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ABSTRACT

Liguid nitriding of wild steels have been performed in the tenpe-
raturc range of 525%C-575°C  and for tines of upto 5 hrs of treat-—
ment. Tne nacure of layers formed have been investigatea by optical
matellegraphy, microhardness measurements and K-ray ditfracktion
technigues. Relative wedr rates wero deterﬁlned on 2 pin-on-disc
LYpe apparatus. Effects of addition of sulfur to these haths has

alsc heen studied.

The thickness of the compound layers have been found to increase
Wwith treatment time at a particular nitiidlng tenperature and with
témperature at a particvlar treatment time, Higher harancss values
were obtained on samples treated at lower tonperaturcs. hddltion

of sulfur has been found to increase the surface hardness valucs
and decrease the depth of nitrogen penetraticn. The wear resistanceo
of mild steel samples nitrided an urea-soda baths increased with
treatment time at any particular tenperature whereas decreasea

Wwith an increase in treatwuent temperature at a constant nitridang

time. Addition of sulfer was found to increase the wear resistance.

X-ray diffraction techniques showed that the nitrided layer con-
sists of FEEH and Feqﬂ nitrides. An unidentified phasc have alsac
been detected in the nitrided layers. The compound layer was founa
to cousist predominantly of Fe3N nitride. Addition of suifur in
the baths have Leen found to lead to the formation of Fe§5, in tne

compound layers of nild steel samples.
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1.1 Introduction

7, hard wear resistant surrace with a tough ductile core arc
esgsential properties for the satisfactory perforrance of many
engineering components. Generally it 13 not possible to impart
such a comiination of properties only by thermal and/or mechanical
treatments., This 15 bocause hardness is goeperally asscciated witn
LSrittleness and so a component trcated for maximln nardness
secomcs too brittle whereas the same camponent kreated for maximurn
toughness will not be hard cnough. Conseguently, scveral proceésscs
known as carburising, eyaniding, nitriding, etec. have been deve=-
loped by which this highly desirable comblnation of properties

can he attained commercially.

In carburising, the high tcmperature medificaticn, y -iron 1s impre-
gnated with carbon in the tcuperature range of its stability 1.e.,
abovie the upper critical temperatures and the saturation take s
place bulow the sclubility limit of carbon in v -irochn. The carbou
impregnatcd layer is subsequently guenched resulting in the
formation of a_metalstable phase, martensite, whicn A5 airectly
responsible for the high hardness. In nitrrding, low tocmperatures
moaification, w=iran is impregnated w1th-n1trogen and tne impreg=
nation with nitrogen occurcs above the solubllity‘limiu of this
glument in w -iron. The surrace hardness of nitrogen wupreghated
steel is causcd by the highly &ispcrsed nitride precipitates

whose guankity and dispersion influence the attainanle hardnoss.

q1hus the surface hardness obtained by the processes carburising ana.

I:h_:l :..



cyaniding processes depend [) upen tne heat treatment alfter the
composition of the surface has been altored, In the case of nitri-
ding, the composition of the case 15 altered in such a way that
the compounas formed are inherently hard and for this reason.no

Further heat treatment is necessary.

The process of nitriding, if handled properly, gives very high
surface hardness and wear resistance, not at?ainable by any other
case h&rdening technique, MDreoéer, nitriding of steels 18 per._
formed at much lower temperatures and 50 the properties of tae

core are not altered,

The nitrided parte are frec of internal stresses and therefore
free from aging effects, making them especially suitable For
gears, cranshafts, gauges etc, Nitrided layers can retain hard-
ness at high temperatures making thom spocially suatable for

certaln applicaticone.

Wear-reslstance 18 greabkly increased by nitriding and tocl marks

arnd surface seratches seem to have little effect in the fatiguo
properiies of nitrided steel, The formation of the high nitrogen
rhase in the nitrided case increases the corrosion reslstan;e of
stecl in dtnmosphoric air, fresh water, superheated steam and

gasoline mecia etc. increases the Eatigue limit under corrosive

conditicon.

During nitriding of stécls at terperaturcs below tpe eutectold

tenperaturéEIEBlDC}. The .« -phasc starts getting saturated with

e
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nitrogen. When the limit of solubility of nitrogyen in « -phase
for the given temperature is reachced, the next phase {+v7) begins
te form. Upon further saturaticon with nitrogen, the £ -phase
will be formed. As a result the . £ =phase richest in nitrogen,
will be at the surface of the camponent being nitrided. It will
be,succeeded 3by the y- -phase and finally, the o -phase which

goes over to the corcs:

whel the temperature is lowered, the ¢ ana a -phase decompuose

and tne excess y” -phase 1s precipitated as shown by the equiliprium
diagram {(Fig. 1.1}, Therefore, ak room temperature we obtain.a

case in which the phases arc arranged in the following order

(from the surfacs to the core);

E +7" {(excess) ----- #y -y + yT {eXCESs5) ----=> CCre

1.2 Iypes of Nitriding

* =

-
2 — .
Nitriding is more edpensive, more compliox and morc.time consuming athan
e 2

any cther surface hardening techrigue, Mowever, tho process of
nitrldlngijhas received consiasrable attention from the industrial
as wall as scientific cammunity. As a result nitriding ¢an now be

performed in various saturating media, solid, liquid or gaseaus,

Numerous modifications of the techniques have been evolved to sult

speceific requirements 1n service. Nitriding processes arc ciassi-

fl

fied on the basis of the medium from which nitrogen is generated

" n



1in atomic form and are-usmed £o saturate the steel surface. Tne

more common processes include:

1.2.1 Gas Nitriding:

Gas nitriding is usually accompiisned in muffile furnaces. Amucnia
gas is introduced into a gas cight furnace chamber heated upto
a temperature of 500°C - 600°C and decomposes according to the

following equations:

ENH3 = 3H + N {atamic)
2N = N2
2H = H2

It is important ko note thatlammonla gas docompose giving the
nitrogen in nascent o monc=atoinic form, wnich is the only fornm
capahlé of entering the stcel and diffusing into ik, If the anmc=
nia gas is decomposgi}outsidc the gas tight retort of the furnace
and then the dissociated ammonia 15 admitted into the retort,

no nitriding of the stecl will ccour, becausc the nelecular nitrogon
conkatnod in the decompose anmonia 1s not capable of diffusing
into bhe stcel. The possibility of iron reacting with nitregen

was knowh as early as in 1906 but the present commercial viaonility
of tho process is dus to tne Eé%EEEL}study of the prceiplem in 1919
oy Ta Rdolph Fryl of the Krupp works in Essen, Germany and 1ts

—

firther devclopment by subscyuenk investigators throughout the

wor ld.

g
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l1.2.2 Jon=Hikriding:

fhe'mﬂst recent developmenk in the field of nitr?ding 15 thé
glow discharge or icn~nitriding. This uses the plasma state of
natter and is also called plasma nitriding., The process with 1es
hign degree of varialiility and adapfiblllty, appears to nave a
breadcr range of applicarvion than any ol the other nitriding

techniques,

The concoept and the principle of ion~=nitriding were first estal-
lished in Germany By Bernerd Eerghaus2 in the early 1%30's..In
this technigque, a low pressurc nitrogen gas introduced intoc a
vacuum chamber {(1=10 torr] is 1onised under the influence of a
high d.c. voltage {400-10C00V) and becames electrically conductive,
Fositive nitrogen ions are attracted by the cathedic workpiece_
wherc, on heating its surface,., They cause the nitriding action.
The eneryy transfered to the workpieces by the 1on-nombardment

is utilised to heat the workpiece to the nacessary treatment
terperature {4ﬂﬁ—EDDDC]. The tempsrature of the workpiece is

measured and controelled by means of thermocouples which are inser-

ted in the charge. Thus no external neating is reguired,.

l1.2.3 LIQUID MITRIDING

In liguid nikriding the werk is heated in molten salt batas con-
taining cyantrdes. The sodium cyanide in the bath reacts witn

the oxygen in the air and is oxidised according to the reaction:

Ll

g



I, NaCW + Dr______}NaCND

+ +
2. WaCHC + Dz____u_QHECDB co ENat
3. CD—-—-—-}COE + Cat

Thus Hoth nitfagcn and cafbon is picked up Ly the seesel during
heating-in cyanides. This simrultanccous saturation of the steel
with carbon and nitrogen results in superior properties of this
layér. ’

When performed in the temperature range of 540-5?596, this process
adds rore nitrogen and less caroocn apd iz therefore classifica

as nitriding. Heating of steels in cyanide baths in the tcmpera-
tur: range of SED—ETDUC, adds up more carikch and less nibtrogen

and according tnoe operation i1s called cyaniding.

.

The liguid nitriding technique has several modifications and 1s
applied to a wide variety of carbeon, low alloy and tool steels,
In order to accelerate the chemical activity of the bath, cnlarge
the number and types of steels thak can bhe processed and to

-

improve the properties, several special liguid nitriqcing processes
have been developed.3-5 In one such process, called liguid pressure
nitridingB, anhydrous ammonia is intreduced into a cyaniaec bath.
The bath 15 sealed and maintainad at a prossure of 1 to 30 atmos-—
pheres:-Because the molten cyanides are diffused witn anhydrous
ammonia, a newly prepared bath does not require aging anc may be

put into immediate operation. In yet another procéss, aerdted

. . 3 . :
bath nitriding”, measured amcunts of air are pumped tarough tane
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molten bath, The introduction of air provides agitation and

stinmulates chemical activiby.,

The presence of sulpnur in ligquid nitriding baths 1s known 70

to result in improved properties particularily in the scuffing

resistance. In presence of sodium sulphide, additicnal recactions

goocur within the melt:

NazSDé + 3MaCN >Ha25 + 3ZNaCHO.

Honce the sulphur content accelerates the formation of CYANATC
radical and the nitriding effect 15 greatly increased. The degree

to which sulpnur becomes a part of the compound zone has aot yet
been complotely understood; nonetheless, practical applicaticn

i now well cestablished; and in addition to increasing bhe wear
Iresistance, tho fatigue rosistancce of treated materials is increasced

by a5 much as 100%.

A typical commercial bath for liguid-natriding is composed of a

mixture of socdium and}ﬁﬁ%ﬁéiﬁﬁj}usalts. The sodium salts which
it W

comprisce 60-70% (hy wt.) of the toctal mixture consists of 96, 5%

NaCH, 2.E5% Na2C02 and 0.5% NaCNO, The potajjsium salis 30-40%

(by wt.] of the mixture, consist of 96% KON, 0.6% KECD 3% KCHO,

3!
0.5% ECIl. The operating Lemperature of tnis salt bath is aboul
565°C. This bath 1is Wwidely used For nitriding tcocol steels, incluo-

ding high speed steels and o variety of low alloys steels 1irclu-

ding nitralloys.

o



Uscs of liguid nitriding are similar and at Fimea 1dentical

to gas nitriding. Howewer, in somme cases liguid nitriging has
preved to be supericor to cther casc hardening methicoas., Moreover
nitriding in the liguid baths has all the advantages of héating

in a liguid bath.

+1.2,3.1 Ligquad-Nitriding .n Urca-Soda Babhs:

lnspite of all these advantaces liquid nitriding suffers from:

a majoy drsadvantages, in that the salt is deadiy ﬁﬁfbﬁﬁuﬁhf}?

ana redulres Yery special care during storage, handling and
opoarabion. Effect to overcome this difficultics has resulted

in a numper of modification53'6 of liquid pmitriding technigue,
These include cyanate-cyahnide baths, carbamide baths ana nlérluen
soda baths. In addition to these a new techniqueT of nitriding

in Urea and Scda has been develcped in the department of Metallur-

¥=13

glcal Engineering, BUET, Dhaka. Mesults obtained ga far has

Lbeen very encouraging,

Durlﬁg meiting intimate mixtures of equal volumes of urea and
socdium carbonate react to form sodium cyanide, ammonia, carbon
dioxide énd'water vapour, Of these products anmonila, carbon dioxiae
and water wvapour lecave the pob leaving only sodium cyanide 1in

the bath, The sodium cyanide then reacts with oxygen according

tc the following reacticons producce active nitrogen and carbomn.

CD{NH2}2+Na2C03 = NaCN+NH3+C02+ H20

ZMacCN '+ 02 = Ma{NO.
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conposiktion for satisfactory nitriding has becn identified. No

efforts have so far been made to relate

nitrided specimens to the structures of

Thiz study aims bto determince the naturc

during nitriding 4n urea-soda baths by

graphy and X-ray diffraction techniques,

the proporties of tne

the nitriadeac layers,

of the layers formcda
using optical metalio-

and alse to rolate the

hardness and wear properties of the nitrided samples to the

structures of the nitrided layers.

It 15 known that the addition of sulphur compounds to a molten

bath improves the wear propertiles of steels nitrided in conven-

ticnal cyanide~based baths., Effects of addition of sulphur on the

nature and properties of the steels nitrided in urea-soaz patns

have also been investigated in -an exploratory manher,
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2.1 Introducticn:

Liguid nitriding in urea-soda baths ig a process developed dn the
cepartment of Metallurgical Engineering at Bangladesh University
cf Engineering and Tcchnology, Dhaka. No werk on baths based
entirely on urea-soda has peen reported even in recont revicw,
papers.l4h15 Investigationle on the addition of 0.5 pot. urea

to canventlional liguid nitriding bakhs have, however, Leen per-
forred and was feound bto improve wear resistance, 5 poct, urea has
bean uscd to regenerate cyanide-cyanate melts. It has been claimec
that the ukilisation of this new technique will nelp to 1mprove
the guality of machine spares and components 1n Bangladesh. In

knis chapter a description of the process and a Lrief review of

the work done so far has been atbempted.

2.2 Preparaticn of tho bath:

Fl

Lgual volumes of urea and soda are thoroughly mixed and then
malted in a pot by very slow-nealing. During melting intimate
mixture of urez and sodium carb:onate react to Lorm sodrum oyanlae,
amﬁmnid, carbon dioxide and water vapour, Of these production
ammonia, carbon dioxide and water vapeour leave the pob and thus
only sodium cyanide 15 left in the bath, This sodium cyanide

then reacts with oxygen to produce active nlbregen and carcon,

2,3 Aging:

A winimum cyanate content was found to be essential for satistac-

tory nitriding and it was reccommended that tie molten salt should



be agoed fgr albout lEIhrs at 560-580°C Lefore any wﬁrk is placod
in khe bath.9 During aging toe cyanide content a&creased whiile
the cyanate content increased duc bto oxidation. Experiments 11,13
in this tath have shown that 25-35% cyamatc in the bath gives
good result. Because of continued oxidation the ratio of cyanate.
to ¢yanide changes with time during nitriding. Carceful control

15 theorcefore necessary for satisfactory cpecrakion and proper
additions must be made to maintain the.bakth composition. IbE has
already been pointed out that no experiments to determine the

exack nature and amount of additions has so Far been performed.

2.4 Mainkenance:

Ter proteck the bath from contamination and to cobtain satisfactory
nitriding., all worked placed in the bath should be thorouwghly
cleaned and free of oxides. Over heating (above SQUDC} causes
breaking down of the salt to carbonatc and should be avuidcd.13
Carbonate content in excess of abou; 25% should be rescoved Ry
decreasing the bath temperature, At 1low temperaktures thoe caruonate

sclidifies and settles at the wottom and may then be removed by

a spoon.

2.5 Behaviour of tho Bati:

It has been observed that like the conventional liguad nitriding
baths pased on cyanides this bath alsc had a limnited life and

after the expiry of this useful life satisfactory nitriding coula

-

Lt
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not be Dntalned.ll'13

This has been attributced to tne high Car—
bonate build up 1n the bath, For example, tue bLath wased on urea-
sota on iscthermal aging became viscous after about 60 hrs at
500°C ané 46 hrs at 540°C. No nitriding could then be perfarmned
and the salts in the bath had to be discarded. At still nigh

temperatures 575°C for examplc, the rate of evapcrabion of tue

galts was found toc be very high,

Urea‘and Soda react with oxygen in air ang hence gets oxilcdlized

toc cyanate, This cyanate on further oxidation forms atonde nitro-
gen and carbop and also sodium carbopate. Ib can also bes noted
that a higher amount of carabonate forms ﬁt a higher tenperaturc
i.2, the rate of reaction is faster at higher tenperatures. This
gradual increase 1n the amount of carbonate 1s nok unexpectod
Lecavse on melting cyanide is formed in the bath., This gets cxie
dised to cyanate and then to garbonate. This carponate doss not
takes part in further féaction while more carhbonate forms due to
Further oxidaticon of cyanite. Thus the carbonate content in the
Lath i1npcreases continucusly, Thne salt nixturce was melteo by eacing
at the specified tenperatuorcs. It took 2 to 3 ﬁrs uefo?e a comple -
tely molten salt bath could be ohtained. Reactiocns during this
stage 13 porhaps responsible fof the high carbonate content in

tha bath. Morecover, equal amDuntEIUﬁ Urea and Boda was melted

and ﬁhus the amount ¢f soda in excess of the amount regquired

for tne reacticon was also present in the bath, resulting in a

high carbeonate conktent at the early stages of operatiocn. Experie .

N
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ments has not however been performed with stoichiometric amocunt
of carnonate in the preparation of the bath. Moreover, although

it has heen 1ndicated11 that the useful life of the bath cculd

be increased by

a. Pericdic additi;n cf only wrea or a mixbture of greator
arount of uwrea together with a smaller amounk of car-
bonate to replenitsh the spent salt,

L. Removing the excess carbonate by lowering the oacn
temperature and thus allowing the carconate to scttle
at the bottom. The carbonate could then be removed
easily by a perforated spoon.

e, Using sodium carbonakte in amﬁunts-exactly regquired
for the walanced eguaticn of the reactiol with urca,

Ko experiments have so far besn performed.

2.6 Elfect of Provess Variables:

As in other iechnaigues of nitriding, thoe maximum hardnoess of tae
g-3
gpacimens nitrided in this bath has bean obtained arter shorter

treatment tines at higher temperabures, while at lower treatment
temperatures, the maximum hardness is cobtained by nitriding for
a longer period, Results of nitriding in'inherently less toxlc

bath has shown that the case depth preduced is higner8 than that

obtained in conventional baths. Exploratory experimentslz'on the

effects of nitriding on the mechanical properties like faktigue,

wear resistance and tensile properties have shown tnat these”

<



properties can be sigrnificantly altered by nitriaing in this
barh in much the samz way as by nitriding in the conventional
CFanjderbased baths. Optimum treatment conditions capable cf

giving best results were, however, not rdentified.

2.7 Bafety Frecautbions:

Operating personnel must bpe carefully ingtructed in hanaling the
poisonous cyanlde containing salts. All chemical containers

must be clearly marked to indicate contents. Personnel should

be provided with facilities for washing their handg,ﬁﬁagféﬁégjtc
prevent contaé}natiun Ly the cyanide salts. Sheild, gloves,
aprons and eye protcction should be worn by operating personnel.
parts snould be preheated to drive off any meoisture tnat may be
_present before they are immersed in-the molten salt bath, Proper
venting of furnace and rinse tanks to the cutdoors is £ECDmmCHﬂEd
to provide safety against fumes ?nd spattering and te minsalse
coerrosion in the work area; Nitféte - nitrite salts must notc

come in contact with nitriding salts in the molten salts; con-

tact will result in an cxplosion.

2.8 Econamic Considerations:

The raw-makterials urea and soda are readily avallaile ill OV
Bangladesh. The cost of nitriding is alsc greatly reduced oy the
use of this bath, For example 1 kg of salt for 2 conventional
cyanide bath costs nearly Taka 1000/- {One thousand} while produc-
tion of 1 kg, of salt in urea-soda baths involves a cost of less

than Taka 30/- {thirty; only.
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MATERIALE AND METHODS

3.1 Introductions:

Liguid nitriding of mild steel spcecimens in baths bascd én_Urea—
Soda were performed and the nature of the layers formned were
deterrmined. Effects of sulfur on kne nature and. properties of the
nitrided layoers has also been explored. In this chapter, the
preparation and heat treatment of the specinaens: used in Lhe present
invéstigatlons are described, The different experimental coech-
niques used to follow the effects of mitriding are also describec.

4

3.2 BSpecimen Preparation:

A one=inch dia mild steel rod was hot forged into a 1"/16 thick
flat bar and specimens measuring 20 mm X 20 min were prepared
for optical metallography hardness measuremcnbs anda 5t£ucture
determination. 10 mm long mild steel pins for wear studies were

prepared by machining mitd steel rads.

3.3 Heat Treatment:

The high hardness of the nitrided layers has to be supportea
by a skrong core. It is thus a usual practice te nitride specimens

at temperatures 3G-50DC below bempering temperatures.

Since it was expected that quenching will not cause appreciable

hardening in mild steels, the specinens were not heat-treatad,

-
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Hoawever, in order to obtain uniform specimens, all the samples
wore normalised by heating_to $10°C and cooling in st11]l air.
These were then polished and stored in a desicator prior to

nitriding,

3,4 HNitriding:

& cast ircn pot heated in a gas firea pit furnace has been used
as a bath in these experiments (FPig. 3.1l). A chramel-alume}
thernocouple placed inside a stainless steel tube closcd at one
end and immersed within the liguid was uscd to measure the tcmpo-
rature, A solencld control valve designed and fabricated in the
dept, of metallurgical engineeringy was used bto control the path

®¢. In an effort to study the effects of

tomporature to x5
additicn of zulfur on tho structurg and properties of pitrideaq
layers, sulfur in the form of sodiunm sulfide [NaES} was added
to the wmolten bath, in such guantities that gsulfur in the bath
amounted to 2.00 per cent, The specimens weare suspenced withoar
the molten salts by nichrome wires. After nitriding for a speci-
fied time at the desired temperature, khe specimens were taken
aut. Thesc were thoen taken, washed throughly in running water,

neutralised i1n alkaline calcium aypochlorite soluticn, Gried

and stored iv a desicator.

Hitriding has been carricd out for the feollowing time and tempe-

raturcs:

R
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1. Thermocoupie to pot 6. Burner
. (sait bath] 7. Controlling pyrometer
2. 5alt bath B. Salencid vaive
3. Cast iron pot . :

: Ffl . 9. Bypass line with vaive
4. Refractory lining

10. Gas supply to the furnace

5. Steel Plate

FIG. 3.] SCHEMATIC DIAGRAM OF GAS FIRED LIQUID (UREA-"SODA
BATH) NITRIDING FURNACE WiTH AUTOMATIC CONTROL SYSTEM.
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Materials: Mild steel, Bath: Urea-Soda without sulphur additicn
and sulfur additicn,

Temperature Time of troatment

Bath UC “"ll'_ﬁ)
) lfrea-5cda 525 k1, 2, 3, &
4 {ne sulphur)
550 X, 1, 2, 3, &
575 %, 1, 2, 3, 8
Urea-soda 375 k, 1, 2, 3, &

with sulphur

3.5 Optical Metallography

Small picees from the nitrided samples were cut off uvesing

silicon éarbid& wheel for optical metallography work, Specimensa
were -caraefully cut at 90 degrees {c nitrided surface anrnd nounten
such that only the transvemse,section is revcaled, Standard wethods
were used in speclinen praeparation for o?servation. > percent
solution of nitric acid in aleoohol was used as an ctchant to reveal
the structure of the nitrided specimens. The microstructure

were then cbserved and photographed in a microscope.

3.6 Hardness Measurerents

Aljgimadzu microhardness tester nas been used to carry out the
hardress measurements and a load of 100 gm, was applied for

5 sec. to cause the indentation. No further treatment of the

L=



19

nitrided samples were donc £or these microhardness measurements,
Hardness and penetration distance profiles were also cetermined
~on all zamples, for which specimens prepared for optical metallo-
graphy worce uscd. Tnose measurcements were made with lﬂﬂrgm. loaao

applied for 5 seconds and the distance between two successive

indentations were kept constant as far as possible,

3.7 Wear S5tudles

Hitrtiding by any of the availabLe technigues improves wear pro-
poerties. One of the main reasons of choocsing nl£r1ding Treatment
for mach Lne components and tocls is the lmprovement in tne wear
resistance and dry:funning properiies of the materiai. It 1is
qenerally considercd that thie wear-resistanco 1mproves witn inc-
"reasing hardness of the case. But haroaness is not always a signa-

ficant factor in detornining wear rasistance; the hignest wear

resistarce does nob always coincide with maximum haraness.

Wear of solic surfaces is a conplex phencomencon, the nalure ol whiclh
nay he affected hy a slignt cnénge in operating conditions. For
this reasoh, practical tests 1n laboratory s¢ldom give reproau;-
ible or conclusive results. However, these tests 1f performeaq
carefully, give useful information regarcing:wear loss of make-

rials in actual survice conditions.

The wear loss measurements have been done on a simple wear machine

conslsting of a pin made of the nitriaed specimen, rupbing the
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flat face on a smooth hardened dic-steel disc. A schenatic diagran
et s

oF. the wear apparatus is shown in Fig. 3.2, The speclnen could

be positicned abk four difrferent values of disc radius by moving

the arm horizontally.

10 mm diameter pins, 10 mm leng were nitrided in the bath. To
simulate the actual working cconditicns under which nitriding is

reputed to considerably improve the wear resistance of &4 material

these of tests were performed under normally dry conditions.

The load on the pin was kept constant throughout the series at
1.485 kg. which implies a bearing pressure of 0.0058 kgfmmz.

Tne tests were cohwucted for a constant contack distancce of

198.85% neters to ncte the effect of nitriding time ana tomperaturo
on the wear properties of the matorial and alsco to - fina out wne-
ther-addition of sulphur in the bath helps to improva Widrl proLer—

ties.

3.8 X-Fay Dilfraction Studies

The aim of the X~ray difiraction studies was to determins the
structurc of the nitrided layer formed on the surface during
nitraiding in the bath. HNitrided sheet specimens, without any
Eurther treatment were studied for X-ray work. X-ray diffraction
catterns were Iecorded using Fe radiation in a Jeol X-ray oilfrac-
tometer, A scanning speed of 1 degree per minute with a chart

‘gpeed of 1 cnr per minute were used to record the patterné and .

were used tooldentify the phases pregent and to index the diffrac-

e
-

tion tines.
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4.1 INTRODUCTION:

Hild steel specimens have been liquid nitrided in urea;scda
haths Iin the temperature range of 525 - 575°C and for times of
upto 5 hours of treatment. The effects of nitriding in cthis

bath have beecn foliowed Ly optical metallography, microhardness -
measurements and x-ray diffraction techniques. Relative wear
measurements have also been performed on & pin-on-disc' type
apparotus designed and fabricated in the department of metal-
lurgical engincering at the Bangladesh University of Engincerirg
and Technology, Dhaka. Effects of additlion of 2 per c¢ent sulfur
to this path have also been investigated. The results of ctneee
investigations have been prescnted and dAiscussed in tnis chapter

-

4.2 OPTICAL METALLOGRAPHY

4.2.1 Introduction: ,

The microstructural changes occuring in che steels during liquia
nicriding were followed by optical microscopy. Transverse sections
of nitrided specimens were mounted in thermo-serting resin ano
were prcpared by using standard techniques. The nitrided sSpecilmens
wore etched with 5% nital! and the structures were observed at

x200 magnification and photographcd on &n optical metallograph.
The microstructurns of the spocimens are prescnteéo in Fig. 4.1

to 4.3. The study of the microstructures show that the conpouna
layers formed durirg nitriding in this bath is compact ano the

addltion of aulfur to the molten sales leade to the formation

of a chinner campound laycr.
b
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4.1: Optical ricrograph of nild steels liguid

Fig.

. B

nitridec in

C.

a} Urea-5cda Baths for 3 hrs at 5?5O

43 Baths for 3 hrs at 550%,

Iy Urea-5o



(a) x200 5 oot Nital.

{b) x200 5 pet. Kital.

Fig. 4.2: Optical nicrograph of wuila steels liguia
nitrided in
a) Urea-EBcda Baths for S hrs at S?EDC.
b) Urea-Soda Baths for 3 hrs at 573°C.



= x200 5 peot. dHital.

Fig. 4.3: Opbkical nicrograph <f nild stecls
liguid nitrided in
a) Urea-Scda Baths for 3 hrs at 575°%C

b} Urea-Soda Baths containing 2 pct.

sulfur for 3 hrs at 575°C.

L



4.2.2 Effect of Time and Temperature:

Fig. 4.4 showe the variation In thickness of the corpouna layer

forned on the mild steel samples treated in urea-sodd paths, It -y

o~
il

can be seen that the thickness of the compound layer incrcascs
with tine at temperature. A comparativetly thin compound layer 1s
forned on the stecls trcated at lower tomperotures ESSOOC, 525°ﬂ},
while the corpound layer thicknens is nmore on samples nitrided -
at hlgher temperatures (575°C). The nature of the curves shows

that the yrowth of the layer is diffusion controlled ana aucs ﬂi

results arce therefore to be expected.

4.2.3 Effect of sulphur on_the thickness of the compound laver

-
|
Fig. 4.5 shows that at STEDC, & comparatively thin compounn layer tj
is formed on nild stee! specinens nitrideéd in urea-soda vatns
contalning 2 % sulphur as compared to a thicker layer forneo on "
mild stec] specimens treated at the sane tomperature in LAths t
contajining no sulphur, It {5 to be mentioncd that a oplack adherent "
layer formed on the samples treated in bE}hs containing sulfur. ;é
iw

Forration of such layers limits the pick up of nicrogon and carpon
by the steel, thereby causing a decrenses ln the nitriding poten-

tial and leading to the formation of a thinner compound layer, It

will be seen in a later scction that in good agreement with tiis

the adld steel specinens liquid nitrided in urea-soda oaths con-

taining sulfur. Mitchell and Daweslﬁ aleo noted that with hlgher

.

k-

observation & lower case depth has heen found to have formea on 3
-

¢

contents of splfur in nitriding baths a heavy adherent biack debris
is formed on Lﬁc surface of the nitrided steel.
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4.3 HARDNIISS MEASUREMENTS:

4.3.1 1ntroductiochn:

Microhardnoss mecasutroments both on the surface and as a func-
tichn of distance from the surface have been made ch all samples,
Hardness versus penetration-distance profilcs give useful
information regarding the depth of penetration of nikrogen

and the variation of hafdneas from the surface to the core apd
arc uscd extcensively. The results of hardncess modsurensnts

ohtained in these studies are discussed below,

4,2.,2 Burface hardness

Surface hardness measurements were carrfied outbt on all liguid=
nitrided sanmples by using a Simuazv mierchardness tester. %}

Y 100gm lcad was used for 5 sec to cause the identaticns.

Fig. 4.8 shows that the surface hardness of all nitrided

samples falls gradually wikh treatment time at all temporacures
investigated. Moreover, it has been chserved that the hardnoss
values (VAN) chtained on sanples treated ot lower tenperatures
ESEEGC] arce always higher tnasn the surface hardness obtalheu .
ol samples treatgd at higner tenperatures EEEDDC i nd E?EGC}.

Tne rote of decrease in surface hardness i1s greater at nigher

ternpoeraturas,

Hardness in nitriding is caused¢ by finely dispersed nitride

particles within the watrix and 15 dependent on the size ol
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the nitride particles. Philips and Seybm;tl? stucied precipi-
tation of alloy-nitrides using 2lectron mlﬁf@sc@py and noted
that coarse nitrides caused only small to mederate haroecning.
They identified tiny particles, wnlch 'were nard to roesalve,

to e the principle source of hardoning.

The growth of the nitride particles is aesponded an time and
temperature and therefore the rate of grawth is likely to be
higher at higher temperatures, thus causing a_faster decrease

in hardness at higher temperatures,

4,3.2,)1 Effect of sulfur on surface hardness:

I'ig. 4.7 shows that the addition <f sulphur in liguid nitii=
ding baths causes an increase in surface hardness as compared
to the surface hardness of the mild stecl samples nitridea

at the sane temperature in paths without sulphur, It .3 seen
therefore, that additions of sulpnur increases the surfacce

hardnoss.

4.3.3 Hardness versus penctration distance profiles

Scction orthogonal to the treated surfaces were nounted anq
were used for micronardness measurenents as a functicn of

distance from the edge. The z¢ro peint for the distance scale -
corresponds to the extrenme outer edge of the sanple including
the compound layer. The nardness ceasurcments started at the

point of closest approcach bEo the edge and were épacec equally

-1
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as far as possible, Fig, 4.8 kbo Fig., 4,11 snow the variation
in hardness wversus pEneﬁration distance Erufiles with treak-
ment time at constant temperatures and with temperature for

& fixed treatment time for mild steel samples nitrided in

ure a=soda baths.

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

the distance at which the slope of the hardness versus penetras=
tion distance profiles becomes miniwun, lncreases with inc-
reasing treatment kime ak a particular Eemperature and also
with temperature at constant treatment time, This is to Le
expected, It can alsc be noted that with increasing treatment
bime at a particular temperatuoure the hardness curves nas a

more graduval slope from surface to the core. This is Decause

of the decrease in concentration gradient of nitrocgcoh witn
increasing nitriding time. A comparisong of case-depths produced
by nitriding in convoenticonal baths and in patns based on urca-
soda, has shown that nitriding in urea-soda baths produces

a greater depth. The desper penetration of nitrogen during
nitriding in urca-soda baths resulting in tne nigher casc
depths has beep attributed to the formation of ammonia gas

in the bath.

v

Fig. 4.12 shows the wvariation in case depth with btreastnent time
for tne mild stocl specimens, It can oe obsefved Lnabk case-
deplth increases witn inereasing time at conskant tenperaturcs

and slso With i1ncreasing tempoeratuercs at constant time. Tne
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case—depths produced by nitridirg for a specificd treatment time at a
© particular temperature is smaller at lower tomperatures but greater at
higher tenperatures. This is due to the increase in diffusivity of

nitrogen and carlon at higher benperatures.

The causes of the differences between the surface hardness values cbrained
by direct measurements on the surfaces of the nitrided steels ({Fig.4.6)
ard those abtained by extrapolaticon of harﬂnessupeﬁetration-distantﬁ
profiles {e.,g. 4.16) needs to be investigated. One could passibly try to
relate this difference to the possible deterioration of the properties of
the compound layers due o development of 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 bardness versus penetration distance profiles
of mild steel specimens liguid pitrided in baths containing 2 per cent sulfur,
Fig. 4,14 shows that a lower case depth is produced in the samples nitrided
in baths containing sulfur than those nitrided at the same temperature in a
bath ontmining no sulfur. It has already been pointed out that during
nitriding in baths comtainlng sulfur an adherert layer forms on the surtace
of steels theray cansing a decrease in the amount of nitrogen plck up and

thus causing a lower case-depth.



4,4 X-RAY DIFFRACTION STUDEES

4.4.1 Introduction

X-ray diffraction was used to identily the phases forned

dur 1ng nitridlng in urca-scda batns, The detailed metncds of
analysis and the assumpticons involvoed therain are described
by Cullity.l8 Thne detalled proccdurc used for the l1dentifica-
tion of phases formed, illustraled for chosen patterns, 1s
presented 1s Appoendix-A. Fe K, radiation has been used 1n all
these studies with a scanning speed of lgfminute and & cnart
speed of l0mm/minute. The results of these studies are pre-

sented 1n this sccticn,

4.4,2 Structurc of Nitrided Laver

Fig. 4.15 to Fig. 4,13 show bhe x-ray diftfractograms ohbained
on amilad steel samples nitrided in urea-soda baths. Bach of
these Ti1gures corrcsponds Lo a particular treatment conditicn.
Al analysis of thoese patterns show that FeEN and FE4N nitrideg
form at all trecatment tenperatures and times investlgatcd.
Along with these nitrides diffraction lines belong;ng o an
unknown phase Were alsco observed at all temperatures and tines
studied. The unknown phase labeled ag U was found to have a
close-packed hexagonal structure. Sinhce this pnase could not
be clearly identified, the reasons for its fornation could

notk be investigated, It 1s assumea that, since sunultaneous

saturation with poth carbon and nitregen oceurs during nitrai-

*
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ding in these baths, this phase is perhaps an 1ron=-carboni-

tride phase.

4,4,3 Effect of Time on the Nature of Lavers

Both Fe3N and FE4N was found to have formed under all treét-
ment conditions investigated. A conpariscn of Figs., 4.15 and
4,16 and alsc Figs, 4,17 and 4,18 show that both at 525°C
and 550%C the intensity of the diffraction line Fo, ¥ ...
gradually decreased with increasing treatment time i1ndicating

a cacreage 1n the amount of this phase in the nitridedg layers.
Similar resulis were also ootained by other investigatﬁrs.lg'zl
The intensity of diffraction lines can Le and has osean useq

to indicate the amount of a phase in a maxture of phascs,

The results obtained show that although both Fe3N ana FE4N

form, the nitride layers consist predominantly of FESN nLt-

ride,

It has been onservedzg that in theée presence of carbon higuer
nitrides tend to form. This nas been attributed bo the inc-
roasc in the fields of stalility of higner nitrides in the

prﬁan&e of carbon., It is to be noted that in the apgence of
carbon, nitrides form according to the binary Fe-N system where-
fas irn the presesce of carbon the structure 13 determinea oy

the Fo«l«N ternery systen.

%



With 1ncreasing treatment time at a particular tenperature,
nitrogen concentration abk or near the surface of the nitrided

samples increases gradually and thus leads bo the graaual

4N to the higher nitriae

transformmation of the lower nitride Fe

EG3N.

4.4.4 Effect of Sulfur on the Nature of Layers

Fig..4.20 shows the diffraction pattern of a mila stee] sueci=-
men liguid nitrids4 in urea scoda baths in whicn 2 per cent
sulfur was added as Hazs. The phasés ﬁrESEnt waere identified
and indexed by using bthe procedurs describoed in Appendix-i.
Sulfur was found to be definaitely prescnt in tﬁe C ol ound
layer, pessiply as FEE2 but unfortunaccly the lines gould not

pe indexed clearly.-

There has been sone contioversy regarding tne presence of
csuliur in the conpound layer. Mitchell andg Daweslb could nce
detect the presence of sulfur 1n the compound layer, whoreas
Cahn23 observed that traces of sulfur was present in thae cow-
pound layer. The amcunt cof sulfur added in this bLacth {2%}

was considerably higher than those [0.6%) cited abovelﬁ’zu.

The acdition of a large gquantity of sulfur 1ﬂ these experiments
possibly led to its c¢lear detection, Ik may therefore e con-

cluded that compound layers on tine samples nitriaed in catns

containing sulfur do contain some sulfur,
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d,5 Wear Stuaies

4.5.1 Introduction:

Liguid nitriding of mild steel specimens was investigated in
the temperalure range of 525 = 575°C and for times upkac 5

houres of treatment 1n urea-soda Laths,

Two samples wore nitrided at each treatment tane and tonpe-
rature for wear studies, Wear ratoes were determined on a pru-
on-~disc typo test ring. A constant load of 1,485 kg was used
and all the samples were tested for a constant contdct ais-
tance of 198,86 meters, The results éf titese tests, reportec

as weight loss (i} per unit area {Hm2} of specimen coancact

ared are proesented and discussed below,

4,5.2 Lkifect of time apnd temperature:

Mitriding 1n urea=-z¢da baths was found to increase the wear
resistance significantly, The maxinum wear rate ol the nitrioed
4,

sampli: was found to degreaﬁe to 0.046 mgfnmﬁ of cuntact area
whnere as the rate ol wear inh the unnitrided condition was founa
to boe 0,78 rgfmmz. Increasing tredtment tinme ané a decrcase

1h troatoent tomporature was found to result in a reduction

in wear los:s (Frg. 4.21). It 15 to be noted that é decrease

in treatment bemperatures result in an incrcecasc in the surface‘:,

nardness values (Fig. 4.6). Edenhofer and Buwley24 also reportea

*

a dramatic increase in wear resistance as bhe Lenperature of-

L'

ﬂgﬂ
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FIG.4.21 VARIATION IN WEAR RATES OF MILD STEEL SPECIMENS
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nitriding was lowered, The wear rate was also found Lo

decrease wikh ctroatmeoot gime at all £EH@eratures investigaked
(Fig. 4.22). It is to be noted that the wear samples npad a
varying thickness <f the nitrided layer (compound layer and the
case-depth}, this is because the depth of nitrogen penetration
incredses with treatnont time at a specificd temperature,

Thus the chances of the hardened layer of a test piece bo be

in contact with the sliding surface for a increasingly louger
period of the wear study increagses with increasipg treatment
time at any tempoerature therefore resulted in a decrease 1n

Lile wear rate. The maximum wear resistance in these studies

was found to coincide with the maximum surface hardness af the
nitrided samples. As in octher liquid nitriding baths o preac-
minanktly moncphase nitride laver was found to forr (discussced
‘in a later scortiwil) on samples nitrided in urea-soda baths.,
Flonophase nitride layers, becauss of less stress in tne COnip ournd
layers, hawve been reported22 to be more wear resistank thai.

thase ldyers ¢ohsisting of more than one nitrido.

The decrease in wear rate with increasing treatment time at

a partlcular temperature therefcore seems loglcal, 114 tncrefore
Apprars that for maximum wear-resistance, nitriding in thuese
Laths should Lhe pertormed for a longer bLime at lower témpura—

turacs,
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4,5.3 Effecet of Sulfur on Wear Resistance

Fig. 4.23 shows the eifect of additieon of sulfur to tue urca-
gz0da baths OﬂJthE wear=resistance of ;mild steel specimens
nitrided in these bath. Addition of sulfur seens to causc a
docrease 11 the wear-rate of mild steel specimens nicrided

in these baths,., It may be mentioned that addition of sulfur
causes an increase in surface hardness values of mild steel
specimens liguid nitrided in urca-soda baths, and therefore

AN 1ncrease in wearresistance of mild steel specimens liguid
nitrided in urea-soda baths is perhaps net unexpected. An rnc-
rease 1n wear resistance in presence of sulfur hés alsao heen

418 ¥X-ray diffraction stsdies

notcd by other investigators.
(Fig. 4,20} showed that sulfur was definitely present ik tno
compound layer and is responsible for this increase 1n wear
resistance. A detailed study is, however, necessary to deccor-

mine the exact amount of sulfur additions capable of producing

the lbest results.




Chapter- 5
SUMMARY AND CONCLUSIONS




5.1 SUMMARY AWD CONCLUSSIONS

h,1.2 SUMMARY

Liguid nmitriding in urea-sada baths is a recent devaelopment in
the ficld of nitriding in liguids and have been used in these
experiments. Mild Steel sampies have neen liquid nitrided 1o a
urea-scaa baths in the temperaturce range of SESDC—E?EDC ana for
time of upto 5 hrs. of treatment. The effects of nitriding in
this bath have Leen followed by cptical metallography, microenara—
wess measurcenents and RX-ray diffraction tochnigques. Relative wear
neasurcments have algo bren performed con a 'pin-on-disc! type
apparatus. Effects of addition of 2% sulfur in the form of soalan
sulphide to this bath nave also been investigated. Optical netal-
loegraphic studies showed that the thickness of the compouna laver
inereases with treatment time at a constant temperaturc. A conpa-
ratively thin compound layer is rormed con the steels treatea at

4 low temperaturocs, wh@re 45 a thicker layer was chbtainea on samples
nittrided At higher tomperaturcs. Tac thickness of tho conpound

layer 1nereases with treatment kine at any tomperaturd.

It was also observed that a comparatively thin compound layer is
formed on nild steel samples nitrided in ureca=-soda batpns countalning
2% sulfur asicomparéd!)to a thicker layer formed on m:ld stoal

T ———ry g
specliens treatced under otherwise indentical conditions in the

baths containing no sulfur.

.
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5.1.3

CONCLUSTONS

The following conclusion may be drawn from this study on liguid

nitriding of mild stcels in wrea-scda batns:

(1)

{3}

(4]

(5}

hlthough{jbth FEBN' F64N nitrides form in the nikricdea layers,

the layers consist predominantly of FE3N nitride.

The hardness values obtaincc on sawples treated at lower
temperatures are always higher than the surface pardness

obtained on samples treated ak higher tewnperatures,

Addition of sulfur increases the surface nardnoess but dec—-

reascs bthe depth of nitrogen penctratian.

For maximen wear resistance, nitriding of mile steel =zanples
in this bath should Lo perforwed for a laonger tine at lowoer

tenperatures,

c
n F_

g
Suifur has been definjtely identified in the nitrided layers

of the mild steel samples nitrided in baths containinyg suliur,

.
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APPENDIX=A

X-vay diffraction was used to identify the phases formed during
nitriéing in urea-soda baths. Diffraction data cards of the oS-
$1ble nitrides, tnat may form according to the Fe-N dlagrgm is
presented at the end of this section, A detalled metnod of analy-
sis 0f ®=ray diffraction patterns ana the assumptions involveo
therein are descrived by Cullity, Tae methed of identification

af Lhe phases 1s 1llustrated below using the pattern of the naild

steel]l spoecimen niktridec foar 3 hrs at 525°C,

Tihe &, LD 8 anc 31139 values of the diffraction lines observecd
on the dirfract@inéﬁawere listed as 1n Table A-1, Since 1t was
canccted that only nutrides are forneo, the aguftraction lan

Wwiere btoentalively addentifiea using 20 walues calculated from x-ray
data cards for the radiation used for these studics. Tre nitriacs
chat mouvmed bo have ormed éuring nitriding ol mild steel 1
Urca=-sacla was FejN anad FQ4N. There werce however other lincs

prosenl on che pattoern.

VYo conjimg the identificaticn of the diffraction lincs welonging
to the FEEN, the diffraction lines belonging to this phasce were
listed a8 shown in Table A=-2. Fu3N has a ¢losc pacxed hexagonal
suructura ang the lines belonging to this phasce was ingexed
analytically. The analytical method used for the identificatlion
of the pnases inveolves arithmatic manipulation of the ouserven
Sinze values, to find certain characteristic relacions between

4+,
Ll
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them, Once bnis relationship i1s recogniscd, the orrfraccion

lines in the pattern can be irndoexcd.

This characteristic relationship for hexagonal lactice is

. 3 . .
Einge = A (h+ hk + kz} ¥ c1z.
2
where, A = i-—z P O o= ..‘."‘_2
ia 40

Foerpjssible values of {h2+ hk + hz} can boe obtainea from taoles

{Fig. A-1) angd arc 1,3,4,7,9 etc.

The 8, 5108, 51n29 values of the diffraction lines iaentified
45 Lthe Fejﬂ-nitrldc are listed 1n Pable A-2, The first step 18
t.o divide the ELHEH values by the integers 1,3,4,7 ete. ana
tabulate the resolts as shown, Then the gQuotients waich are egual
to wne another or aguil ta one of tho observed Elnzﬁ values aro
found out. In this case, the two starred enkries, 0.1658 and
0.1655% are the most nearly oqual and it was assuned these liues
were hk0 lines. Thoen 1t was tentatively pﬁt as A=0.1658, " whiun
is cguivalenl bo saying that lone 1 o1s 100, Sinee tlhe Sinze
walue of line 5 18 vory necarky 3 tiwes that of line 1, line 5
musb e L10. o find the value of C, bhe following 2guatblon was

Ul

, , ,
5ins « A (h°+ hk + k°) = Cl



From each Sin29 values, the values of H{;D.165B}, JA{=0.4794},
ﬁﬂ{=ﬂ.6632} etc. were subtracted and the remaindors which were
in the ratia of 1,4,9,16 =tc, were ldentified . These wvalues

are listed 1n Table A-3, Herc the 3 starred numbers are of inte-
rest, because these numbers (0.0488, 0.1930 and 0.433) are very
nzarly 1n tne ratio 1,4 and 9. Thercfore putting D.D458=Ctl}z
ana G.193020{212 and D.433=C[3}2 gives C=0.048&_ ana la=ntilies
line 2 as (002). S5ince line 3 has & Elnzﬁ valye equai to tue

sum of A and €, its indices must be 101. Simrlarly indices oL
linc 4 and line 6 were found to be 102 and 103 respectively. In
this way, indices were assigned to all lines belonging co Fe3N
nitrides. It was thus confirmcd that the tentative i1aentification,

regarding these linc wore <orrecth.

The other nitride that formed appeared to bhe Y -nicriae [Fedﬂ},
Electron diffrackion studies of this phase nas shown that the
structure is deficient an Fe with abscnces 1n the face centge
sites, The Y - phase has a face centred cuble c¢lose packing of
1ron atoms with hlitrogen atoms eguidistant from each other and
pocupying one fourth of tne nurber of octahedral interstices in
a completely ordered nanncr. Bocauwse of this speciality, this
phase, although face centred C;blc, contains refiectiens from
planes having mixed indices,. It may be nentioned here that face
centrod cubiic crystalslcan, in general, have reflections only
from planes having unmixed 1ndices, €.9. {1113, {200) ... ana
nct from planes having mixed indices like {11y, {210} ... etc.

-u_:u]



It was therefore noe bossible to confirm the tentative identifi-
cation of the diffraction lines belonging to this phase (Taule A4}
by actual calculations, Satisfactory match was however, obtained
with the standard diffraction pattern for ‘this phase published

by the American Society for Testing Metais (ASTM).

In addition to the diffractian iines welonging to FeBN and FEAN
nitrides, there were some other diffracticn linces which could

not be identified clearly. Attempts to match these lines wlti
thoese of mitrides and carbidos of all possiblo elements containec
in the mild steel specimens remained unsuccessful. Tite milda stecl
specinens used in the present investigation, were also gqualitae
tively testod for the presence of elements like Cr, Mo, V, W

and Fi1. These tests confirmed that those element5JWEre not prosenc
in thetsamplES used in these investigaticons and that the samples

r

used were truly plain carnon steels.

Since nitriding in urea-scda paths caused sanultancous saturation
of the milad steel Specimens with carbon and nitrogen, 1t was
thought that these lines could perhaps belong to tne 1ron carpo-
nitride phase. H¥-ray diffraction pattern for this pnase could

hot e found in  the alphabetical index to the aata Cards ana

thercfore a match could not Lo attempted,

However, 1u order to uetermine the Eype of crystul ta wuicn tney

. . , e - . )
solong, these lines alongwith their Slng, 51l B valacs were than Li=leq
as shown in Table B-3, | was lirst checked whether these lipesg

.
Ré



A0

belong to a cubic orystal. & cubic crystal gives aillraction

L 4 . . - . .
lines whose Sin“f valucs satisfy the following equation {ootainea
Ly combining the Bragg law wilth the plane spaclng equarioc fer the

cubic system) .

Sinza Sin’ 6 Az
h2+ k2+ 12 B 4a2

and hzfaaz 15 a constant [or any once pattern,. Therefore, 1l
these lines belonged to a cubic crystal any cone of tae 3 set of
integers & listed (Fig, A-1) fu; each type of cubic crystal woula
have yiclded a constant quotient when divided oné by cue nbe ftas
obsorved Sin28 values, Sincc a constant guoticnt coula not bo

abtained it was concleded thabt they did not uelond Lo a cuoelo

crysbal.

Tk vas hen assumed that tiey belongoed to a nexagocnal pondsc, anin
thi:e wis varificd ny using the procedure describod eariler. a4
sitislactory result was cblained (Table h—-6)] and it wids Coenoludeo
that theso line: belonged to a nexagonal phase. Thias paseE coula
net lLlowever be jdentifrcd clearly and has oeen narked as U
(unkpnown) in the warffraction patterns. The lattice pdrancoers

a ard ¢ of this unknown nexagonal phase was calculated using rhe

l'ellowing roelations

2 2
T S
3 q¢

and wan found to be 2.7638 and 4,8528 respec kively.,



(el

-Finaily the extra diffraction lines which appeared auring nitrai-
ding in baths containing sulfur were listed as shown in {Table A-7).
A preliminary match was cobtained by referring to the i1naex to tae
dirffraction data file and tﬁey were found to belong to Fesz.
However, due to nonavailability of data cards ana lack of infor-

mation on the type of kthis crystal, furctner treatnent of this

data could not he perforncda.



téz}
Lusic HEXAGONAL
, A
body - faco- ' cloge-
simple centered centeced diomond packed
B | hkl
1 la0
2 110 ikl
10.1
3 111 ou.z
4 200 1¢-1
] 210
5 211 I1a.z2
&
< g 270 2
z li s, 221 10.3
310 .
[
- 1l 311 0.9
3 . ‘ 20). 1
H 17 222 do.e
Ly . "
z 13 320 20,7
L4 Jxl
Fal 1G.&
3]
=
516 400
I
o 17 410,322 . S0
18 411,330 1.0
14 331 21
. 11.4
20 420
282180~

CFIG. py ~1Caloulaked diffroaction patterns for various lattices,

g5 = h2+k2+J2.

Re



Gl

Table A-l1: List of the diffraction lines observeda on tne
diffractogram of a sample nitrided in urea-scaz TLor
3 hr at s25°C.

LINE -] 511129 Tontative
Identification

1 18.69 0.10286 Fe N

2 21,65 . 0.1261 )

3 23.50 0.1590 ]

4 24.03 0,l658 Fa N

5 24 .80 06,1759 U

& 25,80 .1l866 _FE4N

T 26,03 0.1925 Fe3N

8 27.60 G.2146 Fe N

9 28.40 B.z2z262 chﬂ
1G 31.30 00,2730 FEI;N
11 32.89 0.2948 u

12 36,80 0.3588 Fu3N
13 29.70 G.4080 u

L4 42,30 T 0.4529 Fe N
15 - q4.80 0.496% FEBN
lé 5¢0.70 ) 0.C5088 I-‘CEN
17 56, 27 0.6916 Fa_N .




e

Table A-2: Identification of hkC planes of the diffracticn

lines ‘belonging to FGBN.
Line &  Sine sin‘e 5.n°8  S.n°8 Sin‘e hil
3 4 7
1 24,03 0.4072 0.16.5:8* D.0552 0.04145 0.0236 10
2 26,03 00,4388 0.1%25 0.0642 0.0481 U.0275
3 27.6 0.4633 0.2146 0.0715E U.0536 D.U306
4, 36.8 0, 59490 ¢.3588 0.1196 0.0897 B.0512
5 44. 8 D.7046 0.49635 D.1655% 0.1241 . 0709 110
& 50.7 80,7738 0.,59E88 b,l94%6 2.1487 Ug,0855

7 56,3 0.8319  0.6920 0.2306 ©.1730 0.0986




o7

Diffraction lines belongang to Fe M.

Table A-3: Identification of 5
@ Sinza SinEB Sinze Sin™ 8 hr1l
-h -3a -di
24.03 . 1658 - - - lono
26,03 L1325 0.0287 - - Gp2
27,6 .2145‘ D.0488% - - 101
36.8 .3588 0,1930%* - - 1oz
44,8 . 49865 0.3307 - - 110
50.7 . 5988 D.433% G.lDid - 103
56.27 0.6%916 0.526 0.1%44 U.0286 200




TABLE %.4: DIFFREACITON LINES BELONGING TO FEQN—NITRIDE.

LIHNE ") ' hkl
1 18.69% T 110
6 25.60 Y111
7 28,40 | ¥* 200
8 31,50 Y 210
11 42.30 Y 220




Table A=-5: Identification of nko lines of the unkpnown pnase

Line & $1n2& Sin 8 Sin28 Ein2& hkl
3 1 7

1 21.65 0.1361*% (.04354 0.0340 0,0194 100

2 23,50  ©0.1590 0,053 0.0397  0.0227 -

3 24,60 0,1759  U.0586 0.0439  0.0251

4 32,89  0.2948 00982 0,0737 0.0421 -

5 39.70 'u.4u8u ¢,1360% 0.1020 0.0582 110




Cis

Talxle A-6: Indexing of diffracticn lincs waich aid not appear

tc belong ko any of thoe Known nitraides.,

Line 8 Sin“e 81n%6-a 81n°8-3A  hki
1 © o 21.85 0.1361 - - 100
2 23.5 0,1590 0,0229 - 002
3 24.8 0.1758 0.0398 - 101
4 32,89 0.2948 0.1581 - 102
39.7 0,4080 0.2713 - 110




(s

Table A-7: Extra diffraction lines 1n sanples nitrided at

575°C for 0.5 hrs. in facts containing salfur.

Line 28 g d A I I,:‘I':I Tentative
: identiricacion
1 42.4 21.2 2.747 & 5] ’ FESE
é 48.5 24,45 2,4 B.5 12 FCSE
3 51.08 25—?4 223 5,2 7 FE$2
A 1.6 25,8 Z2.2B2 3.5 5 FeSz
5 54t5 27.25% 2,169 5.k 8 _ FCS2
& 5E. 9 2?.9? 2,114 45 65 Fesz
7 H8.45 29,2 2.038 | 15 21 FeSz
N 62.09 3l.o0ds r.92 6.1 B FES2




1-123&
B478
o 2,00 2.19 1.61 2.38  Fa,N
1-1241
I
fIl
1-1239 100 25 25 20 Iren Nitride

Rad., Mok @¢.709 Filter ErD2

Dia, 16 inches Cut off Coll

I,-"Il Calibrated strips d corr.abs.? NHo 2.09

Ruf. H
Sys. Hexagonal .G, Dg—szz
02'695 4.362F C 1,618
Ref. Wy

aa 1/1, hicl
2.38 20 160
2,19 25 Do2
: 100 101
1.61 25 102
1.37 25 110
1,24 25 103
1.156 20 200
1.14 10 112
1.10 3 bo4
1.04 5 202
0,92 5 203
88 ¥ 210
.86 g 211
.82 3 212,105
.76 3 213




B-0EB96 .
d 2,03 1.17 1.43 2.03 (Fel2B

IfIl 100 30 - 20 o0 Iron [ =phase)

Rac, Cuk 1.5405 Filter 1 ax /1, hkl

Bid. Cul off Coll. 2.0268 100 110
' 1.433Z2 20 200

" s £ - = A

I;’Il Counter Diffractometer d corr, abs.? 1.1702 10 911

Ref. Swoanson ot al., MBS Circular 53%, 1.0134 10 220

Vol, IV p3(l9ss) 0.v064 12 310

¥ LB275 & 222
Svs. cubric 5.5, IMIM {229}
a_  Z.8564
o
Lef. Iiicd

Toral impurities of sample D.0O0L12%

eqach metal and non-nmetals,

X-ray patterh at 25%¢. W structure type.

occurs as terrestrial "Iron" and iAo

meteorites ans "Kamacite".




G-0627
d 2.19  1.90 1.34 3.79 {Fe4NJ4.252
I,J’I1 100 75 65 1o Iron Nitriae | l'—phaSE]
Rad. CoK 1.7502 rircer Fe O 1/1,  hel
Dia. 9,1%con Cut off éﬁll.' 3.7y 10 1go
IIIL Microphotomectecr d corr. abs.? Yes 2,684 20 liuw
Ref. Jack,Proc.Roy.5cc.A 195 34-40(1948 2.14%1 100 111
' ’ 1.897 75 200
Bys, Cubic 5.G, 1.697 20 210
ag 3793 1.549 20 211
Ret. Ihic. 1.342 65 220
1.265 20 221,300
Sarple contains 6.1 wt.% H. 1,200 10 310
Homogoneity range 5.7 ~ 6.1 wt, % N 1.144 &5 311
1.095 40 222
1.053 20 320
1,014 20 3zl
0,949 45

400




6-0656 .
d 2.11 l.63 2,41 .45 LFEEHJlEE
IIIl 140 25 20 2 Iron Hitriae
Rad, CoK 1.7302 Filter Fe ad I‘Hl bkl
Dia. 9, 19cn Cut off Coll, 3.43 2 1ul
2.804 2 111
I,i"Il Miuvrophotometer d corr.abs? Yes 2.404 14 426,210
Ref. Jack, Proc.Roy.Soc., A 185 2.207 20 U
10-40 (1948 . 2,116 100 u21,211
1,790 1 121
Sys. Orthorhompic 5.0 1.637 1 30l
1.626 25 022,212
2. S.543 bD 4,830 Co £.425 C 0,%1l6] 1.600 1 311
Rct. 1bid. 1.457 1 13l
' 1.422 1 103
Sample contains 11.3 wt., % N. 1,385 5 321,230
Honogeneity rangoe 11,1 = 11.3 wt. % H. 1,365 1l 113
1,255 25 022,213
1.20¢6 2 LEIY
1.197% 2 421
l.1l64 58 232,407
1.1G4 & ood
l.065 1 133
. 1,055 10 LaZ, 422
1.003 4 024,214
0.9293 358 333,043
L9103 4 250
9074 i 440
LB0ZE 4 610




54

I-082%5
321%
o 2.34 2,19 Z2.06 2,34 FE3N—Fe2N
3~0934
/1,
3-0923 1G0 100 100 100 Epzilon Iron Nitride
Rad.FakK 1.93597 Filter as /1, nkct
Dia, Cut off Coll, 2.34 1o 100
I/I, Visual d cbrr, abs.? 2.19 oo 002
2,06 100 1ai]
. . . . i,UPS. ' .
Ref. Hagg, N.Acta Reg.Bo0c.Sei,UPS.,IV i 1.5 100 102
L.plé 1.34 100 110
5ys. Hexagonal 5,G. L.23 Lo 103
Q 1.17 B0 200
a':I 2,700 CO 4.371 C 1,619 1.15 100 11y
Ref ,Hagg,K.Acta Rug.Scc.Sci.Ups.,IV 7 1.13 100 201
1.pls .03 ol i d
l.03 80 208
The upper limit of N ¢oncentratlion 0.989 60 104

(49.3N atoms to 100 Fe atoms) 1s loss
than for FCEN' The lawer limit

varlgs with temperature and at 700°C
the N concentraticn is less than
Fe4N. AR composition near Fe3N and

el a' = 3a , ¢ = ¢ , whero a
2 o ol o o ol

anc c, are the hox, close-packed

vell dimernsions, Near F04N and oet-

wWeaeon Fe3N and Fe2N additicnal supcre

structure reflcctions which reguire

the unit a'=2 3a_, ¢ =c {Jack,Acta

L] o o O
Cryst. 3 392{1950) see alsc Paranijpe
et al., Tran= AIME 1B8 307 (1950},
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