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ABSTRACT

Flain carbon steels of different carbon contents have boen ion-
nitrided ip the temperature range of 475-525°C in a 75 Hot 25 N,
yas mixtare to study the efivct of carbon on the nature of the
jayers formed during lon-nitriding. The effects have been gtudisd

by op-ical mektallography and microhardness measuremenkt techniques,

Optical wetalloyraphic studics on transvurse sections of the
ijon-pit: ided samples have shown that the thickness of compound

layer 1ncreases with increasing carhon content in the stecels,

MicTrohardness mecagurements on the gsurface of the nitrided samples
were poerformed and also the hardness versus penetration distance
profiles of the ipn-nitrided sanples wore determined, From the
harducss-penetration distance profiles it has been ocbserved chat
Lhe casc-depth ( i.e, the depth of nitrcgen panetration into tha

specimens) decroeases with increasing carbon content in the atbecl,
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Chapter- 1
INTRODUCHON




cumponents with & hard woor-rosistant surface and a tough ductile
core find wide applications ia industrics. Varlous methods like
carburizing, cyaniding, carbenitriding and nitriding are comnonly
uzed lor the comwerical attaiament of this highly desireable
combination of properties, the nomenclature depending on the

gaturating elament involwved,

The surfage hardness obtained by the process of carburizing,
cyaniding and carbonitriding depends upon the heat treatment
performed after the chemical conposition of the surface has
been changed. But in the case of nitriding the composition of
the surface layers is 5o altered that the cowmpounds formed are
1nhérently hard and for this reason no further heat treatment
is required, Nitriding gives very high surface hardness and
woar-registance which are not attainable by any other surface
harde;:ing process. MOrecver nitriding of steels is perfermed at
much lower temperatures and so the proparties of the core are
not clanged and the nitrided part are froe from internal stresses
{ and therefove free from aging cffects] making them especially

cuitable for crankshafts, gears, gauyes etc.

The aotomic radii of the two elements carbon and nitrogen [D.??R
for carbon and D.?lg for introycn; seems bto exert & §imilar in-
fluence on the polymorphiam of iron on the Linary constibutson

Adiayram,. The micro-structure of both Fe~C and Fe-N alloys alter



both slow and rapid cooling are similar. B0 the properties of

the surfaces impregnated with either C or N would be expected

to Le similar or at best show margincal variation. Out in prace
tice, the properties of the nitrided and the carburized layers
differ very substantially. The differcnce in properties is due Lo
the difference in impregnation parameter and in the condition cf

irnn during each ot the troatment.

In garburization, the high temperature modification of iron i.e.
y=1ron is imprognated with carbon in the temperature rogion of
its stability and impregnatbion takes place below the solubility
limit of ecarbon Lo y-iron. The carbon imprognated layer is sub-
sequently quenched resulting in the formation of a metastalble
phase, martensite, which 1s directly responsible for the high
hardness. But in nitriding, the low tenperature nmodification,
a-iraon is impregnated with nitrogen and the impregnation with
nitrogen ocours above the solubility limit of this element in a-
iron causing precipitation of nitrides. The surface hardness of
nitreogen impreynated layer is caused by this highly dispersed
nitride precipitates whose dquant:ty and dispersion influcnce the
attainable hardness. The two phase micro-structure of nitrided

layer of steel is rasponsible for its betbter properkica.

Nitriding is moce exponsive, more complex and more time consuming
than any other surface hardening technigue, even then the process

of nitriding bhas ieceived considerable attentien from Loth



industrial as well as secientific community, bacausc of its abi-
lity to offer superior prapertles.TThe possibility of iron
reacting with nikrogen to Form nit;ides was first known as carly
48 1n 1506. But the present commercial viability of the process
ig due ko the Lhorcugh study of the problem in 1919 by Dr. Adolph
Fryl and its further development by subsequent investigakors
throughout the worid., As a result nitriding ¢an now be perfDrmeﬂ;
i:. different saturating media like soclid, licuid for gaseous and

nemerous modifications of the technique have been evolved to suit

specific reguirements 1n service.

The most recent development in the f1eld of nitriding is the glow
dischargé or ion-nitriding, This uses the Plagma state of mattor
and is also called plasma nitriding. The process with its high
degrec of variability and adaptability appears to have a broader
range ofF applications than any of the other nitriging techniguecs.
,d

The first studies af this process were carried cut in 1937

and ever since the process has received increasing attention.
Over the past 50 years numerous investigations 1-12 on the ionp-
nitriding of steoccels have ﬁéen made. Mocst of these studies con-
cern the effect of process variables such as time and temnperaturo
of treatment, applied voltage, gas conposition and gas pressure
on the nature and preoperties of ian-nitrided stecls., Exhaustive
investigations on bthe effocts Gflsuch @lloying elements as Chrow-
miurm, Mcolybdenwn, Vanadium, Aluminium obc, | comonly known

as nitride-formers) have olso been made. towover, little informa-

tion regarding the effects of carbon, the most inportant alloying



elercent in skeels, exists. Morcover sone of these ocbservations
appear conkradictory.

Feller 13 has studied the structure .. compound layers produced
by ion-nitriding with and without carbon enriched plasmas. On
the bagis of these investigations, Lhdenhofer 14 contends thak

in cachbon free plasmas only v~nitride is {ormed. The monophase
v-nitride layer, Lecause of its narrow range of stability, can
Jrsw Booa mariwnn Lhickness of 6-8 W, Kurny,lS an the other
hand,related the nature of the compound layers to the ygas coupo-
sition used. He also reported an increase in the thickness of
the eeppound layer with an increase in the carbon content in thn
matcrial.

Cho & Luoee 16 cbserved that the compound layer wWas mono-,qr
polyphase depending on the level of carbon content in the mater-
ial and an increasc in carbon content in the material increases

the compound layer thickness.

One of the reasons for thig apparent contradiction could be that
none of the investigations wore designed to study tha affects

of carbon on the lon-nitrided steels. Sufficicnt details regar-
ding the expeérimental variables leading to these observatlons
arye alse not avallable, As o result a clear understanding of

Lhe cffoots of carbon on vtne nature of the layers formed during



ran-niteiding has Leen repdered difficult. Consayuently Ib wes
considered desireable to investigate the effects of carbun on

the ion-nitriding of steels under identical treatment conditions.
Plain carbon steels of two different carbon levels e.g. 0.45%C

& 0.53%C were chosen for this study. Except for carhon all other
alloy contents in these two steels werc identical, Pure iron
srecimens were also jon~nitrided so as to be able bto compare the

reaults obtained.



Chapter-2
ION-NITRIDING~A SURVEY




2.1 The Principle of Ion-Nitriding

The concept and the principle oF Ton~nitriding were first esta-
blished in Germany by Bernerd Berghaus 2 in the early 1930's.
The principle of ion-nitriding process is gimilar to that of
galvanic plating, where a current=carrying substance between

an ancde and a cathode supplies the coating material for the
cathode. In i1on-nitriding, the curremt-carrying substance is

4 low jpressure nikrogen gas introduced into a vacuum chamboer

{ 1-10 tarr}. Under the influence of a high d.c. voltuge [ about
400~1000V) the gas is ionised and hecomes electrically conductive.
Positive nitrogen ions are attracted by Ehe cathudic workpice
where, on hitting its surface, they cause the nitriding action.
The energy transferred to the workpices by the ion-bombardment
iz largely used to heat the workpice to the negessary treatment
temperature { between 4ﬂﬂ—EGﬂDC }, The temperature of the work
load 1s measured and controlled by means of thermoccouples whicnh

are inserted in the charge.

2.2 Generation of Plasma and lonisation Technigue.

A plasma consistes of eleclrically charged particles, i.e. ions
and electron. In other words, the Rplasma state is reached by
ionizing gas atoms or molecules. . In a2 purely thermal process,
the plasma state can be reached by heating the gas to a ktemw era-
ture at least some thousand degrees. Butb if electricity is used

the plasma state can easily be rcached as in the glow discharge.



Morcover, ionisation by itself does not cause accolerated nitri-
6,7

ding. This occurs only in the presence of an ion-current.
The gmall numbers of charge carrier which are present in any gas
arc accalerated in the voltage drop between cathode and ancde,
collision process involving other gas particles dissociates
molecules of the treatment gas as well as excite and ilonize atoms
an molecules. New charge carriers are thus continuousgly produ-
coo, the electrons being accelerated towards the anode and khe

pogitive ions Lowards the cathodically connected workpieco,

The wvosltage applicd does nolb drop in a linear way Letwoaen tho
elactrodes as it would in extremely high vacuum, bub is grcatly
modified by the positive space charge which builds up in front

of the workpiece. Accordingly, almost the entire applied voltage
drops on a few mm in frent of the cathode. This is why the
yoltage drop is called “cathoda-fail“. The collision and 1oni-
zation processes which are an essential features of this typo

of surface trcatment take place within the region of the cathode
fall. Thus, the perfect plasma state of the treatment gas: is
only produced immediately in front of the workpaece surface
iwithin the cathode-fall regicon), while the remaining trealment
space 1n the vdcuum chamber is filled with normal treatwent gas
which 15 somewhat enriched in ciarge carriers. ''he positive spacue
charge has the effect af o projecting ancde so that surface treat-
ment in the ;Lasma af the glow discharge is practically indepen-
fwnl ©F the cdistance betweoen the worhpiece and the wall of Lhe

clhiamboer.



The cathode luminous phencmena which is called "glow seam" is
aleo limited to a narrow space akound the workpiece. The glow
spam follows each individual contour of the workpieces, 150 that
all surfaces inecluding notches and bores are submitted to uni-
form iou~bombardment, creatbing a uniform hardness. Fig. 2.1 shows
the woltage required for the aonization of various gases. These
curves are known as Paschen curves. For the majority of gases
the minimum breakdown voltage is betwecn 100 and 500 volks and
corresponds ko pd values of 0.1 to 10 torr-mg, whaere "p" 1s the
pressure in "torc" {mn-Hg) and "d" iz the distance in "mwm" bet-
ween clectrodes. Gas mixtures generally have a lower break-dawn
valtage than the pure gases.

2.3 Technigue audé Control of Glow Discharge and Type of Discharge

Used for Ion-Nikriding.

h glow discharge is produced hy the shock excitation of gas atoms
or aolecules in an clectric fleld in accordance with physilcal
laws. The pre-requisites of the appearence of glow discharge are
the presence of a low pressure gas (mediwn-high wvacuum) and the

application of a suitable d.c. voltage between the eclectrodes.

The type of discharge that results upon spark breakdown of a
gup in an ionisation chamber depends on gas pressure, the gap
length and the applied voltage. [lg. 2.2 shows the voltage-
current characteristics of different iypes of discharge. The
regions A-B (range of Gelger-counter tube) , v-C {Townscnd dis-
cnarge) , E-I (normal glow-discharge} cto. where the current is

extremly low arc <f£ no interesst here.
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Ion-nitriding processes are associalted with higher current and
power densities and oceur in tha region of the abknormal, unstable
and current=-intensive glow discharge {F~G), The production and
control of this unslable, abnormal glow discharge is the most
cssential feature in the production af fruly ron~nitrided surface

layors,

2.4 ivantages of Ton-Nitriding

Jince khe incepbion ef the process in 1932, a number of investli-
gators 1-14 have studied the technigque and almost all of these
studies independently agrec to sevoeral major advantages of ion-
nitriding process as compared to the conventional nitriding

technigues. These advantages are listed below,

i} The First laboratory tests showed that ion-nitriding reduced
Lhe time reguiced for nitriding. The csscential factor leading Lo
this short treatmoent time was the accelerated diffusion of the
nitregen in i1op-nitriding which ¢ould be attributed te {a) the
high surface crncentrations of nitrogen which iz of particular
importance at the beginning of the process and (b} the increascd
rate of nitrogen penetration due to the different diffusicn paths
and (¢} hrgher encrgy of the nitrogen icns in ion-nitriding as

comparad to thabt in gas natriding.

iij; During ion-nitriding, the glow uniformly covers all surfaces
of Lhe workpiece irrespective of its size and shape and also the
distance from the anode. This guarantees uniform and comploeto

transfor of nitrogen into all the suriaccs of the workpiege,



iii} "he amount of active nltrogen that can beg cobtained in gas
and-liquid n.triding techuiques is strongly temperature depen~
dent. This renders them unsatisfacilory at temperatures helow
500°¢, In jon-nitriding, on the other hand, the highly active
plasma state its created by the application of an electric Faeld
and nicriding peotential of the low prassuré- treatment gas iz
practically independent ol temperaturc, over a wide rangae of
temperatures, This permits nltriding at very low temperatures.
Nitriding at low temperatures has three distinct advantages:

(a} this yield high core hardness, (b} gives increased surface

hardness and (¢) has better dimensional stabiliky,

iy} Careful coptrel of the ion-nitriding process variables cnab-
les tne to get s wonophasc layer of reguired thickness leading
to superior properties. Apart from this, the virtual absence oOf
porogity in the lon-nitrided layer 1is remarkable, whieh results

in superior wear and corrusicn resistance,

v) The process with its high degree of variability and adapkta-
hility appears to have a Lroader range of appligation than any
other pikriding process. For example, cast irons {(noermally not
nitrided by gonventional techniques) cah be ion-nitried ta yicld

a gonophage ve-nitride, giving goQd wear and gliding propertics.

vi) In commercial nitriding it is sometimes necessary to stop-off
sections of the part belny precessed. In ion-nitriding, this can
be easily done Ly using sheet-stock or a di-~electric in conjune-
tian with and formed around the ar¢as to be protected from the

glow. IE is held in position by spot-welding or by clamps.
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vii} leon-nitriding techuique reqgulres a much higher capital cost
ag compared to conyventional nitriding techalgues. liowever, thoe

followiny reaaons luwer the cost of lfon-nitriding:

1. Low consuupkbicon of Jas and electrical cnergy
2. Production of heat dlrectly on the surface of workplece
3, Shorter Lreatwent time and

o, Quick and easy masking nethods.

Moreover ion-pitrided parts can Le put to use withoul &Ry after
troatment, this savesxthe cost of washing, cleaning, lapping ete.
Bs a result, when all COSES HIC tuken inte account, ion-nitriding
ig much ¢heaper ab gcompared with conventional techniques, Al Taylo;ﬁ
Chief metallnrgist of advanced vacuum Systems, USA compared the
cogt figures for gas and jon-nitriding of 500 lhs of nitroalloy
135M to a caspe depth of 0.017-0.002 inch with a white layer of
0.0005 inch. He puts diractiy associated costs of gas nitriding
at ¥ 463.80 and ualy 4 83,10 for identical lon-nitriding load.

ro these direct cost savings onc has to add the indirect cost
savings produced by longer sCryilce life, special laycecr properties

and betlur dimensicnal tolercncs obt«ined in ion-nitrided compo-

pperile,
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MATERIALS AND METHODS




3.1 Preliminery Considerations:

Tt has been obierved 14 that during ion-nitriding iron atoms arc
detached (sputtered) from the workpiece surface, combine with
reactive nitrogen atoms near the workpicce and are redeposited
on the workpiece suriacc as FeN. This FeN is unstable and decon-

poses 1nto loweln nitrides generating nitrogen ions.

fhese two pPLrOGESSCES spuktering and condensation, cccuring during
ipn~nitriding depend to a great extent on the type of gas used,
Furthermore their mutual relationship can be influenced by vary-
ing okher treatment parameters such as pressure and voltage.

an increase in Lhe treatment woltage at constant pressure lncreases
the rate of sputtering 14,47 leading to a decrease in the thick-
ness of the compound layer, while an inerease in gas pPressure
(voltage rewalning constant} rncrcases the rate of redeposition

. . . . 14
thus causing an lncrease 1ln the thickness .

It has also bcen observed 15,18 that the thickness of the com-
pound layer aepends on the percentage of hydrogen in the treat-
menk gas and decreases with an increasce in hydrogen 1n the treat-
ment gas. To eliminate uncertainities caused by the variation

in the rates Ln these bwo procesSses identical treatment conditions
were employed in this investigation. Therefore a treatmenk gas
containing 25N, 3 75H

2 2!
throughout this study. The voltage petween the electrodes was

at a total pressare of 7,23 BOTC Wwas ured

alsc kupt constant.



3.2 "he Lxperimcntal Selb-up

A laboratory model ion-nitriding unit Fig. 3.)1{a) and (L) disig-
ned and Fabricated at the Department of Metallurgical Engineering
at BUET, Dhaka has bcen used in theseo studies. The essential fea-~

tures of this unit are:

1. a high voltage d.c¢. power supply.
5. a vacuum champer with a suitable pumnping systemn.

3. a gas dispensing system.

3.2.L1 Tho Power SUupply

The power supply used (0-4 KV dc, IA} was capable of providing
the reguired wvoltage and current in the discharge gap for the
gencration of the glow discharge and for the attainment of the
nitriding temperature. Thils was provided with a means of conti-

nuous regulation of the voltage.

3.2.2 The Vacuum Chamher

The vacuum chamber, where nitriding actually takes, place, is
shown in Fig. 3.2. A 400 mn long, &0 mm internal diameter pyrex
glass tube was uscd in the fabrication of this chamber. Two
aluminium flanges, wilh clrcular gooves for seatblng the glass
tube, were fixed Lo the ends of this tube with epoxry resin (aral-

dite].



PFIG, 2.1(a): & geaeral view of the Icon-nitriding unit.
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e Lop f£lange is 90 mu in diameter and 20 mm thick, with a tap-
ered hole 30/3% am diamcker at the centro. A rubbar cork machined
to slight overslzc was press-fitted into this hole, A 5 mm hole

at the centre of this rubber cork allows the anode to extend cub-
side the chamber through a double O=ring seal, This double O-ring
seal { inset, Fig. 3.2 } allows the vertical movement of the anode
withe.t breaking the vacuum. A stainless steel rod, 6 mm in dia-
meter, was silyer brazed to a 25 mm diameter, 3 mm thick stainless
steel disc ko form the anode, This top flange is alsc provided with

4 purt lor introdugingthe treatment yas mixture.

The boktom flanuc, 140 mm in diamcter and 20 nm thick ls prova-

ded with a 70 miw diameter hole in kEhe centre. This flange 1s seour-
ed to the bage plate chrougih allen screws. & 8§0/88 mm U~ring groove
is provided on the bage plate and an O-ring seal has been used to
seal the opening between the bottom flange and the base plate.

The entire chamber can be lifted=-off f:om the Lasce plate to ilntro=

duce or to remove samples,

3.2.3 The Base-plate Assembly

The Lase plate aaseubly, illustrated scperately in ig. 3.2 is
wade of a nickel plated mild scecl, Swmilar to the top Llange

this also has a tapered hole, 30/35 mn diameter at the centre

and a rubber cork was pregs-{itted inko this hole. The cathode,
itnsertoed thfough this hole, extends beyopd the chawsber through

a double O=ring seal which sllows woertical movement of Lhe cathode,
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A 10 mm diameter stalnless steel bube woe sailwer brazed ko a 26

mn diameter 3 mm thick stainless steel disc to form the cathode.

The edyes of hoth the anode and the cathode werg rounded off to
prevent concentration of the discharge and consequently turning

te an arc discharge.

A protected chromel~alumel thermocouple was introduced thzrough
the cathode and embaddad in the steel disc, ae illustrated. The

¥
ends of the thermoccuple were connected to a temperature indilcator.

The base~plate is provided with two ports, one of them being con-
nected to the vacuwn pumping system and the other to an ©0il mano-
meter for measurement of prossures. The ports for igtrodqcing}gas,
pupping and for the meagurcment of pressures woere all connected

by epoxy reslin.

3.2.4 The Pumping Syskem

The pumping system, consists of an oil diffuesion pump backed by
a rotary pump. With these pumps the chamber could be evacuated

to an ultimate pressure of | x lﬂ_q torr.

3.2,5 Ga%_EisEpnsing_SystEm

Az already mentiuned, compousition of treabtmenkt gas has becn found
t3 affert the cop-nitridiag process to a great cxtoent, Hudis 6
ohzervedl that nitriding i- Faster ipn a nitrogen-hydrogen mixture

Lhwn 1n pure nitrogen. & s & Macking L9 indicated khat hydrogen



in the treatment gas cleans the workpiece surface and accoleratos

18 observed that

the rate of nitriding. S50ceorsy and Ebihara
afkter initial cleaning of the substrate, hydrogen reacted wiih
the nitrocgen to form ammonia, liriiting the growth of the nitrided

layer.

On the basis of these ohservations it Was decided to use a mixture

of 25 Ny 3 75 H. throughout this study. Gas mixtures of thisz com-

2
position wWere prepared and. supplied by the Bangladesh Oxygen Limi-
ted. The gas dispensing system consists of the cylinder containing
the kreatment gas fitted with a regulator and a flow-meter. The
gas mlixture flowling out of the flowmetcr were made to entor inlko
Lhe chamber, A needle-type valve halween the flowmeter and the

nitricding chamber was used EO control the flow-rate of the gas

mixture.

3.3 Preparation of Specimen

‘gince it was intended to study the cffect of carbon content in
the material on the lon-nitriding of steels, two commercial grade
stesls having two different carbon levels were chosen for this
gtudy. A simple system, pure iron, was also chosen for this study
to facilitate easy interpotation of the results obtained. Thu
actual chemical analysis of thesc steels, code named C5-1 and
¢5-2, are presented in Table 3.1 Specimens measuring 20 mm dia
and 3 mm thick were machiped from the commercial grade hot rolled
rods. No heat treatment of the samplcs wcre performed. Before
nitriding the speclimens were polighed on cmery papers and degrea-

sod Ln ocelond.
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ralile 3.1: Chemical composition of the steels investigated.

Material [ 5i% Mng, 5% %

C5-1 0.45 0.25 1.31 (.037% 0.028

05-2 0.53 0.250 1.30 J.036& 0.029




3.4 fTan=Hieriding

The cicanad and degreased workpiace was placed on the cethodpe

and tho chamber was then evacauted to about 1 X lﬂ#3 torr.

Duriny this evacuation #he limbs of the oll wanometor, which was
uscd to measure the systoem pressure during nitriding, werc also
avacuated by properly operating the stop copk. After the desired
vacuun had baen reached, the diffusion pump and one limb of the
manoneter were isolated and a mixture of 25 percent nitrogen and
7% percent hydrogen wasintrnducedthruugh the needle valve, The
pressure inside the chawber, weasured with the manometer was
maintained at ¥.45 torr, Lalanced against the mechanical puap.
The roughing valve was partially closed at this stage to mini~
jiae the consumption ol the das. The powel Bupply was switched

cn and the voltage was gradually increagsed to strike a glow.

Jhe voltage was adjueted and maintained at & constant voltage and
the current was adjusted to maintain a constant nitriding tem-
perature, The tunperature was read off on a temperature indicator,

using a chromsl-alumel thoermocouple.

After nitridipg for a specified bime { this 1ncludes the time

to ruach the nitriding togperature, which was usually 5-6 minut<es)
ar bhe desirad temperatorc che power supply was switched off and
Lhe speclmen ccoled Lo Toodm teaperature in a stream of the treat-
wenl Gug. The workpiece wos LLon  taken dut wud geored in o Jdoesse-

coatar,

The Lreatment conditions for cg-1 and ©5-2 and pure 1ron are

pregscoted in Prable- 3.2.



Table 3.2: Ion-Nitriding conditions of the steels investigated.

Materizl Tenparature Uc Time of treatment (Lr.
450 0.5,1.0 and 3.0
4715 0.5,1.0 and 3.0
Pure iron 500 0.5,1.0 and 3.0
525 0.5,1.0 and 3.0
475 0.5,1.0 and 3.0
Cs_l EGQ B;S;liﬁ ﬂna 310
525 0.5,1.0 and 3.0
475 .3,1.0 and 3.0
CE~3 500 0.5,1.0 and 3.0

525 0,5,1.0 and 3.0
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4.8 Opiligal Motallography

The nitrided workpieces were cat off into swall pleces at 90
degrees to the ntlrided surlbace Ly wvsing silicun-carblde cut~uliL
whoal for optical metallography work, These were then mounted in
thormesetting resin ip such a way that only the transverse sog-
tion is revealod., The specimen were then p:epared for optical
metallography Ly using gtandard techniques. A 5 pet nltal was used
us an ectchapnt to reveal the structure of pure iron; C5-1 and C5-2

grade steels.

The microgtructures were vbserved and photographed on an optical

4

metallograph, ;.

3.6 Hardness Mcasurements

rlierchirdness measurements on the surfaces of the natrided speci-
hens wire made on a Shimadusu microhardness tester using a 100 g
load., Mo further treatmont of th nitrided specimens were done for

thes¢c wmicrohardness mneasureéuents.

Hirdness versus penetration distance profiles were also feteriuined
on all samples for which specimens prepared for optier . metallo-

graphy were used. These profiles give valuable infurmation regard-
ing the depth of nitrogen penetrgtiﬂn and is5 therefure used exten-

savely in studies on nitriding,



The measurements in this study were made with a 50 g lead and
started at the point of c¢losest approach to the edge. Thoe dis-
tance between two succcgsive indentations were kept constant as
far as possible. The zero-point on distance scate:-1d_the figures
pregented in this dissertakicn corresponds to the extremoe outer

surface of the specimen and includes the compound layer.



Chapter-4
RESULTS AND DISCUSSION




4.1 Introducticn

'

Lo offoots of carbon on the naturs of the layers formed during
ion-nitridipng in a T5H2=25N2 gas mixture in temperature range

of 4?5—525°c have been invectigated by optical metallography and
microhardness neasurement technigues. 153 this chapter the resulis

of this investiyation have been presented and digcussed.

4 2 Optical Metallography

The microstructural changes occuring ipn the steels and in purc
jron during ion-nitriding werc followed by optical microscopy.
Transverse sections of nitrided specimens wert mounted in therms-=
gelbiny resin and were prepared by using standard technidue.

The structures were observed and photegraphed on.  am optical;
metallopgrapha | The microstructurcs of the specimens are prescn=
ted in Fig, 4.1 to Fig. 4.3.and Fig. 4.5 to Fig. 4.6.

e study of the microstructules 1eads to the following general

abservations.

1} The compeund layer, also known as the white rayur, do not
ctctl with nital. The thickness of the compound layer Lnereasces

with time at temperaturc and alse with temperatare at constant
t inl.'i.-: .

2; The compound layoers arc coppact and free from pores.



fIG. 4.1: Oplical micreyraphs* of

(a) Ton-pitrided ITEHE:EENE, 7.25 torr) for 1.0 hour
at EQUGC for the stegl Cs-1.

(L) Ion-nitrided {?SHEEEENE, 7.25 torr) for 1.0 hour

at QGUDC for pure iron.

*Magnl fied 2.5 % :luring reproduction.
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3) Nitride needles are clearly visible in the icn-~nitrided purc

iron., On the contrary, ne¢ nitride needle could he observed

B

on the steels Llnvestigated, Seyboltalzo observed that these

needles eilher cannot nucleate in the presence of carbides or

they cannct grow beyond a wery small size. In almost all sLeels

thorefoce, the nitride necdles are not visible under an optical

microscope.

4) The core of the steel spocimens remains unaltered during nitri-

dirg as s¢en by metallography.

5} A nital etch do not roveal the depth of nitrogen peonetration.

4.2.1 Variation ln Thickness of the Compound Layer

Fig. 4.4 shows the variation in thickness of the compound layer
formed on the steel CS~1, It can Le seen that thickness of the
compound layer increasus with btime at temperature and also with
tomperature at constankt time. & similar trend in the variation
i1 the thickness of the compound layer formed was also noted on

the steel C5«2.

4,2.2 Comparison of the Thickness of the Layers on €S-1 & C5-2

s ¢loger examination of the micro-structures (Fig. 4.5 and 4.6)
reveals th, & under identical treatment conditions, the thickness
of the conpound layer formed on the steel C5-2 1s more as com-

pared to *he thickness of the compound layer formed on bhe steel



Loyer thickness x 250 (mm)

Time(h}

FIG. 4.4 VARIATION IN THE THICKNESS OF THE COMPQUND LAYER WITH
TREATMENT TiIME AT DIFFERENT TEMPERATURES FOR THE

STEEL €5-1 [1ION NITRIDED 75H» © 25Ny ;7-25 1 ORR]



CS~1. "The carbon content in the steal C5-2 (0.53%C) was rore
than the content of carbon in the stoeel C3-1 (0.45%C) . Ik can be
thus scen that the thickness ¢f the compound layer formed on the
steel increases Wwith an increase In the amount of carbonin tho

sctecl.

Fig. 4.7 shows the dependence of the thickness of the compound
layer Formed during i1op-nitriding on the carbeon content in the
material. This figure is related to a specified treatment time
(0,5h) ., From this figure also 1t can be noted that the thickness
of the compouna layer is greater in the steel containing a b aer
ame .nt of carbon. Thiz iz in good agreement with the rewlers

opt.olned by cho & Lee 16 and also hy Kurnyls.

The i1ncorease in the thickness oF the comnpound layer with increa-
sing carbon content could pessibly be explained by the increased
activity of nitrogen in the presence of carbon in the material.
From a s5udy on the naturce of the dark componenk in carbonitrided
steals akhantev et al cbserved 20 that the activity of nitrogen

21

iz increased in the presencs of carbon. Rurny has shown that

a higher partial pressure of 7.14 x 1072 atm is required for
the formaticn of higher nitrides {¢-nitride; in pure iron whercas

in the prescnce cof carbon (0.35%C) a partial pressure aof 2.38 « 10-3

atmoshpere was adequate {cr the formation of e-nitride. He atiri-
buted the Tormation of a higher n tricde in steels at partial
pressures of nitrogen whaich lead. to the formaticn of only ¥y=nitride
in pure iron to the increased activaty of nitrogen in the presence

of carbon.
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FIG £-7 COMPARISON OF THE THICKNESS OF THE C/~fPOUND LAYER

FORMED ON THE STEELSCS-1 AND €5-2 [[ON NITRIDED,0-5HR
7.25 TORR, 75 H;:25N; ]



4.3 surface Harilness

surface hardness measorcwments were carried oub on all ion-nitrided
specimens, vsing a 100 g lcad. Small variations in hardness wvalues
were poted on the samples, The surface hardness values reported
Lerce, are the averages of 5 random hardness values and are intended

to cserve as a measure of hardening achieved.

Fij. 4.8 shows the relationship between surface hardness and treat-
pent time at various temperaturcs for the C5-1 steel. It can be
seon that at all temperatures investigatcd, the hardness valueés

show an L1nereasing trend.

The hardening in nitriding is caused by finely dispersed nitridos
Wwithin the matrix. ‘The hardening is dependent on the size of the
nicride precipitatces. Philips and Seybolt 2? studiaed the precipl-
tation of @lloy nitrides using electron microscopy and notced that
coarse nitrides causged small to moderate hardening. They identifi-
ed wvery fine particles, which were hard to resclvc, to be the

principal gource of hardening.

The growth of the nitrides 1s time and temperature dependont.
These experiments were of short durations and were performed at
low and moderate tomperature and hence the nitride particles
grow in size causing an increasing 1n hardness. Thesce particle,

however, gould not grow boyond a certain critical valuo and thus
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the hardness values showed a continuously increasing <TILilid.
Fig. 4.9 shows the variation in surface hardness with f-catment

{ime at various temperatures for the steel CS-Z.

Irn this case alsc the hardness values increased continncusly.

Fig. 4.10 and Fig. 4.11 show comparison of the surfacc hardness
values for the Ewo steels. It can be seen that under identical
treatment conditions, higher surface hardness is obtained on the
steel containing higher amount of carbon. It is to be noted

that stecl CS-2 contains 0.33% carbon while €S5-1 contains 0.45%
carbon. The higher hardness at the surface is related to the thich

ar layer of the compound layer formed on the steel conteining

haigher amcunt of carlbon.

d.4. Hardness VEIBUS Ponetration Distance

Fig. 4.12 to Fig. 4.14 show the variation in the hardness versus

penetration distance profiles with the treatment time for tho

steel CS-1. Bach of these Ficures corresponds to a particular
temperature and centain profiles for differvnt Lroatment Limos
as sovecified. Fig. 4.15 to Fig. 4.17 show veriation in the

warness versus distance profiles with treatment temperatire at

canstant time.

P'rom these figures it can be cbacrved that —no casa-delin 1.8,
rhe digtance at which the slopc of Loo BArCn@ss VEIFUF 2. nLoiws
tion distance profiles socones = ininal, incroases with increasiny

treatment time at a particular temperature and also with

temperature at constant nitriding time. Fig, 4.18 shows

the variation in ecase-depth with time and temperature of treat-

a— R A I ——————— DL RIS -
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ment for the steel C5-1. It can also be noted Fig. 4.12 to Fig.
4,14 that with increasing treatment time at a particular temper-—
ature, the hardness curves have a more gradual slope from sur-
face t¢ core. This is because of the decrease in the concentra-
tion gradient with iocreasing nitriding time and also with ten-

perature.

Fig. 4.1% ko Fig. 4.21 show the wariation in the hardness wversus
penetration distance profiles with treatment time for the stesl
£5-2, Vig. 4,22 to Fig., 4.24 show Lthe variaticon in the hardness
versus penetraticon distance prafilezs with trealment temperature

ac conscant time.

These figureg alsc show that Ehe casze deplhs increases with time
at temrzerature and also with temperature for a constant pitraiding
pericd. This, as already wmentiocned, 1s due to decreasse in the

concentration gradient.

Comirariscn of the depths of penetration for these two steels are
shown in TFig. 4.25 to 4.27 . It can be seen that under identiecal
treatmont conditions the depth-of penetratron of nitrogen in the
C5-1 is more as corpared to the depth ol penetration of nitrogen
in tho steel C5-Z. Steel C5-1 gontzins lese caruon (0.45%) than

+he C5-2 steel, which mezans that an incrcase in the carbon con-

t=rnt in the steel czuses 3 decsreasc in the ¢epth of nmavrogen

PeneTration,
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The resutts presented above can be sunmarised as follows:

i) The thickness of compound layer increases with increasiny
content of carbon.
1i] Case gepths { depth of penetration) decreases with increasing

carbon content and

iii) A higher hardness at the surface layers is obtained for the

steel containing a higher amount of garbon.

These studies were performed under identical conditions leading
to the generation and maintcnance of identical nltrogen concen-
tration at the surface of the specimen. 1t 15 therefore evident

that carbon in the steels resists the penetration of nitrogen }111%}

——

into the steels. This causes a higher concentration of nitrogen

—— !

e

af or near the surface of the steels and leads to the formation

of thicrtor compound iayer.

Edoenhofer 14 obgserved carbonitride precipltation along grain
boundaries in steels. The precipitataon of carbonitrides along
the yrain boundaries retard grain boundavy diffusion of nitrogon

thus causing a higher concentratblon in arcas near the surface.

Tn the steels containing lower amount of carbon, the amount oF
carbaonitride preciplilkation along the grain boundaries 15 less

znd there is less resistance ©2 the grain Loundary diffusion ¢/

- - — — -

of nitrogen deeper into the stccl. Doeper penetration of nitrogen

ipto the steel leads to a lower concentration of nitrogen.

———t—

e
- — —— ——



The compound laycr is composed of two nitrides, Fe3N and T W
containing about 11 pct and 6 pct nitrogen { by waight) rospoc-
tively. Thus a higher concentration of nitrogen at or near the
surface layers leads to the formation of a thicker compounc
layer.This 1s perhaps the reason for the formaticon of a thirker
compound layer on stecls containing a higher amount of carlwin.
Lower concentration of nitrogen resulting from the deeper Boenoc-
tration of nitragen, on the other hand, cannot lead Eo 1he {0 -

mation of cempound laver and a thinner layer is obtained iy low

carbon stecls.
The nikrides are very hard particles amnd thercforce the feuiation
oF a thicker compound layeT leads to a higher hardness at iihe

surfacc.

4.5 Results Obtained on Pure Iron

A thin niktride layer formed on the ilop-nitrided pure iron sheci-
mens. Surface hardness measurements ( Fig. 4.28) showeod cwily a
marginal incrcase in hardness. This is becausc the layer rroed
on pure iron was very thin and the soft matrix below could not
support the load used to cause the indentatlons. A thicker com-
pound layer at higher temperatures led ko & glight increane in
surface hardness values. No further progessing of thesc dnia

could therefore be made. llardnese-penetratien distance prallles
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also could not be dekermine:d as the incvrease ih hardness was
very small. Howoever, optical micrographs rig. 4.1(b} shos Lhat
nitrocgen penetrated deep inte the specimen and during cooling
nitrides precipitation kook placc even at considerable dgpiiihs,.
This is logical, becausc in the absence of carbon, the grain
boundary diffusion took place readily and led to deep Denetra-

tion of nitrogen.
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SUMMARY AND CONCLUSIONS




5.1 Buwmary

The effect of carbon on the nature of the laycrs formed during

ifon-nitriding hus been investigated under identigal tredt-

went conditiond. Plain carbon steels of two differéﬁt carban”-
levely were closcn For this study. BExcept for carbon all chhor
alloy contents were identical 1n these two steels. Fure iron
gpecinicng wWere also jon~nitrided g0 as to he able Lo compare the

results ochtaiped.

A laburatory model ion-nliriding unit, designed and fabricatea

at chy Department of Metallurgical Enginecring at BUET, Dhaka

Lhas buen used in this stwly. Ton-nitriding was performed for

different times at specified temperatdres. The effeoks were investigat-
cu by optical metallography and microhardnass mocasurements on che
sucfaco and also across the transverse section of the nitrided

S0l mans .

Optical metallagraphic studies have shown that the thickness of
the compound layer increasaes with time at_temperature and aiso
with temperature for a specifited time of treatment. The steel
containing a higher amount of carbon has heen found to give a
Lhicker compound layur as compare Lo steely containing lower
ancunl of carbon. Ik has been ¢oucluded that the thickoess of

th:ie cuompouand laycr i1s dircctly proportional ta the carbon coantent

in the steel.
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i1i) & higher hardness at the surface layers 1s obtained for |hwe

steel containing a higher amount of carbon,

iv} Nitride-needles do not form in the steels under the conditiens

investigated.

5.3 Suggesklon for Fuburce Work

1. Effects of carbon intreatment gas on the nature of the layord
formed on steels shoutd be an interesting topic for itnvestiga-
tion. Pure iron and a stecl specimen could be nitrided in =
treatment gas mixturce containing various amounts of carien.

The analysis of the rcsults dbtalned should clearly specify the

role of carbon in the trcatment gas.

2. Grain boundaries, being the more likely paths for diffusion,
might have some effect on the extent of penetration of
pitrogen., Experiments with these steels, heat treated to
have similar grain size would determine the effect of

grain sige.
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