgical engineerlng was used to control the Dati,

tumpurature to ! 5°c, In an effort to study tho effects of

addition of sulfur On tho structure and propertlos of nitr-idea

layers, sulfur i,n the fonr. of sodiurr sulfide (N<l2S) \olds added

to the wolte" l.>",tll, if] "uch yuantities th<lt sulfur if] the biltt,

ilmounted to 2.00 per ccnt, 'l'he speclwens were suspenaed "ithH,

th" molten salts by nichrolne ,nrcs. After nitrldlllg for d specl-

fled tl,l"e at the des.ired temperature, the specimens were t",kell

out, These were then taken, w<lshed throughly in running '..;ater,

ne\ltrallsed .in alkaline calcium flypochlorite solutiol1, dried

ilnci stored in a deslcator.

Nitr;Lding h<J.sbeen carr.ied out for the following t.iITleand tel'1pe-

ratures;
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~I '

1. Thermocouple to pot 6 Burner
(salt both) 7. Controlling pyrometer

2. Salt both ,. Solenoid valvl'
3 Cost Ifon pot 9 Bypass line with volve, Refractory lining

10. Go> supply to the furnace
s. Steel Plat!:'

FIG. 3.1 SCHEMATIC DIAGRAM OF GAS FIRED LIQUID (UREA-"SODA
BATH) NITRIDING FURNACE WITH AUTOMATIC CONTROL SYSTEM.



18

Materials: Mild steel, Bath: Urea-Soda withQut ••ulphur "d'ditl0J)
and sulfur addition,

Bath

Urea-Soda
(no sulphur)

'l'emperi;lture Time of trodtment
Uc (hrs)

m " 1, ', 3 , S

S50 " 1, 2 , 3 , S

50S " 1, 2, 3 , S

UreJ.-Soda
with sulphur

J.5 Optical Metallography

575 ~,1/2J3/5'

Small pi[)[)cS from the nit;rided sample:;, were cut off using"

silicon carbide '.'!Iwei for optic"l metallograplly wGrk. Speclmem"

were '[)iu;c'fully cut at 90 degrees 1;0 nitrided surface al,d lllClUnteo

sueJ-, that only the transvelSe.,sec1;ion if> revealed, S""ncianl' 1L\0thocs

"ere used In speC.Lmenprc!-,aration for observiltion. -5 percent

solutl.on of nitric acid in alcohol was used as an ctchant to reveal

the structure of the nitrided specimens. ThOmicrostructure

were then observed and photographed in il microscope.

3.6 Hardness Measurerrents

A \:~imadZU microhardness tester nas been used to carry .out the

hardness measurerr.ents' and a load of 100 gw. was applied for

5 sec. to cause the indentation. No further treatment of the
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nitrlded samples wor", dOllOfor .these microhardness IT.uasurements.

Ildrdness and penetration distance profJ.le& were also uetermHlca

on all s<>mples, for which specimens prepilred for optical metallo-

grctphy wcr" usud. Tnose measurements were maae wJ.th 100 gm. 10ilO

applied for 5 seconds and the distance between two successive

Indentations were kept constant as far ilS possible.

3.7 Wear Studies

NJ.triding by any of the availablu techniques improves weilr pro-

perties. One of the rnillrl reasons of choosing llJ.tr:Lding treatment

for madune campor,ents and tools is the J.mprovement in tne wear

resistance ilnQ dry-running properties of the milteriill. It is

generdl1y considered that the wcar-rCslstancc lnLprUVeswitu Inc-

'rca5ing hardness of the Cilse. But hilroness is not al'.Jays a sigllJ.-

ficant factor in determinIng wear rcsistanc8; the hignest we"r

reSlst"f:Ce does not "lw"ys COInCIde wj,th maximumlJarUlJeS&.

I'.'ear of solie surf"ces is a complex phenomenon, the n"i-ure 01 1'.';,le11

nlay be ilffeeted by" sllgnt C<lil-ngeIn operating conditIons. For

thi~ rea~on, practical tests In laiJoratory seldon. give relJroouc-

Ible ot' conclusive t'esults. However, these tests If i-et'Io,cmea

cilt'efully, give useful inforIT'dtion rogareing,wear loss of mate-

t'ials in actual surVlce condItions.

The wear loss measurerr""nts hil-ve Peen done on a simple wear maehlllC

eon"l,stHlg of " pin made of the nitriacG speclmen, runDing the

't..

•

,

\':



Specimen

Disc.

Disc support

Specimen holder

o

Acm

FIG, 3.2. THE WEAR APPARATUS,
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1. 485 kg. which iml'l~es a bearing pressure of 0.0058

flat' fae,,' on i'l smoot.h-ha;'<deneddie-steel dlSC. A 5ehenatic dlilgraIL.~-
of, the wear apparatus is shown in Fi.g. 3.2. The speclnen could

b" pOSltlcned at four different values of dise radlus by rr,oviIlg

the arm horizontally.

10 mmdiameter pins, 10 mmlong wero nitridcd in the !Jath. To

Slrr,ul<;ltethe actual worklng condl.tions under which nitriding is

reputed to considerably improve the wear res~sta"ee of a materlal

thesG of tests were performed under normally dry conditions.

The load on the pin was kept eonst<;lnt throughout the series at
. ,
Kg/mn~ •

Tne tests ,",'ereconducted for a constant contact dist<;lncGof

198.85 H1eters to ncte the effect of nitriding tlme ana temperature

on the wear properties of thG materidl and also to'f~nQ out "lne-

ther'addition of sulphur in the bath helps to improv0 Wedr jJro•.8r-

3.8 X-Ray Dll'fr<;lction Studies

The aim of the X-ray diffraction studi8s was to determine the

structure of the nltrided layer formed on the surface during

nl.tr~d~ng in the bath. Nitrided sheet specimens, wltlJout any

further trGatment were studied for X-ray work. X-ray diffraction

patterns were recorded using Fe radi<1'tion in <1Jeol X-ray olifrac-

tometer. A scanning sjJeed of 1 degree per minute wlch a chart

'spGed of 1 en' per mlnute were used to record the patterns and

WGrcused to_ ~dentify the phases present and 'to index the diffrac-
~:~

tiol! l~nes. ", .
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~.l INTROOUCTION:

Mild steel specimens hzlvc hecn liquid nitrided in urea-sodll

baths in Lhe temperature range of 525 - 575°C lind for times of

upto 5 hours of trc8tlronL The effects of nitriding in this

bath have been followed by optical metallography, microhardncss

measurements and x-ray diffraction techniques. Relative wear
measurements h,,"vc also been performed Oil a pin-on-disc' type

appllrlltuB designed and flibriclltcd in the department of rr.etal-

lurgical enginccring at the Bangladesh University of Engineering

and Technology, Dhaka. Effects of addition of 2 per cent sulfur

.to this oath have also been investigated. 'nlc results of tflcse

investigations have been presented and discussed in tois cna~tcr

4.2 OPTICAL METALLOGRAPH¥
4.2.1 Introduction:

1'he microntructurll.l changes occur~ng in tile st.eels during liqul<l

nitrirlinq were followed by optical microscopy. Trllnsversc sectlOn!i

of nitriderl specimens were mounted in thermo-I;cttillg rcsin d"O

were prepared by using standard techniques. The nitrldea spcc~n:cns

wcre etched with ~\ nital and the structures were observed at

x200 magnification and photoqr<'ll'hed on an optical rncUllloqraph.

The microstructures of the spccimens lire presenteo in Fig. 4.1

to 4.3. The study of the microstructures show that the con't'0uno

layers formed durir<j nitridinq in this Oath Is comlJact ana the

addition of sulfur to the molten salts leads to the formation

of II thinner compound layer.,~

o
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(0 )

x200

x200

5 pet. Nital.

5 pet. Nital.

Fig. 4.1, Optical rricrograph of Jlild steels liquid

nitrideo in .. .
"' Urea-Socia Baths foc 3 "Co of 57 SoC.

bl Urea-Soda Baths foc 3 hrs of 550°C.
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x200 5 .Jct. Nital.

(0 ) x200 5 pet. Nital.

Fig. 4 • 2 : Optical micrograph of Hila steels l.LqUl.U

nitrided io

"' UI"ea-SOdil Baths fo, 5 0<0 "' 575°C.

bl Ure,,-6oda Baths fo, 3 000 "' 570i0C.
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(a )

(0)

X100 5 pet. i<ita1.

xlOO j ~ct. rlit~l.

I~

, .
Fig. 4.3: Optical nLicrogr"ph cf n.ild steel"

liquid uitrided in

a) Ure~-Sod" Baths for 3 hl-'" at j7 soc

b) Urea-Soda B~t!ls containing 2 pet.

sulfur for 3 hr", at S7S0C.

•

,
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4.2.2 Effect of Ti~ ftnd Te~perfttute:

Fig. 4.4 6hows the vlIrilltion in thicKness of the conpouna l,'lyer

for"ed on the ",lId steel samples treated in urell-soda oaths. It •••
c<ln be seen that the thickness of the compound layer incr('ftses

with tine at celT.perature. A caTlparatively thin eon'pound layer 15

forued on the steels treated nt lower temperatures (5500C, 5250Cl,
.,
•

while the coupound Inyer thicknellc is 1I,0re on sllmples nltrided

lit hIgher temperaturcs (5750CI. The naturc of the curves shows

thllt the growth of the Inyer is diffusion cOntrolled ana SUCll

results arc therefore to he expected.

4.2.3 Effect of sulphur on the thickness of Lhe compound laver

Fig. 4.5 shows that lit 575°C, II eomplIratively thin eompoun{\ l<lyer

1s formed on n,ild steel specinens nitrldea in urca-sooa CdUlS

.,,contllining 2 \ sulphur liS caTIl'ared to (l thicker layer fornlea On

mild steel specimens tre(lted at the slln.e te,uperaturu In hllths

conLnining no sulphur. It is to be IT.entioned that n olacl<. adherent "

liquid nitrided in urea-soda OlltiHl con-

and Dawes16 also notcd thllt willi higher

will be seen in n Inter section thst in good agreement wit.h t"l.1i

observlltion a lower Cllse depth has been found to have forn,eC! on

in bSths containing sulfur.

'"piCK up of nitrogen and caraon

bathe a heavy adherent blnck denris

nitr.lded steel •

layer formed on the samples trellted

Forrrfttion of such l,'lyers lilT,its the

by the steel, thereby causinq a decrcases in the nitridinq poten-

tial and leading to thc formntion of 1I thinner COOllJoundlayer. It

UIl' nLild steel specirrens

taining sulfur. Mitchell

contents of s\'lfur in nitriding

is formed on the surface of the

•

•••••
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4.3 HARDN8SS M~ASUREMENTS:

4.3.1 Introductlon:

Microhctrdncss measurementS both on the surface and ilS il func-

tlon of tilstance from the surface hilVe been n,ade on all samples.

Hardness versus pelletratlon-dlstallCe pro£ll06 glve useful

lnformation regarding the depth of penetr<ltion of llltrogen

<lnd the v"riation of hardness from the surface to tne core <lnd

iire used extenslvely. The results of hardness measuren.ents

obtillned in these studies ilre discussed below.

4.3.2 Surface hardness

Surface hardness measurements "-ere c<lrried out on all llquld-

nltrlclect san'ples by using;;! Simuuz>.:mlcroharclnes" tester. 'l£)

~OgrhJ.~d~~ l1scd fer 5 s,=c to cause the ident"ticns •

.I:'lg. 4.6 shows that the 8urfaee hardness of il11 nltricieci

8amples falls grildually wlth treatm0nt time at all teml,erill:.ures

lnvcstigated. Horeovur, it hus been observed that tbe hardness

values (VHN)obtained On sanlples treated dt lOl';8r l:emper;;!ture",

(5250CI ilre alway", higher tnan the surf Lice hardness obtalned

on samples trei1ted ilt h,igner temperatures (550°C and 57SoCI.

'1''18rate of decre;;!se in surface h,>rdnes5 lS greater at nigher

tCIc.per"tures.

Hardness ir. nitriding is causee. by finely ulspersed nitride

particles .wlthln the lr.atrlx and l5 dependent on the size of

"
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eh" nitl:"ide particles. Pill lIpS and seybolt17 stuci"d pr"cipi-

tatlon of alloY-Illtrides wnng electroll IlIIcroscol'Y and note,i

tllilt coar"e nltrides caused only small to moderate haruefllIlC;.

Thuy identIiIud tiny particles, ,",'t11ch """ere nard to resolve,

to be th", principle source of harden1n",.

'ille gl:owth of the nitride particles is depQnded on time and

temperature and therefore th" rate of growth is likely to be

higher at higher temperatures, thus. c.ausing. a faster Cleerease

i,n hardness at higher temperatures.

4.3.2.1 Eff8Ct of sulfur on surface hardness:

Pig. 4.7 show:; that the addition of sulphul: in l1qU1d nitrl-

ding baths causes an increase in surface h"rdness as con,pared

to the surface hardness of the mIld st8cl sampl,,'s nitridec

at the san,e temperature in oaths without sulphur. It ~" 5een

therefore, that additions of sulpnur increases thc surfacu

hardness.

4.3.3 Hardncss versus pcnetrat~on distance profiles

Seetloll orthogonal to tlw treatod surfac<2s were nou)lted and

wel:e used for rni,croilardness me"surewents as a funetloll ef

dL"tam;e from the edge. The zero l'0lnt for the dist"nce sca'le

corresponds to the extreme outer edge of the san'l'l" including

the compound layer. The llardness measurements st"rted at tJ',e

point of closest approach to the edge and Wel:e spacea equally
:;,

,
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as far as possible. Fig. 4.8 to Fig. 4.11 sno'", the varlatlon

in hardness versus penetration distance profiles witn treat-

[[ent time at constant temperatures and wIth teIr.perature for

a fixed treatment tinle for mild s,teel samples llltrided in

urea-soda baths.

From these figures it can be observed that case depth, i.e.

the distance at WhIChthe slope of the hardness versus penetra-

tion distance profiles becomes minimum, increases Wit~l inc-

reasing treatment tin\e at a par'ticulilr temperature and also

wi.th temperilture ilt constant tn"atment time. Tnis is tQ De

ex;)ucted. It can also be noted that wlth increasing treatment

time at a particular temperature the hardness curves nas a

more gradual slope from surface to the core. This is DecaU"e

of the uecre<l-sein concentr<l-tion gradient of nitrogen '.-lit"

increilsing nitriding time. A comparison9 of case-depths produced

by nitriding in conventional baths and in oaths based On UrCa-

soda, hilS shawn that nitriding in urea-soda baths produces

il greater depth. The deeper penetratlon of nitrogen durlllg

nitriding in urea-soda baths resulting in tne hlgher casu

depths h~s been attributed to the formation of an~onia gas

,ill the b~th.

Fig. 4.12 shows the variation in Cilse depth with treatnlent time

fur tne mild stoel SIX'ClTILCns.It eeln De Qbsetved ~IJat ease-

depth increilses with i,llcreilSi,Jlgtime at constant tenLperaturcs

and ~l~o with lncreasing tcmpcratllrus at constant tiwe. Tile
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case-depths produced by nitridiN;j for a specified treatment tilre at a

partiC\llar temper••ture is snuller at lower tenperatures but greater at

higher tcrrperatures. This is due to the increase in difJ:usivity of

nitrogen and curton at higher wnperatures.

The causes of the differences between the surface hardness values obtained

by direct meusurementson the surfaces of the nitrided steels (Fig.4.6)

and those obtained by extrapolation of hardnesG-penetration-<3istance

profiles (e.g. 4.16) needs to be investigated. One could possibly try to

relate this difference to the possible deterioration of the prq>erties of

the roIIp)undlayers due ill dQvelcpuentof porosity during nitriding for

longer periods of time.

4.3.3.1 Effect of Sulfur on Hardness-Penetration Distance Profiles

Fig. 4.13 shows the variation in hardness versus penetration distance profiles

of mild steel spedJrens liquid nitrided in baths containing Z per cent sulfur.

Fig. 4.14 shCMSthat a l~r case depth is produced in the sallples nitrided

in baths containing sulfur than those nitrided at the same temperature in a

bath cnnbining 00 sulfur. It has already been pointed out that during

nitriding in batll:J containing iJulfur an ••dhere"t layer forms on the surface

of steels thereby causing a decrease in the arromt of nitrogen pick up and

thus causing a lower case-depth.

,
("v



4.4 X-RAYDIFFRACTIONSTUDIES

4.4.1 Introduction

X-ray diffraction was used to identify the phases forne,"

durlIlg nitridlng in urea-soda baths. The det_ililed metuods of

analysis and the assumption,; lnvolved therein ilre described

by CUllity,18 The detalleu procedure US8Qfor the ldent.lflCa-

tion of phases formed, illustril~ed for chosen "atterns, lS

I'rc,-'ente0 lS l,ppendix-A. Fc K" radl1ttiou has been usee] In all

these studies ,>'ith " RC'ilnn.lng5peed of lo/H,inute and a cnart,:

speed of lOrnm/minute. The resul~s of these stu die,; ar8 pre-

",ented .LtL this scctiou.

4._1.2 Strllcturu of Nitrided Layer

Fig. 4,15 to Fig. 4.19 show the x-ray d.lfrract.ograws obtained

on m.elf, steel >;amlJlcs nitrided in urea-soda bath,;. K:tcll of

these l.lgures corresponds to a pilrticular treatrnent cCll,iltio:l.

lUI illlalysis of thuse patterns shcw that l,'e N, ""rod Fe4N nitrides

form ""t ",,11 troutment tenperiltures and times inve5tlgatca.

Along with these nltr.laeS dlffraction Ilnes belonging to an

unknown phase Were illso observed at all temperature:; anei times

",tudied. The unknown philse lilbeled as U was found to have a

close-packed hexagonal structure. Since tilis pnase could not

be clearly identlfied, the reasons for its formation C'Quld

not be investigated. It ls assUmea that, since SlJnultilneous

saturiltion with Doth carbon and nitrcgen occurs durlllg nitr.l-



, ' pol l~IJ'I1Jl'" '1111'11[11' PIrJH'lIl'll, _",.Ju"" '''"''
28 ----~

FIG,".15:X-RAY DIFFRACTION PATTERN OF A MILO STEEL SPEW-lEN LlOUID

NITRIDEO FOR 3 HRS. AT 525°C IN UREA-SODA BATHS,



-~-'-'''' "" L.'. ,.. ," 'n',,,, "'" ,,,,,,,. ,""" "', "11'" '_:11 ,-, ,- "." " ''',- '"
-~",Q."",,< 2 '-, .', .,-, ',' -----,- 8 •

FIG.-4.15: X-RAY DIFFRACTION PATTERN OF A MILD STEEL SPECIMEN LIQUID

NITRIDEO FOR 5 HRS. AT 52.SoC IN UREA-SODA BATHS,



" :" ,,', ,
, ',' "'" '" 1'''

28. -

,
";" ,,-'-'0"'1 '."~, ) , '

FIG.417: X-RAY DIFFRACTION PATTERN OF A MILO STEEL SPECIMEN LIQUID
NITRIDED FOR 3 HRS, AT 550"C IN UREA- SODA BATHS.

I



26 ----~.--~ _._._.-
,'" - _, ,.r
""" '~Mco_. U" , .-- "

-FIG.~.18: X-RAY DIFFRACTION PATTERN OF A MILD STEEL SPECIMEN l:1QUID

NITRIOED FOR 5 HRS. AT SSO°C IN UREA~ SODA BATHS.



n- 1

< • , I ", I

11111,~ ...
.J~F. "',,":ze .•

FIG.~.19: X-RAY DIFFRACTION PATTERN OF A MILD STEEL SPECIMEN LIQUID

NITRIDED FOR O.S HR. AT 575°C IN UREA- SODA BATHS.

•



ding in these baths, this phase is perh<lps an lron-carnonl-

tr ide phas",.

4.4.3 Effect of 'l'ime on the N<lture of Layers

Both Fe3N <lnd Fe4N was found to have formed under all treat-

ment condltions investigated. A compari»on of Figs. 4.15 <lJ1d

4.16 ,-ind <llso Figs. 4.17 und 4.111 sho'" tililt both at 525°C

and 550°C the intensity of the Ciiffrilct."lon line Fo41<(111)

gradually decreased with lllcrcasing treiltn-ent tl,me l.nd.Lc:ating

il oeCl"ease in th8 amount of th.LS phase in the nitrideo lay.ol"s.

Simildr results were illso antill.ned by othOl" inV8stigiltoJ:s. 19-21

'1'h., intensity of diffrilction lines can JJe and has Dee" us en

to l.ndlcatc the an.OUm::of a phase in il lI\JxtUl"e of pnasus.

The results Qbtal.lled show that although both Fe
3
N ana Fe

4
N

forn" 1:he nitride layers conslst l'redominuntly of Fe3N lllt-

ride.

It has been oDserved22 that in the presence of carDon hlguer

nitl-ides tend to form. 'l'his nilS been attl"lbuted to tile ilJC-

reaso in the fields of stability of higiler nitridcs in tilO'

presence of carbon. It is to be noted thilt: in the aDSencQ of

ciJ,rbon, nltr .Lci(Osform according to the Dlnary Fe-N system where-

as ir. th" preRe;,ce of cad,oIl the structuJ:e lS det",rn-,ineo -"y

the l'c-C-N 'I:ernO'ry systerll.

•



j,'j,th lncreasing trcatrrent time at a particular ten1perature,

Introgen concentration CIt or neilr tile surface of the llitrlded

sClmples increilses gradually and thus leads to the graoual

tranSfOl"jr,atlon of the lower nitridG Fe4N to the higher nitriue

4.4.4 Effect of Sulfur on the Nature of Layers

Fig. _4.20 shows tne diffractlon pattern of a mila steeJ St;Cel-

men llquid nitl:idea in urea soda baths in whicn 2 per cent

sulfur was add8d as Na2S. The phases present were identified

and indexed by using the procedure deserlbed In Appendix-A.

Sulfur was found to be definltely present in tne COfolp01.111d

layer, possioly as FeS2 but unfortunately the lines could "at

De indexed clearly.

There has been Sonte controversy regarding tne presence of

sulfur l-J1the compound layer. Nitchell and Da-"eslb could nct

dete<;t the prcsencE' of sulfur ,In tile compound lilyer, Io.'iJcre"s

cahn23 observed that trilces of sulfur was present llL t:w CO',L-

pound layE'r. The ilrr'O\lnt of sulfur added in th.LS ))ath (2%)

was cQmndel:ably inghcr than those (0.6%) cited ilb0vel6,2u.

'1'h" ac:.dition of a large quantity of sulfur In these experiments

possibly led to its cleat" detcction. It may therefore be con-

cludQd that compound layer" 0n the samples nitrlQ£'U .Ln ",atns

cont,)l,ning sulfur do contain sOme sulfur.
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4.5 Weal: Studies

4.5.1 Intl:octuction:

LiqUld nitrlding of mild steel specimcms was investig<lted in

the temperalurQ range of 525 - 57SoC and for tiIL,QSupte S

hours of treatn-ent In urea-soda )jath~.

Two samples were nltrlded at each treatment tlDLe and tCH,pe-

riltUl:e for Weill' studies. Wear rates WOre determined on il p,t,,-

on-disc typo test ring. A constant load of 1.485 kg was used

und all the sdmples werG tGstod for a constant contdct 01s-

Lilnce of 19<1.86 meters. 'I'he results of tJlese tests, repartee

as we~ght loss (mg) per unit area (rruu2)of speelmen COntilct

<lrea are prcsented and discussed nelow.

4.5.2 ],;ffe-ct of time and ten;perature:

Nitridlng H. ul:ea-socta baths was found to increase tIl'" wea.r

resistance significantly. Tne mil>:i"mmwear rate of the nltrioed
,.-,

sample was found to decrease
,

to 0.06 lILg/nulL of cuntdct dreil

,",here as the rilte of wear ~n the ullIntrided condition WilSfoulla

to ile
,

0.78 r-8/mlr • IncrGasing tredt~,ent 'tilne ana a decrc:ase

ln trcatI"ellt tcwl'urature '•.•.as fauna to resu1't in a L-edl.'ct.l.on

In ,leilr los," (FLg. 4.21). It lS to be neted tnilt il decr"'ilse

In treatment temperatures result in an incrcaso In the suriilce

har dnes 5 V;;lJ.ues (Fig. 4.6). Edenhoier and "BowlBY d Iso rc )Jor-tuo

ii drar.l;;ltic incr"';;lse in "'Dill' rusistilnce as tne ~eJL.periltUH.of. , "
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nltrlJing was lowered. Th", wear rate was also found to

decreilse wlth treatment timo ilt all temperatures lnvcstigateCl

(Fl'l. 4.22). I~ is to be noted tnat the wear samples "ad a

varying thicknes" oE the nitrided layer (compound layer ilnd tIle

cilse-depth), thls is because the depth of nitrogen jJenetration

increases wit!! treatment tll'le at a speciflcd temperature.

Thus t:le chances of the hardened layer of a test viece to De

in contact with the sliding surface for a lncreilS,ing 11 lon'l<Jr

period of the wear study increases with iJ1creasin~ treatn;ent

time at any temporature therefore rosulted in a aecrei).se Ul

LiIOWeilr rate. The maximumwear reslstance in tiles", studles

I'las found to coincide witn the maXlmumsurface hdrdness of the

nitrldecl sampleR. As in otner liq\ud nitriding baths a !_'rec,o-

min'l!ltly mOl)op;lil~enitric;," lilyer was found to fOrI." (discussed

1n 'J later sccelon) Oll samples nitr,lded In ureil.-soda baths.

l-JoJ1ophaselutride layers, because of les" stress 1" tne cUnlj,Jounc1

layers, have been "reported to bc more 'o'leilr resistilnt thill,

"hose- ldyer" cOn"lsting of lI\OL'ethan one lutrida.

TIl('-dacrei).se ill Wear rilte wlth inCrei).SHlg treatnlent time ilt

a partlcular ten:l)<orature therefore seems lo'llcal. It tllcrofore

ilppcars th.lt for maximumwear-resisti).nce, lutriding III thc=se

biltlls should be performed ,for a lo!,g8r time at lo'''er tem[JDril-

turDS.



4.5.3 Effect of Sulfur on We<lrResistance

FJ.g. 4.23 Sh0\15the ",ffect of addJ.tJ.on of sulfur to tue UreiJ.-

soda baths on the weiJ.r-resistance of ;mild steel specimens

nitrided in these bath. Addition of sulfur seen,s to cause a

decrease UI the wear-r<lte of wild steel specimem; nicridea

1n these baths. It may be mentioned that addition of sulfur

causes an increase 1n surface hardness values of I,ald steel

speciwcns liquid nitrided in urea-soda baths, and therefore

an 1nerease in we<lrresistance of mild stee 1 speeim"n& liqu,id

•
Ie.,

,

I '\,

I,

n1tr1ded in ur"<l-sodiJ.baths is perhilps not unexpected. An J.nc- f

r"ase i,n '"ear re5i5tilnce in presence of sulfur has <lls() Deen

noted by other investigators.4,16 X-ray diffrctction st"oies

(Fig. 4.20) showed tllat sulfur was def1n1tely pres£nt 1n trw

compound l<lyer <lnd is responsible for this increase 1n wear

resi,stance. A detailed study is, however, neCe5S<lryto Oet0r-

m1ne the eXiJ.ctamount of suli).;r add1t1ons capable of producing

thc best results.

>

I
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Chapter- 5
SUMMARY AND CONCLUSIONS



5. I S\J~IHARY AND CONCLUSSIONS

5. I. 2 SUMMARY

Liquid nitriding'in urea-sodil baths is a recent developlT,ent in

the flelcl of nitriding in llquids and have been used in these

experiments. Mild Steel san.ples have peen liquid rlltrided In il

urea-so(ia baths in the temperature rilnge of S2SoC_57SoC ana for

tirr,e of upto S hrs. of treatrr,ent. The Qffects of nitrJ.ciing in

this bath have been followed by optic",l Hletallogr"phy, 'n.lcrOl,ilrCl-

''''ss meilo:urCJl:",nt.sand X-rilY ':l1.ffraction tGChnlqucs. ReJatlve wear

D,easuremf'nts !LavQ,,1£'0 bL'en performed all a 'pin-oll-disc' type

appardtus. Effec'ts of addition of 2,> sulfur in tILQform of SOolUH

sU11'"ie", to this bath !lave also b,,'en lnvcstigatcd. Optloal "etal-

10grilp'1io st:udies showed that the thickness of tILe cOrrpOUIlQlayer

lncccascs "'lth treatDwnt tlme at a cO))(,taflt tellll-'urilture. A CO];lI''''-

rativeJy thi,n compound layer is rOrJued on the steels t.rcateG ilt

(t low ce'"t'"raturus, W;1ere as " thiCKer layer WilScbtilinea on samples

nltrided at hjgher tcmperilturus. Tne thickness of thQ Co.1LPOllfld

lay"r lnCr"as"s Wl.U, treiltmellt time at ilny tumper"turL.

It I'las illso observed that a eOIT.pilr<ltl.vely thin compound layer is

fanned on IT,lld steel samples nitridcd in urea-soda biltllS CGut,:llfl.Lng

2'1; sulfur as,:c':!.~p"E.eMto il t1Jicker lay",r formed on '''lld stoed

specimens treatod under otherwlsQ indenticill cOI,ditions in tlw

baths contalning nO sulfur.
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5.1.3 CONCLUSIONS

"]
t.:::] 5

The follo\V~ng conclusion =y be drawn from this study un liquid

nitrj,di-ng of rr,ild 8tc"ls in urea-sod" hatng,

(1) Although'i"'t:h F83N, Fe4N nitrides forrr, in the :litriceo l"yen"

thO' luy",rs consi"t [-Jredonnnilntly of Fe3¥< Ill.tri,de.

(2) Til" hurclnes5 vCllues obtaiflcC: on sawl'Jes tre"thi at low,"J:

V,mp"rill:ures are ill'""ay~ lug her thilll the sur£"c" ;l"rdness

obtained on ':,ell;,plei,treOlted at Iligher ten.perature".

(3) AdcHti.on of sulfur incr,-,,",s8s the surface nardness but de:-

reasos I:he dupth of nitrogeu I'cnctratlon.

(4) FOl: T:1aXimUfi"'E"<irresistilllce, llitriding of mild steel ''''!I_pIe"

~n '~his bath should bo pcrtorlLlcd for a longer tlIL,C at lo'"er

tenperatures.

(5 )
(~

Sulfur has Deen defin~t81y identified in the nitrided luyers, "

of the mild steel Sumples nitrided" in baths containlll9 su,lfur.
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Appendix-A
IDENTIFICATION OF PHASES



APPENDIX-A

X-rily diffraction was usO'd to identify tile phasO's formed during

niLric.ing in urea-soda baths. Dlffractioll duta cards of the 1-'0s-

slblc Ilitridos, tnat may fOl"nlaCCOl"dlllgtu thO' Fe-l\ dlagrar.l is

pl"O'sO'ntCO'dat the ena of tlli>; sQction. A detallcd mctnod ot ana1y-

si~ of x-ray diffractlon pattern" alld tho assumptions iIlvo1veo

thore.in are deSOl"liJed by Cullity. Tne method of ioentlflcation

of the phases lS l11u"trated below using the patt8rn of tILe Ill~ld

"teel specimen nir.ridec fOl" 3 hrs at 525°C.

Tile 9, .';Ul I} ane Sll?il 'val \10., of trK diffra"t~on llIlCS observ'o"

on t.l',CO'<iil"fnl(;to'J r,@""",re IlS tE-d as In Table A-l. S.Llle<c.Lt \""3

CA~,oc'LedthClt only n.Ltrlocs are forne", the <:llftractlon llIWj',

Wct't' tentaLively J,d"'nt.LflCOusin,! 20 v'llues calculated fn,,") ;.;-ray

date. (,.',0,1"-'1"for L!l(' rild.l.iltion ll"ec1 fur these studlC". Tne nltrldOS

ch"t "l'"rocei to have fanned during nitriding oj llLllu steel l)1

\ll":'i,-socl" \,'ClSF",jN and Fo4K. 'l'her", wero however otl1<01:llnc's

p"cs0nl: on t.he l-'iltt0rn.

'1'0 COI,lln" t.he idc"'~ific,,,ticn of the diffrilction l~nr-,s DelO;lgi:,g

to th8 Fe3N, the di£fl"aetion lines belonglng to tni5 phdS" were

li~ted as shown In Table A-2. PC3N has a clo"c pacKea hexagor,al

"cructure ilnO the lUle" belonging to thlS phase was inoexed.

analytically. The ClnCllytlcal method used for the id.entificat.L011

or the pn,Jses involves arlthmCltic ~lanipulation of the OlJlOCrVeQ

villues, to find certain char"cterlstic relacions between



them. Once tillS n'lation5!Lip IS recognised, thQ olrtrilccioll

1Illes in tile palterll Call lJQ uluexed.

'r!ns character1::,tlc relation::.h1p for hexagonal lattice is

Sill~€I
,

k 2) ,
0 A ( 1"1 ,"' , ,Ci

whee", " ,2
A 0

:lcl2
c 0 -,'0

P"'rn>i!;Slble voolue" ot (h2+ hk + k2) Can DC obtainea from tuoles

(Fig. A-l) and are 1,3,4,7,9 etc.

Th0 8, 2Slne, SUI €I valuQs of th<J d:l-ff.raction l:l-nes iaelltified

",5 the FejN-llitrl<Je are l.L!;ted:l-1l 'rab18 A-2. 'rhe f:l-rst "tel-' .LS

t.o divide the S.L,,2ij values by the :l-I\tegers 1,3,4,7 etc. ana

arcto Oil"

1.-:.bul,lL<ott,,~ re!:.t11t" <0'; "hcMn. ThcIl the quotients wnich Olre equal

of til,-, observed Sln::ll values

found '-'llt. III this cas!;, t!J0 twO starred ent!"ier., 0.1658 and

0.1655 Clre the most "'early 0'lLliii Q.nd it W<iS<lssumed these l:LJLeS

w'~re Ilk() lllLes. Theil :it was t'-'lltative1y \Jl,;t <lS fI"'1l.165<l, Whl'-'Il

is '-'(JLlivaloll~ t" s"'yin,] that. 1,'L1<o'1 ls lOU. Sinoe tILe Sin~e

'/,-,lll(; of l~!lC 5 :l-Sv'-'ry n"cJrly 3 times that of 1J.tle 1, l~l\e 5

"lU~t I)" Llll. '1'0 lilld Lh" valu,", n! C, the £0110"11119c'quatJOIl was



From e;;>chSinle values, the v;;>lues of A(=O.1658), 3A(=1J.4794),

4A(=O.6631) etc. were subtracted ,md the remaindurs WhlCil ,,'ere

In the ratio of 1,4,9,16 etc. were ldentified • Tncse values

are listed In Table A-]. Here the 3 starred nurrbers are of lntc-

"'lual to tue(002). 5lnCe line 3 has aline 2

rest,' because these numbers (O.048lJ, 0.1930 and 0.43]) are very

nearly In tne ratio 1,4 and 9. Therefore puttJ.ng O.04l>8=C(I);'

ilna O.1930=C(1)2 and 0.433=C(3)2 gives C=0.0488.afl<1 loentJ.£J.es

2Sln e Villue.

sUm of A and C, its indJ.ces must be 101. Simllarly J.IJelices o~

line 4 anli line 6 were found to be 102 and 10] respectively. In

thi:; w;;>y,indices were assigned to all lines belonging ~o Fe]N

nitrides. It was thus confirrr,ed that the tentative. locIltlfleatlon,

regardlng these line were correct.

The other nitrlde th"t formed appeared to be Y -nitrioe (Fe4N)

Electron diffraction studies of this phase has shown that th"

structure is deficient J.n Fe with absences l.n the f"ce centre

sites. The y'_ phase has u face centred CUblC close ,-""cking of

.lron ilto;ns \1ith nltrogen il'toms equidistant frow each other und

occupying olle fourth of tne nurrb8r of octahedral in'terst.ices in

il co:upl"tely orcier"d ".:Inner. Bccaw;e of thlS speClillity, this

phuse, although face C'entred cuble, contallLS reflections frol"

planes having IlLlxed indices. It TIcaybe n.entloned here lhilt f;;>ce

centred cubic crystills can, in gener;;>l, have reflections only

frow planes having unTILlxedIndlces, e.g. (111), (lUO) ana

not froTILplanes hilving mixed indices like (110) {21U) ... etc .



It was thcHefore not posslble to confimL the tentative ident.efi-

cation of the diffraction lines belong.eng to this phase (Ta.ole A-4)

by actual calculations. Satisfactory match was however, obtainea

with the st"ndard diffraction pattern for'th:LS phase loubl:Lshed

by the American Society for Test:Lng Netals (ASTM).

In additien to the diffraction lines belonging to f'e
3
N and Fe

4
N

nitr.1des, there w"'re some other diffraction lines which c01]ld

not be ident:Lfied clearly. Attempts to match these l.enes wl,tu

those of nlt.ides and carbides of "11 possible elE:'ments containec

in the mild steel specimens .ellLained unsuccessful. 'I'Ile jll.e~a steel

speci",ens used in the present investigat.eon, we.e also quaIl ta-

tlvcely tested for the presence of elements liKe Cr, Mo, V, W

"nc Nl. 1'he5e tests confirmed that these element& were not present

llJ the samples used in tllGse investigaticns and that tllG &amples

used were truly plain caroon steels.

S.ence nitrlding in urea-soda D"ths caused slllLultanceous saturation

of tho n\lld ",teel spec~mens with carbon and nltrogen, l.t "i;JS

thought thilt these l.enes could perhelps belong to tlle :LrOllCil.OO-

nitride phase. X-ray diffraction pilttern for.this pHase could

no\: Le found in the alphailetlcal inaex to the Gata caras ano

therC!£ore a mZLtchcould not be attempted.

Howovp.r, llJ or do. to oeterm.ene tue type of crystill t<J "'uie" tlley

>Jolon~, these lines illon'pnt;l tn.,ir

as Sr.O",llIn Table A-S. It: .•...as [.erst CheCKC!a','hether these lines
>'-0



bElong to a "ub~c crystah A ,-,ulac crystil1 'Jivo~ ailiractl-on,
SUl & values satisfy tflC following equiltion {uDta~lled

1,1'combining tlLe Bril'l'l law WJ.til the plane "pac1)',g "4UaL~OJLf0r tI,e

c"b.lc sy:;tem)

. "S.l.n ", ,
h + k +

and
, ,

A /4a IS il constant [or any or.c patt.ern. '1'h8refore, It

tllese line,; be10ngod to a cubic crystal any on" of (:fOe3 set of

intcqers S listed (Fig. 1\-1) for "ach tyre of r;ubic crystal wou1n

have Y.l"ldcd a constant quotient WIlendivld"d One by Olle ,lJ,Lo tde

Obscl'vec1 Si,n2& values, Sincc a constant quoticnt coula. not bu

obtained it vias conc1udud tlLat tlley did not oelony Lo a CUO.LC

"rystaL

sHi"rilctory rcsult 'h'ilS r;bl:clln"d (Table 1',.-6) '-md it "ab cvnc1l1(Jdl

tILilt tileso llne(, l)e10nged to a 'l",xayonal pha,;e. Tn,ls pllilS,",CUU1C

(unknUdn) in t1le: u.LffL-,lct.lOn lJattC'rnc. 'l'he latticl" ;"'dt'a;]CCCrs

<l aJ~,1'- of 'this UIlKI10vlllnexagonal pnilse '"as calculat20 U~;.\I";1I",

A =

,,
3a~

"and •.,'M, fouc,d to be 2.76311. ilnd 4.B5211. respectively.



Finally the extr" diffraction lines which J.ppeared ouring nl-trl--

ding ill baths containing sulfur were listed as shown in {Table A-7)

A preliminary match was obtained by referril,g to the l-nOeXto LULJ

ul-ffraction data file and they were found to belong to F0S2,

Ho\','cver, due to nonavailability of data cards ann lack of infor-

matlon on the type of tnis crystal, furtner treatment of this'

data could not be perforn,ca.

•
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Table A-l: Ll:>t of '"' G.cf£raction llnes observed "0 two

diffractogram of 0 sample DJ-trided '" Ureil-soaa for

3 }" "' 52SoC.

LINE Sin2e Tontat.cv8
I dentlf .ccatloll

1 18.69 0.1028 Fe4N, 21.65 0.1361 "
3 23.50 0.1590 ", 24.03 0.1658 F83N

0 24.80 0.1759 "
6 25.60 0.1866 Je4N

7 26.03 0.1925 Fe N3
6 27.60 0.2146 Fe N3

9 28.40 0.2262 Fo4'"

10 31.5U u. 273 0 Fe ,N,
11 32.89 0.2948 "
II 36.80 0.3588 Fcc N3
13 39.70 0.4080 "
11 42,3U 0.4529 l'e4~~

;C 44.80 0.4965 Fe3N

10 50.70 0.S988 Fe N3

II 56.27 0.6916 F83N

,,
•

•



Table A-2: Ident~f~cation of hkOplanes of the diffract~on

Line , Sin •• ,
S.Ln e,

, 24.03 0.4072 0.1658* 0.0552 0.04145 0.0236 ,CO
, 26.03 0.438~ 0.1925 0.0642 0.0481 0.0.<75

3 27. 6 0.4633 0.2146 0.0715 0.0536 0.03lJ6

4 36.8 0.5990 0.35118 0.1196 0.0897 0.0512

; 44.8 0.7046 0.4965 0.1655* 0.1241 0.0709 He
; 50.7 0.7738 0.59811 0.1996 0.1497 ().01l55

7 56.3 0.8319 0.6920 0.2306 0.1730 •0.09118

•••••



T"ble 1,-3; Idont~fic"tion of Diffraction lines bGlongl.ng to Fe
3
N.

Lir;e

1 24.03 0.1658 we
2 26,03 0.1925 0.0267 CO2
, 27 ,6 0.2146 0.04!Hl* 10>

, 36 •8 0.3588 0.1930* lO'

0 44.8 0.4965 0.3307 He
; 50.7 0.5988 0.433* 0,1014 10J

7 56.27 0,6916 0.526 0.1944 U.0286 'CO



TABLE t,.4; DIFFRAC'lION LINES BELONGING TO F"4N-NITRIDE.

LINE , hH

•
1 18.69 y'110

6 25.60 Y'l11

7 28.40 y' 200

8 31, 50 y' 210

11 42.30 Y'220

I



Tilble A-5, Identification of hkc lines of the unknO'.vlLpnase

Line e
,

S.Ln e hkl

, 21.65 0.1361* 0.0454 0.0340 0.0194 '00

, 23.50 0.1590 0.053 0.0397 0.0227

3 24.bO 0.1759 0.0586 0.0439 0.0251

, 32.89 0.2948 0.0982 0.0737 0.0421
•

5 39.70 0.4080 0.1360* 0.1020 0.0582 '"



'j'alJle A-6: Illdexlng of diffraction 11ncs wnich aid flot "-J:lpear

to belong to any of the knQloitlnitrldes.

Line e 2 .
SlIl EI-3A

1 21.65 0.1361 ioa
, 23 . 5 0.1590 0.0229 002

3 24.8 0.175~ 0.0398 101
, 32.89 0.2948 0.1581 102
5 39.7 0.4080 0.2713 no



•

Table A-7: ExtJ;a diffraction lines .Ln 6a.1hl'les IT.Ltrided "t
575°C for a.s hrs. in facts containing sulfur.

Llne 2e dCA , IlIa Tcntat.Lve
Id.mtiricacion

, 42. 4 21. 2 2.747 , 8 FeS2, 48. 9 24 •.45 ,., 8.5 " l'oS,
51.08 25-54 2~3 5.2 7 FeS

2

, 51. 6 25.8 2.282 3.5 5 l:'e S 2

5 54. 5 27.25 2.169 5.5 8 FCS2

6 55. 9 27 . ~5 2.11';1 " 65 1'882

5&,4 29.2 2.036 " n 10'08_,
8. 62.0~ 31.045 1. 92 8 ., FeS,



1-1236

•



6-0696 o

d

1/1,
2 .03

'00

1.17

;c

1. 43

"
2.03 (FeJ2B

Iron I" -phase)

VOl. IV p31l955J________________ 0 _

Ref. SWilnsonct al., NBSCircular 539,

d~ 1/11 '"
2.0268 'dO Ud

1. 4332 " '00
1.1702 ;c 211

1.0134 10 no
O.~064 U no
.8275 6 222

Coil .

FiJ ter ,h1. 5405

CuL off

Counter Dif£rilctornetc'r d corr. db".?

Dicl.

Rile:. CllK

Sy". cubJ.c S.G. lM3M (229)

2.8664

l'.ef. Ib.LC1

~'otal impurit.ces of sclmple 0.0013%

each metill and non-l\Ietills,

X-ray pattern at 25°C. Wstructure type.

=curs as terrestrial "Iron" and in

rneteorites anS "Kamacite".

{



6-0627 •

d 2.19 1.90• 1. 34 3.79

100 70 Iron Nitride ( A'-ph~se)

Dia. 9.19c][. Cut oif Coll.-

Homogeneity range 5.7 - 6.1 wt. % N

1/11 Microphotollleter d eOrr. aDS.? Yes

Ref. J~CK,Proc.Roy.Soc.A195 34-4U(1948

Sarrple contalns 6.1 wt.% N.

d~ 1/11 hK1

3 . 7~ 10 100

2.684 " m

2.1~1 100 Ul

1. 897 7 0 200

1. 697 20 no
1. 549 20 m

1. 342 65. 2211

1. 265 20 2:<1,3UU

1.200 10 3lC

1.144 0; m

L095 " 222

1.053 20 He

1.014 10 m

0.949 " '00

Filter Fe

•
:>.G.

L 7902R~d. CoK

au 3.795

Ref. 1bi,-,.

Sys. Cubic



6-0656 •

SanLple contains 11.3 wt. % N.

Homogeneity range 11.1 - 11.3 wt. % N.

Ref. Jack, Proc.Roy.Soc., A 195

34-40 (1948)

(F'e
2
N)120

Iron Nitriae

,~ 1/11 "k<
3. 45 , m
2.804 , m
2.404 " Ct20,21lJ

2.207 " 00,
2.110 lOC U21,;01

1.790 , 121

1.697 , 301

-1.626 '5 l!22,21"

1.600 , 3U
1. 457 , m
1. 422 , m
1.385 , 321.230

1.365 , m
1.255 25 023,213

1.206 , 0'"
1.197 2 42u

1.166 '" 232,402

1.104 6 0"'
1. 065 , m
1.055 W lJ42,422

1. 003 , 024,214

0.9299 358 333,lJ43

.91U3 , 'SO

.9074 , ''".9026 , W

3.45

C 0.9161

Filter

ColI.

d corr."bs? Yes

2.21

4.425

1. 63

1.7902

4.830

2.11

•

Dia. 9, 19cnl Cut off

1/11 Microphotomcter

Rad. CoK

"05.523 bo
Ref, Ibid.

Sys. OrthorhomrnG S.G



o
"

]-0925 •

3215

3-0934
2.34 2 • 1 9 .2 • G6 2. 3 4

1.1'16

Rcf.Hagg,N.Acta Rcg.Soc.Sci.UpS.,IV 7

Ref. Hagg, N.Act<> Reg.Soc.Sci,UPS. ,IV 7

l.p16

Epsilon Iron Nitrldc

d2 1/11 nkl
2 • 3 4 IUU 100

2. 19 leO '"'2. 06 100 Wi

1. S9 100 lU2

1. 34 10d 110

1. 23 100 101
1.17 60 200
1.15 100 11:':
1.13 100 201
1. 09 60 004

1. 03 8d m
0.989 8d 10<

Filter

ColI,

d ct>rr. "bs.?

S/G.

C 1. 619

Cut off

1. 93597

Visual

1/11
3-0923

Dia.

By:>. Hexagon"-l

Rad.FaK

The upper limit of N concentrat'l.on
(49.3N atoms to 100 Fe atoms) 18 less

thClll for I'C2N. The lower limJ.t

varIeS with temperatllre ilnd at 700°C
the N concentration is less than
f'C4N. At compo>;ition near Fe]N and

1o'e N a' =]a C = c , where a
2 0 o' 0 0 0

ane Co are the hux. close-packed

cell dimen-;ions. Neill' Fc
4
N ilnd Det-

\"eCn Fe]N and j,'C2Naddition"l super-

structure reflections WhlCh require
the unlt 0'=2 3a , c =c (Jack Act",

a 000 '
Cryst. l 392(1950) see also P"ranjl'e

et al., TranS' ArNE 188 307(1950).
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