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ARITRACT

Stainiess steels are we ] known for their goocd corroston
resistance, but tha friction and wear characteristics of these
materi1als can present problems 1n certain 1ndustrial and prosthetic
environments. These di1fficulties can be offset considerably by
enhancing the wear resistance of these steels through a surface
nitriding process. This invastigation on nitriding of staintess
steels of the austenitic and the ferritic type was undertaken to
determine the jon nitriding behavior of these stesis. A smaller

number of samples were also nitrided in ammonia gas atmospheras.

Ion nitrigding of austenitic and ferritic types of stainless steels
was carried out in 25%8N,:75%H, in the temosrature range of 450%-500'¢
for & duration of 0.5 to 2 hours. Gas nitriding of the same steels
was carried out 1n 100% ammonta gas in the temperature range of

e

45ﬂ~55ﬂ%:fur a Ltime periad of 8 hours.

Microstructure of the nitrided case has been studied by using
various etching reagents. A well defined nitrided laver was found
to have formed on both types of stainiess steels. Ho white lavyer
could be detected on the samples after both ion and gas nitriding.

Both types of nitriding showed an increase of case depth with



i1

increasing treatment temperature. The higher case depth values were
observed in ferritic stainless steel than in austenitic stainless
stesl., During ion nitriding surface hardness of ferritic stainless
steel was found to increase upto 475'C and then decrease. While in
austenitic stainless steels surface hardness values showed an
increasing trend upto 500% . On the otherhand in gas nitriding
surface hardness values on both types of stainless staels showed an

increase upto SEﬂC.

i-ray diffracticen pattern showad the presence of CrN, ¥' phases 1n
the nitrided layer. X-ray pattern alsc showed an increasea in
lattice parameter of both nitrogen ferrite and nitrogen austenite
phases, which has been attributed to the N, saturation. Formatian
of new phases and distortion of lattice parameters caused by the

absorbed nitrogen are responsible for the 1ncrease in hardness.

Ian Nitridigg in a mixture af N, and H, gases produced a nitrided
layer similar te that formed during nitriding in ammonia. However
jon nitriding has heen found ta be faster than nitriding in ammonia

gasa atmospheres.
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Chapter 1

INTRODUCTION

1.1 Nitriding Processes

The production of hard surfaces on machine companents with impreved
fatigue, wear and friction resistance, together with a tough
ductile core is a persistent technolagical problem. Processes kKnown
as carburising, nitriding, cyaniding have been developed bo attain

this highly desireable combination of Droperties.

Nitriding is a well established commercial process for producing
extremely hard wear resisting surfaces on low alloy steels. The
main advantages of nitriding over case carburizing are (i} a far
greater surface hardnéss is achieved f(ii) the nitrided layer has a
greater resistance to softening at eloavated temperaturs (i1}
because of %the relatively low reaction Lamperaturesiﬁﬂﬂ—ﬁﬁﬁﬂcl,
surface hardening in nitriding is achieved without any appreciable
1oss of strength within the previously tempered core and (iv)
distartion and dimensional changes in the nitrided components are

reduced to a minimum.



Nitriding is more complex, more costly and more time consuming
process than the other surface hardening techniques. Even then it
has received attention from both the scientific and the industrial
communities due to the superior properties it offers. As a result
numerous techniques of Aitriding have developad. Of these nitriding
in ammonia, in molten cyanide salts and 1in ijonised gases have

gained commercial importance.

During nitriding in ammonia gas, atoms of nitrogen are formed
through the dissociation of ammonia at the metal surface, where
they dissolve 1in the iran. Bince nitriding is conducted at a
temperature below the eutectoid temperature, the absorbed nitrogen
begins to saturate a-iron at the surface af the workpiece. When
maximum saturation of the a-phase (Fig. 1.1) for the given
temperature is achieved, the next phase(y’' ) stable at the
temperature begins to form. Upon further saturation with nitrogen,
the &-phase begins to form at the surface. Nitrides of alloving
elements are obtained in the nitriding of alloy atesls. Highly
dispersed particles of these nitrides interlock the dislocations
and bhus result in a considsrably increase the hardness of the

nitridad 1ayerat

A layer of compounds of nitrogen is chtained on the surface layers
of nitrided steels. This layer is also known as white layer aince

it does not etch with the common reagent and therefore appears



800

700

§00

500

Temperature °C

400

300

"-'_"F'EEN
——— FEZN

a+f

F| 7€ 4

Nitragen wt. */s

12

#

Fig.1-1 Part of the eguilibrium phase diagram for the Fe-N system




white under the microscope. The process of nitriding in ammonia
provides wvery 1ittle control of the formation of this compound
layer. In most cases a layer consisting aof «¥f n1triﬁe {face
centered cubic) and e-nitride ( hexagonal} forms and due to the
mismatch in structuras, the white layer formed during gas nitriding

15 very brittleli.

Another conventional nitriding method invaives heating in moiten
cyanides and 1s widely employed by the automotive industry. The
salt bath produces a surface layer saturated with both nitrogen and
carban and gives excellent wear resistance. Unfortunately, salt
baths are very toxic and enviarnmentally hazardous, making disposal
of the spent salts a great problem. Moreover, nitriding in molten
salt baths depend, toc a large extent, on the compositicn of the
bath and since the composition of the bath changas continously
through oxidation, it is difficult to duplicate exactly the heat

treatment conditions in most salt bath processes.

The first patent on ion nitriding was igsued as early as 1n 1930!
Even then ion nitriding is a new process as far as its industrial
applications are concerned. In the last few years the process has
been getting increasing attention in all developed countriss. An
jon nitriding unit consists of a high voltage 0.C. power supply, &
control package for this power supply., and a gas mixing station

where gases are blesnded in desired proportions. When the D.C.



circuit is complieted, a level of 350 volts or greater is applied to
a negatively charged workpiece, and the glow discharge state is
achieved. The chamber in which jon nitriding 1s performed has no
heating elements and therefcore can not be considersd to be a

furnace.

The positive nitrogen 1ions produced by the applisation of a
suitable D.C. voltage are attracted by the negatively connectad
workpiece and reaches the activated work surface instantly. This
means that compared with conventional processing ion nitriding has
30 to 50 percent shorter cycle timesﬁ Ion nitriding can be
performed at temparatures as low &s 350'c and still achieve the
regquired case depth and surface composition. Ion nitriding produces
no Loxic byprcduct hecause 1t does not use any toxic gas. Another
advantage of ion nitriding 1s the fact that the structure of the
compound layver ¢an be controlled precisely by manipulating the gas
composition resulting in the formation of a monophase layer which
is 1nherantly less brittlie’. Gas and salt bath nitriding, by
comparison, would have produced a mixed crystal structure that wear
comparatively faster and therefore uneuitable for critical
applications. Ion nitriding can reduce a manufacturers rejactiaon
rate. As for economics, ion nitriding compared to convantional
processes has a utility cost saving of about 40 percanti. It should
be emphaaized that ion nitriding is not limited to specific

workpieces or sizes of workpiecea. The procass haes been used Eto



trealt pieces 592 feet long and has also handled articles as small as

pall point pen tips.

Recent studies on ion nitriding behavior of special steels have
indicated this process to be suﬁerior to the conventional nitriding
processes in both the core nroperties and the surface hardness
achieved! ¥ 1,

A very thin f11m of chromium oxide forms very rapidly on stainless
steals and therefore without pretreatment these steels usuaily do
not respond To conventional nitriding in gaseous and liquid media.
During icn nitriding ion bombardment affectively clieans the metal
surface when the steel is in the nitriding atmosphere and ijon
nitriding can therefore be an effective technique of Ltreating
stainless steels. The activation energies for diffusion of the
nitrided case are 47.1 Kcal/mole for ion nitriding and 143.5
kcal/mole for ammonia nitridingﬁ. The large activation energy for
ammonia nitriding may be related to the difficulty of infuaion of
nitrogen into the chromium oxide film present on stainiess steel

during ammania nitr1dingi



1.2 Scope and Aim of the Present Work

The present work involves the study of the 1on nitriding behavior
of austenitic and ferritic stainless steels. These steels were jon
nitrided in an atmosphere consisting of & mixture of 25%N; and
TEEHE. Tha affects were foliiowed by optical metallography,
microhardneas measurements and x—ray metailography., Nitriding of
these steals in ammania gas atmosphere has also been done and a

compariscn of the resulits thus obtarned has been attempted.



Chapter IlI

LITERATURE REVIEW

2.1 The Principles of Ion Nitriding

The principlies of 1on nitriding have been well published in recent

yaars, particularly by Edenhofer® and Jones et ai*,

In this process, the work pileces to be ion nitrided ére suspended
or placed in the wacuum chamber in such a way that effective
alectrical isclation is provided. Together with the vacuum pump,
the gas distribution system snablea the veasels to be evacuated,
filled with the appropriate treatment gas and maintained at the
required vacuum, usually between 0.1 torr to 10 torr. A d.c.
voltage which can be set to any valiue from about 100 volte to
approximately 1500 volts is applied between the work piece to be
ion nitrided and the wall of the chamber, the former being
connected as the cathode and the Tatter as the anade. Under this

potential difference the molecules arnd the atoms of the treatment



gas are excited and ionized, producing the typical luminous
phenomencn Known as the glow discharge. The positive ions of the
treatment gas are accelerated towards the negatively connected work
piece and hits its surface with tremendous kinetic energy. The
release of this energy heats the work ptece up and the ions are
accluded into its surface. Thus the treatment chamber does not

require a separate heating system.

Ien nitriding can be carried out either in pure nitrogen or in
mixtures of nitrogen with hydrogen ar suitable hydrocarbons. Gas
consumption during proceseing 1is very modest due to the 10w
pressure employed. The electrical units are equipped with current
and voltage control elements as well as a high speed breaker system

to contraol unstable discharge phencmena.

The temperature of the work piece is measursd with the aid of
thermocouple and regulated by means of a controller by varying the
power cutput of the electric unit. The tresatment temperature 15, in
most cases, set between 400" and 580°C depending on composition and
structura of the material to be treated as well as the stress which

the work piece wi1ll have to resist.

Treatment times vary from 10 minutes toc a maximum of about 20
hours, depending on the grade of steel and the required depth of

hardening.



2.2 Glow Discharge Fundamentals

The glow discharge used for plasma treatment occurs when an
extarnal voltage is applied between tTwo electrodes, positioned
within a gas mixture at some suitable partial pressure. The wark
pilece tc be plasma treated i5 connected to the negative electrode.
The voltage source supplies a controlled variable voltage. A
current limiting resistor permits the current to be independently

controlled at any voltage level.

In the cperation the space between the anode and the cathode 18
filled to some partial pressure with a gas mixture selected for the
process. The glow diacharge cccurs when molecular elements in this
gas mixture are ionized by collisions with eiectrons travelling
fram the work piece-cathode to the ancde under the influence of the
applied slectrical voltage. Icnization of the low pressure gas
mixture permits & sustained electrical current 1.e. negative
clectrons flow from the work pieces te the anode and more
importantly positive iens flow from the icnized gas mixture to the

work pieces being treated.

After the gas has become ionized by electrons leaving the surface
of the wark piece, the newly formed positive ions are acceleratad
towards the work piece where they combine with the chemical

elements of the work surface. If the low pressurs gas mixture is
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predominantly nitreogen, the work surface can be nitrided by these
nitrogen ions. If the gas mixture 18 & hydrocarbon, the work

surface can ba carburized.

2.3 lIon Nitriding Chemistry

Plasma treating in & partial pressure of nitrogen has bean called
giow discharge nitriding, ion nitriding, and plasma nitriding.
There are four chemical reactions at a work surface that are
believed® to be important when a plasma is used as the source for

atomic nitrogen as shown in Fig.2.1

1. Praduction of icnized and neutral nitrogen atoms by energetic

electrons.
e ~N=N"+N+2¢ . ..2.,1

2. Bputtering of Fe and contaminants from the work surface by these
ionized nitrogen atoms. The impact cof nitrogen ions on the work
surface dislodges contamination that can then bs removed by the
pumping system. This effect, called sputter cleaning, removes a
gignificant barrier to nitrogen diffusion through the work surface

into the corsa.

N' - work surface = sputtered Fe and sputtered contamination
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3. Foermation of iran nitrides by the sputtered iron atoms and
neutral nitrogen atoms. Although the predominant mechanism of
plasma nitriding 1nvolves this reaction of iron atoms with nitrogen
atoms in the gas phase near the work surface, and then their
redepositicn an the surface as a chemical compound, there 1is
evidence that sputtering is net the only reaction mechanism. It can
be shown that nitriding takes place sven when the energy in the

plasma is not high encugh to cause sputtering.

Sputtered Fe + N = FaN

4, Depositicon and breakdown of FeN on the work surface. The FeN
produced from these chemical reactions 1s unstable and under the
influence of the continuing icn bombardment from the plasma, it

breaks down progressively into the epsilon phase {FeHN]F and into
the gamma prime phase (¥FeN} forming an iron/nitrogen compound
zone. At each stage of the breakdown, atomic nitrogen 15 released
gither to the plasme or te the work surface for diffusion inward

and for the formation of an alloy nitride diffusion zone,

FaN-Fe N+N. ........... 2.2
Fe.N-Fe.M+N........... 2.3
Fe,N-Fe MN+N........ ..., 2.4
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The use of nitrogen for surface treating metals is an established

technology. Although the nonreactive nature of nitrogen has made 1t

an important protective atmosphere, its dissociation makes 1t

highly reactive and able to participate in surface ftra2atments to

produce high hardness, wear resistance, and c¢orrosion resistance.

Hc:uclmanlr"I has summarized the properties of some typical nitrides.

Nitride

AlN

A-BHN

Cr and Fe

Nitrides

Propertiss and applications

Very refractory with good thermal shock resistance
and a low coefficient of thermal expanslion; very

affactive as a hardening agent in nitrided steels.

Excallent refractory with good electrical
resistance: a verv good sclid lubricant ocften called
"white graphite". Used to contain some highly

corrosive acid solutions.

very hard and often used ag a diamond substitute;
ugsed in the composition of heat-resistant alloys;
has excellent potential in triboleogical

applications.

Very good hardness and wear resistance particularly

effective as hardening agents 1n nitrided steels.
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TiN and Good high-temperature materials with thermal shock
Ti-N resistance; good abrasive and triboclogical

materials; very good corrosion resistance.

51N Very gocd high temperature properties and oxidation
resistance. Also it has potential as an electronic
material and a high temperature tribolcogical

material.

2.4 Gas Nitriding

Gas nitriding is the most wideiy used commercial process oT
nitriding. Here purs ammonia or sometimes a mixture of ammonia and
hydrogen is made to pass over the specimen kept at a temparature of
525 to 570%. When ammonia comes 1n contact with the steel surface,
the former is catalytically disscciated into hydrogen and nitrogen
which is then dissolved in the interstices of iron lattice. The

sguation for nitriding in ammonia thus becomes

w~

There are two other possible reactions that can occur when ammonia
reacts with iron at elevated temperatures. One such reaction is the

salid solution of hydrogen.

NH,=L1/2N,+3 [H) pge v v e v v o - 2.7

But it is found that this reaction occura only to a limitaed
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extent“. The other possible reacticon involves decomposition of

ammonia to both molecular hydrogen and nitrogen.

NH,™ /2N, +3 /2 Hy v 2.8

Howevar this reaction is alisc suppressed at Jeast up to 2
temperature of 600'c when the flow rate of ammonia is high and

R . 1]
surface of the specimen is smooth's.

The life of the active nitrogen is very short, so that a CONLinuUoUs
flow of ammonia gas is to be maintained for all the tims during
nitriding. The total amount of nitrogen abscrbed by the stes]
surface is very small, almost negligible compared to the total
amount supplied during nitriding. Therefore the flow rate of the
gas has practically 1little e¢ffect on the process. In commercial
practice the gas mixture is stirred in the furnace 1nstead of

flowing through the same.

2.5 The Iron-Nitrogen Phase Diagram

In the iron-nitrogen phase system {Fig. 1.1) there are five stable
phases viz. a-nitrogen ferrite, ¥- nitrogen austenite, y' -FeN, e-
FeN and —-FeN. Two metastable phases namely a‘- nitrogen
martensite and a”- FegN, also exist in the system. The nitrogen
ferrite which has a bec structure is similar to the carbon ferrite.

Maximum solubility of nitrogen ferrite at the eutectoid temperature
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15 0.1 wtx¥ . The face centered cubic nitrogen austenite 18 iso-
structural] with carbon austenite but has a wider range of

homogeneity and exists down to 5900,

The ¥ phase is stable between 5.29 and 5.71 wt¥® of nitrogen at the
eutectoid temperature. The iron atoms of ' nitride form a fcco
lattice like austenite but the nitrogen atoms are fully ordered.
These Tattice parameter increases with nitrogen content from 3.783
at at 5.29% N to 3.733 At at 5.71% N B, The nitrogen cccupies abhout
one guarter of the octahedral interstitial sites of the iron

lattice. This phase is stable below sa0’c.

The €-phase 13 approximately between FeN and Fegﬂ with nitrogen
content ranging fraom 7.1 to 11.0 wt® at the eutectoid temperature.
It haes a ciose-packed hexagonal +iron atom lattice. Tetragonal e-
Fe Ny forms as an intermediate pracipitation during the tempering

af nitrogen martensite or aging of supersaturated nitrogen ferrite.

2.6 Mechanism of Hardening of Nitrided Steels

Many theories have been proposed to explain the hardening caused by
nitriding. Fry'* originaliy thought that nitrogen hardening was due
to the influance of nitrogen pn the lattice spacing of iron. The
insertion of interstitial nitrogen restores the original ﬁeta1 atom

environment but produces a large anisctropic strain in the
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surrounding matrix. Many workersm. on the other hand belyeved that
iron nitride formed was responsible for the high hardness of the

nitrided case.

However 1%t 18 now well established that hardening by nitriding
follows the general mechanism of precipitation hardening. During
nitriding, alloying elements such as Cr, Mo, ¥, Al eftc present in
steel form wvery fine inscluble particles of the respactive
nitrides. These particles of submicroscopic size produce distortion
of the 1ran Jattice which 18 the prime reason of 1increase of
hardrness through nitriding. Elements like silticon and manganese
alag form nitrides: however thess are less effective in produsing
high hardness. The amount, size of the particles and interparticle
spacing 1s important in determining the hardness. Since the size of
the nitride particles formed is dependent en the time and
temperature of nitriding, the maximum hardness obtainable 1n a

given steel is5 alsao time and temperature dependent.

2.7 Advantages of The Ion Nitriding Method Over
Gas Nitriding

Ion~nitriding coffers several advantages over both of the better

known methods of gas and salt bath nitriding. Some are in the area

of improved environmental conformance and ease of operation and

others reatats to increased output and the production of a bettar
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final product. These will now be cutlined in greater detail.

At presant time there is more concern than there has besen n the
past about both the influence af a process on the envircnment and
the comfort and welfare of workers 1in the area. In ign hitriding,
mixtures of N, and H; are used at reduced pressures. The guantities
of gas reguired are very small, so that the gas phase of ion
ritriding 1in general is inexpensive and not hazardous or
undesirable for the operatcrs. Gas nitriding con the other hand,
consumas large guantities of ammonia gas, releases a coansiderable
guantity of raw gas to the atmoschere, and as a resuit creates many

problems in proper handling and disposal of the gas.

In general, the parts and the work area for ipn hitriding must of
necessity he clean, which again contributes Lo a desirable work

area for the operators.

The parameters which reguire contrel and measursment are
temparature, pressure, current and voltage, and these all Tlend
themselvas to rather simple modern electronic eguipment, so that
the process 1is easily controlled and parameters are easily
repeatable. In the ion nitriding treatment chamber, only the work
piece is heated. The case of the chamber is hald near room
temperature by water cooling. This reduces the thermal inertia as

compared with conventisonal furnaces and improves the working
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envyironmant.

The penetration rates of nitrogen in 1om nitriding have been
universally found to be faster than conventiana? gas nitriding. Thea
s0 called 'white tayer’ 15 thinner in ion nitriding., and thersfore
much lass likely to spall off. There are several parameters which

contral the amcunt of white layer formed, the contributocrs being

gas composition, current density and temperature of nitriding.

A major advantage of Jon nitriding in terms of cost of operation
and time saving in handling is the use of mechanical masking. The
glow 15 unable to penetrate a spacing less than the so-calied
cathode dark space at a particular pressure. In general this means
that masks which fit the work piece with a clearance of about 1/32
inch will adequately mask the enclosed area. By using a law-carbon
steel, the mask becomes a part of the work piece and hence heats up
uniformty in the glow which then tends to minimize any distortion

in the work piece”

. In casas where a hole in a work piece reguires
masking where the bottom of the hole may be larger than the
entrance, a tayer of fine iron particles may be used if it 1is
desirable to have the glow cover the area, or a layer of silicon
dioxide may be used if no heating is desiredf. At the completion of

the procesas, the masked areac will appear as bright and shiny as

when they ware first pliaced in the vacuum system.
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It 15 generally accepted that the source of fatigue Tfracture of a
work piece i1s initiated at the case-core transition area. On this
basis there should be little difference 1in the fatigue
characteristics of an ion -nitrided and gas nitrided work pilece.
For nitralloy, this appears to be true, but for 2ISI 4340 and 4140
thare 1s about 25% Tmprovement in fatigue resistance when ion

nitriding has been done®.

It 1s generally accepted (15~18) that nitriding is performed at
process temperature from 500-575°%. The high end of this
temperature range iz set by the requirement for ferritic steels
that the transition temperature should not be exceeded. Tha jower
limit has probably been established by the dissociation conditions
required 1n gas furnaces. A particular advantage of ion-nitriding
is the fact that even at low temperatures of between 350Y and 450%C
nitrogen saturaticon of the surface 18 possible. The white Tayer
farmation decreases with decreasing temperature while the reverse

is true for gas nitriding”.

These advantages have lead to the fallowing app1icatiﬂnswr

1. As a substitute for chraome plating for the corrosion protection
of shock abserber rods. The ion nitriding aperation is pollution
free and can be completed in one-third the time required for

plating.
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2. As a substitute feor carburizing and carbonitriding the
synchronizer ring 1n automotive gear boxes. These gears

manufactured from chrome-alloy steels were gas carbonitrided to
eliminate burring in coperation, but growth during heat treatment
caused dimensionai tolerance probiems that caused a high number of

rejects. This problem was solved by ion-nitriding.

3., As a substitute for salt bath treatment for rocker arms sam
Followers. Air poilution and salt disposal problems were eTiminated

with use of icn nitriding.



Chapter III

EXPERIMENTAL TECBNIQUES

3.1 Materials

commercial varieties of austenitic and ferritic stainiess steels
were used in this investigation. The chemical composition, and
microstructure of these materials are given 1in Table 3.1, and

F1g.3.1 respectively.

3.2 Preparation of Specimen For Nitriding

Austenitic and ferritic stainless steels available in the local
market were used for these experiments. Discs 3 mm thick and 22 mm
in diameter, were used for nitriding. Before ion nitriding the
specimens were mechanically poclished wﬁtﬁ abrassive paper and
degreased in acetone. The =amples used for gas nitriding were
pickled in 50% HC1 at 70% for onme minute to dissoive any film of

chromium oxide presant on the surface. After pickling, these were



Table 3.1! Chemical composition of the steels

investigated.

Material BCr K
Austenitic

stainless steal 1B 8
304 type

Farritic stainigsa

steel t1.58 -
il 434 tvpe




Figi3.1
a. Microstructure of ferritic stainless steel
before nitriding (etchant: picral-HC1).
b. Microstructure of austenitic stainless

steel before nitriding (etchant: villela’s
reagent).



22

~leaned in soap solution followed by cieaning in acetone and washed

thoroughly in ethancl and then dried in hot air,

3.3 Nitriding Apparatus

3.3.1 The Ion Nitriding Set~-up

fon hnitriding was carried ocut in a laboratory moedel 1on nitriding
set-up. The apparatus was designed and Tabricated 1n the Department
of Metallurgical Enginesring, BUET. The ion nitriding apparatus
consists of a vacuum chamber with a vacuum pumping system, a high

voltage D0.C. supply, and a gas suppiy system (Fig.3.2).

The wacuum chamber, whare nitriding actually tock place is shown in
Fig.3.3. A 400 mm tong and 80 mm internal diameter pyres glass tube
was used in the fabrication of this chamber. Two stainless steel
flanges, with circular grooves for seating the glass tube were
Fixed to tha ends of the glass tube with epoxy resin faraldite).
The top flange contains a tapered hole through which a PTFE rod was
press-fitted. A hole at the centre of this PTFE cork aflows the
anode to extend outside the chamber. The top flange was also
pravided with a port for introducing the treatment gas. The bottom
flange contains a 70 mm diameter hole in the centre. This flange is

secured to the base plate through allen screws. An O-ring seal has
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heen used to seal the opening between the bottom flange and the
bage plate. The entire chamber can be 1ifted off from the base-
plate to introduce or to remove samples. The base-plate is made of
nickel platad mild steel. This plate has a tapered hele at the
centre and a PTFE cork was press fitted into this hole. The cathode
inserted through a central hole in the PTFE cork, extends beyond
the chamber. A stainless steel +tube was silver brazed to a
stainless steel disc to form the cathode. The edges of both the
anode and the cathode were rounded off to prevent concentration of
the discharge and consequently turning nto an arc discharge. A
crotected chromel atumel thermocouple was introduced through the
tube making the cathode and embadded in the stsel disc. The ends of
the thermocouple were connected to a temperature- indicator. The
hase plate is provided with two ports, one of them being connected
to the vacuum pumping system and the other to an oil manometer used

for the measurement of pressaure 1nside the working chamber,

The pumping Svystem consists of an oil diffusion pump backed by a
rotary pump. With these pumps the chamber could be evacuated to an

Witimate pressure of 1x107} torr.

The power supply used (0=6 kv d.c., 1 A) was capable of providing
the required voltage and current for the genaration of the glow
discharge and for the attainment of the nitriding temperature. This

was provided with & means of continuous regulation of the voltage.
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The circuit diagram of the power supply 18 shown in Fig.3.4.

Numerous investigators have recammended the use of a mixture of
nitrogen and hydrogen for don nitriding. Hudis? okserved that
ni1triding is faster 1in nitrocgen—hydrogen mixture than in pure

nitrogen., Jones And r*-lar"t."lﬂai“"1L

indTcated that hydrogen 1n the
treatment gas cleans the workpiece surface and accelerate the rate
of nitriding. Scccorsy and Ebinhara3 observed that after initial
cleaning of the substrate, hydrogen reacted with the pitrogen to
form ammania, 1imiting the growth of the nitrided layar. on the
basis of these observations 1t was decided toc use a mixture of
25N,: T&H, throughout this study. Gas mixture of this composition
were prepared and suppiied by the Bangliadesh Oxygen Limited. The
gas dispensing system consists af the cylinder containing the
treatment gas Titted with a regulator. The gas mixture flowing cut
of the flowmeter were made to enter into the nitriding chamber. A

needle type valve between the flowmeter and the chamber was used to

control the flow rate of the gas mixture,

3.3.2. The Gas Nitriding Set-up

A laboratory model gas nitriding set-up was used to carryout
nitriding experiments. The set-up has been designed and fabricated
in the department of Metallurgical Engineering, BUET. The main
Feature of the set-up ‘are the gas supply unit and the nitriding

chamber (Fig. 3.5},
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The supply unit supplies the gases to the chamber whare nitriding
was carried out -in 100% NH,. Ammonie gas comming ouht of the
cvlinder through a regulator was made to -enter a congtant gas
pressure héﬁd capiltlary Tlow meter (Fig. 3.6). From the flow meter
the ammonia gas entered into a purification train consisting of a
drying tower containing pellets of potassium nydroxide as the
drying agent. After leaving the drying unit the anhydrous ammonia
gas entered into the nitriding chamber. The flow rates of Lhe gases
wera controilasd by the capi1llary flowmeters (Fig. 3.6); control of
flow rates was obtained by altering the head of vacuum pump oil in
the blender tubes. Vacuum pump oil was used 1n the manomster and

bubbiers because of 1its low vapour pressure and comparative

inertness to these gases.

The nitriding chamber consisted of a horizontal ammonia reacticn
tube at the middle of which was wound a nichrome wire heating
glement (Fig. 3.7). The coiled heating wire was covered with fire
clay. The wound furnace tube was surrounded by a m:ild steel shell
and the space between the shell and the tube was covered with
refractory gorge. The nichrome wire when connected to power supply

provided a constant temperature hot zone of about 20 cm long.

A chromel alumel thermocouple was inserted in to the refractory
lining to reach the middle position of the wound tuhe. The

thermocouple was connected to an automatic temperature controller
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which controlled the temperature of the hot zome to about +59¢.
Another chromel alumel thermocouple in quartz glass tube was
ingerted into the hot zone through cne end of the reaction tube.
This thermocouple was alse connected to the display terminals of
the above controller which showed the hot zZone temperature on a
digital dasplay. The other end cof the reacticn tube was used for
introducing the nitriding specimens to the hot zone. R port near
thie end of the tube was connsected to the gas supply unit {(Fig.
3.7). The same port was alsc connected tce a vacuum pump of the
rotary type sc that the reaction tube could be evacuated prior to
the nitriding run. Near the thermocouple end of the reaction tube
a port for the exit of the exhaust gases was provided. This end was

also connected to a mercury manometer.

Copper cocling coils were provided near both ends of the furnace
tube adjacent tc the joints of the grounded glass connections with
the alumina tube to protect the sealing gum {araldite) against heat

whils in operation.
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3.4 Nitriding Operation

3.4.1 Ton Nitriding

after preparations the samples were placed on the cathode. The
vacuum chamber was then sealed and svacuated to about 1107 torr,
Curing this evacuation the Timbs of o0il mancmeter, which was used
to measure the system pressure during nitriding, were aiso
evacuated by properly operating stop cork. After the desired vacuum
had been reached the diffusion pump and one Timb of manometer were
isolated and a mixture of EEHNEand 75%H, was introduced through the
needle valve. The pressure inside the chamber, measured with the
manometer was maintained at 6 torr, balanced against the mechanical
pump. The roughing valve was partially closed at this stage to

minimise the consumpticon of the gas.

The power supply was switched on and the voltage was gradua1iy
increased to strike a glow. Since the presence of a tenacious
chromium oxide layer on the surface of stainless steel wouid
inhibit nitriding, a sputtering treatment{sputtering gas mixture of
nitrogen and hydrogen {1:3), gas pressure 6 torr, d.¢. voltage of
900%, currant 200 ma, time 10sec) was given to remove the oxide and
to expose the fresh surface of the sample for nmitrogen ion

bombardment. The voltage and the current was adjusted to maintain
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a constant nmitriding temperature. The temparature was read off on
a temperature indicator. At the end of predetermined time pericd at
the desired temperaturs the powar supply was switched off and the
specimen was allowed to cool to room temperature in the rsacticn
chamber. Treatment gas (25%N; and 75%H;) was allowed to fliow through
the reacticn tubs during the cooling period to prevent oxidation
due to leakage of air, After cooling the workpiece was taken out

and stored in a desicator.

3.4.2 Gas Nitriding

After preparation the specimens were placed itn a clean, dry
porcelain boat. The boat was introduced into the reaction tube and
placed in the hot zone. The tube was then seaied, evacuated and
filled with nitrogen. After flushing the reaction Gtube with
nitregen for several times, ammonia gas was introduced into the
tube and was 8llowed to flow. Aftar half an heur, the power sugply
was switched on to heat the reaction tube and the controlier was
set for the desired temperature. At the end of a predetermined time
pericd, the power supply was switched off and the specimen was
allowed to cool to room temperature in the reaction tube. Ammonia
gas was allowed to flow inte the reaction tube during the cooling
pericd to prevent oxidation due to leakage of air. After cooling,
the reaction tube was evacuated and then purged with nitrogen. The

samples were then taken cut and stored in a desicator.
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The treatment conditions ior ferritic and austenitic staintess

steels are presented in Tables 3.2 and 3.3.

3,5 Methods of Investigation

3.5.1 Optical Microscopy

The nitrided specimens were cutoff into small pieces at right
angles to the nitrided surface by using a s5ilicon carhide disc
cutter with copious flow of water. Thase were then mounted in
thermosetting resin in such a way that only the transverse section
1& ravealed. The specimen were then prepared for optical
metallography by using standard technigues. ¥illelas reagent and
picral-HC1 were used as etchant to reveal the structure of steels.
The microstructures were observed and photographad by using aptical
microscopy and micrography.

List of etching reagents are shown in Table.3.4.

3.5.2 X-ray Metallography

The phase composition of the nitrided tayer was determinad by means
of x~ray diffraction, using a diffractometer with Cuk, radiation.
The operating condition of x-ray diffractometer is shown in Table

3.56.



Table 3.2: Ion nitriding conditions of the steels
investigated.

| ‘ I
Material Temperature ig Time of tresatment(Hr.}

' 450 0.5, 1.4, 2.0
I Ferritic stainless 475 0.5, 1.0, 2.0
stesa] 5040 0.5, 1.0, 2.0

|
450 0.5, 1.0, 2.0
austenitic 475 .5, 1.0, 2.0
lstainless stee] 500 .5, 1.0, 2.0

w

Table 3.3: Gas nitriding conditions of the steels
investigated.

Material Temperatura, uc Time of treatment{Hr.}
Ferritic 450 8.0
stainlass steel 500 2.0

550 8.0
Austenitic 450 8.0
stainless steel 500 8.0

550 8.0




Table.3.4. List of Etching Reagents.
“ Reagent Compositian
L Hital HNo, - 2 ml
Ethy1l alcehol - 38 mi
Picrai-HCI Picric acid - 4 gm
Il Ethyl alcohal =100 m]
HC1 - 4 ml
i ¥illalas reagent Picric acid - 1 gm
HC Y - 5 ml {
Ethyl alcohol -100 ml |
| Marble's reagent Copper sulphate-10 gm
HC1 -50 ml
Distilled water—50 mi




Tabie 3.5: Operating congition of X-ray
Diffractometer.
}
Radiation = Cuk, |
Yoltage & current 30 kv, 15ma
Scan rate - 2Ymin ’
Chart speed : 20 mm/min

l Scale factor : BOO cps
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3.5.3 Hardness Measurement

Microhardness values were determined by using & Shimudzu
Microhardness Tester. Microchardness measurements were carried out
by using 100 gm Jload on poiished and unetched specimen to abtain
the hardnass profiles. For measuring the microchardness of different

nitrided zones, the specimens were 11ghtly etchad.

Hardness versus pehetration distance profiles were alsc detarmined
on all samples for which specimens prepared for agptical
metalicgraphy were used. These profiles give valyable information
regarding the depth of nitragen penetration and ts therefore used

extensively in studies of nitriding.



Chapter 1V

RESULTS

4.1 Introduction

In the present investigation jon-nitriding of austenitic and
ferritic stainless steels has been carried cut 1in a mixture of
25N2:?5H2 in the temperature range of 450 to 500%3 for times of up
to 2 hours. Nitriding if 100% ammonia gas atmcsphere has also been
done in the temperature range of 450—55U%: for times of upto 8
hours. The resuits of these experiments have been mnatyzed in terms
of the depths of the nitrided layer, the nature of the phases
formed at the surface of the nitrided specimens, the surface
nardnesa and the hardness versus penetration distance profiles of

the nitrided specimens.

4.2 Nitrided Layer

The nitrided layer corresponds to the high hardness regicn of the
nitrided steel and this layer is regarded as one in which alloy
nitrides are formed. Commercially it is this Jayer which needs to

be as thick as posaible for a given nitriding period.
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Effective casa depth 18 usually defined as the parpendicular
distance from the surface of a hardened component to the furthest
point at which a specified level of hardness 1is obtained., Case
depths are usually determined by microhardness measurement on an
unetched cross-section of the component, using either the diamond
pyramid or knoop indenter. Maasurement consists of making a
hardness survey from near the nitrided case to the base metal or to
a depth at which the predetermined minimum hardness 18 obtained.
Etching exnerimentsEE have shown that effective case depths can also
be revealed and subsequently be measured by etching in pucra]—HCTE
and 1n v111ela’5113 reagents. Hardness measurements on samp e
etched in picral were performed to compare the affectiveness of
these two methods. Both the methods showed the same effective case
depth (Fi1g. 4.1). In this study the depths of nitrided layers were
measured by the etching technigue. Ficral-HC1 reagent was used for

farritic stainless steel and villela's reagent for austenitic

stainleas steel.

4.2.1 Development of Nitrided Layer During Ion
Nitriding
a. Ferritic Stainless Steel:
Metallagraphic sections of the specimen of ferritic astainless

. . . '
steels 1on nitrided at various temperatures are shown 1n F1g.{?.2.

The figure shows that the nitrided layer appears dark when etched



Fig.4.1 Optical. micrographs showing the boundary
between the nitrided case and core of
Ferritic stainless steel ion nitrided at
475°C for two hours(hardness indentation
marks on the 1ightly etched specimen,

etchant: picral-HC1).
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Fig.4.2 Optical micrographs showing the variation
of thickness of the nitrided layer formed
on ferritic stainiess steel at different
jon nitriding times and temperatures
(etchant: Picral-HC1)

(a). nitrided at 450°C for 2 hours.

(b). nitrided at 500°C for 2 hours.
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with picral-HCl. The core of the steels remained unaltered during
nitriding. The nitrided layers are found tc be compact and free
from pores. The effect of various etching reagent on the nitrided
layer is shown in Fig. 4.3. In all cases nitrided layer appears
dark. It is also noted that thickness of the nitrided layer is
smallest when nitriging is performed at 450'c for half an hour.
Raising the nitriding temperature te 500'c ted to an increase in
the layer thickness to 85 um., The thickest layer resuited from
nitriding for two hours at 500'c. when etched with 2% nital, 1on
nitrided ferritic =stalnless steel samplies showed a sublayser

{(F1g.4.4).

The dependence cf case depth on treatment time is shown in Fig.4.5.
The case depth is sesan to increase linearly with the square root of
time at each ion nitriding temperature. This 15 in good agreement
with other resultsit. Therefore the rate limiting step is volume
diffusion of nitrogen. The case depth was alsc found Lo increase
with 1ncreasing temperature for a fixed treatment time. Thia may be
attributed to the 1increased nitrogen diffusivity at higher
temperatures. Ferritic stainiess ste;1 showed a growth rate of
7.87x10" omi/sec at 450°%C and of 1.23x10% cmi/sec at Ssoofc

(Fig.4.6). This shows that the growth rate increases with

1ncreasing temperature.
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Fig.4.3 Microstructures revealed by different
etching reagents on the same specimen of
ferritic stainless steel ion nitrided at
450°C for 1 hour.

a. Picral-HC1 b. Nital

c. Marble's reagent d. Villelas reagent



Fig.4.4 Optical micrographs showing the sublayer
formed on ferritic stainless steel ion
nitrided for two hours at 500°C (etched in

2% nital).
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b. Austenitic Stainiess Steel:

Fig. 4.7 shows the microstructures of the samplies nitrided at
different temperatures for a fixed Lreatment time. These show that
on etching with ¥illela's reagent the nitrided case appears dark.
No white layer was found to have formed on the cass. Nitrided
jayer was free from crack and porosity, and the core structure
remained unchanged. The thickness of the nitrided layer 1ncreased
from 10 um on samples ion nitrided for 2 hours at 450% to 30 Hm on
samples ion nitrided for 2 hours at 500'c. Nitriding for a period
.5 hour at 45&%3 showed anly a very thin nitrided case. The
depandence of case depth on time is shown in Fig. 4.8. The case
depth is seen to increase linearly with sguare root of time at ea;h
1on nitriding btemperature. From the slope of the nitrided case
depth versus temperature, it can be seen that the case depth
1ncreases with increasing temperature for a fizgd treatment time

which may be attributed to the 1ncreased nitrogen diffusivity.
Fig.4.6 shows that the growth rate of nitrided case was siowar upto
4?50C, beyond which the growth rate increased appreciably; a growth
rate of 8.748X107" cm’/sec, at 450%C increasing to 1,094X107 cmi/sac

at soofc.
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Fig.4.7 Microstructure showing the variations of
thickness of the nitrided layer formed on
austenitic stainless steel ion nitrided
for 1 hour at different temperatures
(etchant: Villela’s reagent)

(a) nitrided at 450°C (b) nitrided at 500°C
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4.2.2 Development of Nitrided Layer During Gas
Nitriding

Ferritic Stainless Steel: Microstructure of the specimen gas
nitrided at 450'C for 8 hours 1s shown in Fig. 4.9. These layers
are not campact and pores appear Lo be prasant, wherseas core
structure is unchanged. The thickness of the nitrided layer
increasad from 60 pm for 8 hours of treatment at 450'c to 130pm for
8 hcours of treatment at 550'c. For a specified treatment time the
case depth increases with increasing temperature because of the
increasad nitrogen diffusivity. It may be noted that similar
resutts were obtalned during 1on nitriding of ferritic stainless

atesis.

Austenitic Stainless Steei: The gas nitrided case on austenitic
stainless steel was clearly revealed by etching in villela's
reagent. After etching with Villela’s reagent the nitrided case
appears dark. white layer was not found to have formed on the
sample. HNitriding at 4SDGC showed a very thin laysr. with
increasing temperature the growth rate of the nitrided layer
ipcreased {(Fig. 4.10). It has already been mantioned that these
nitrided layers ware not compact and porss were present in the

layer {(Fig. 4.11). Core structure remained unchanged.
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Fig.4.9 Microstructure of gas nitrided ferritic
stainless steel showing a well defined
nitrided case [nitrided at 450°C for

- 8 hours, etchant: picral-HC1].
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Fig. 4.10 The gqrowth rates of the nitrided layers
of ferritic and austenitic stainless
steels gas nitrided at different
nitriding temperatures.



Fig.4.11 Micrograph showing the porousness of the
nitrided layer formed on austenitic

stainless steel gas nitrided for 8 hours
at 500°C (etchant: 2% nital).
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4,.2.3 Comparison Between Ferritic and Austenitic
Stainless Steels

It can be seen from Fig. 4.6 that the growth rate of nitrided case
of ferritic stalnless steel was higher than that of austenitic

stainless stee]l at all temperatures investigated. The di1fference in
growth rate between the ferritic and the austenitic stainless steel
is higher at high temperatur:(ﬁﬂﬂucl than at lTow 1:.eml;:ua|ratur‘eI[4-5#.‘.":1 1.
In the casa of austenitic stainless steel growth rate increased
appreciably above 475%. In the casse of gas nitriding ferritic
stainless steel also showa (Fig.4.10) higher growkhh rate than

austenitic stainless steel. In both cases growth rate TNCreases

appreciably after s00'c.

The case depth versus temperature curves (Frg. 4.12 a & B} has
shown that with 1ncreasing temperature the case depkh increasss in
both icn and gas nitriding. Ion nitriding at 500'c for a period of
2 hours produced a thicker case than that produced by gas nitriding
faor 8 hours at EGOEC i.e. the depth of case increases alL a faster
rate in ion nitriding than in gas nitriding. The penetration rates
of nitrogen have been universally found to be faster in ion

3520

nitriding than in gas nitriding Ion nitriding produced pore-

free compact nitrided layer whereas gas nitriding produced a parous
nitrided laver. The results obtained are in good agreement with the

results abtainad by nthar-investigaturshﬁ.
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4.3 Phase Identification by X-ray Diffractometry

Before nitriding the samples were analyzed by x-ray ditfraction and
it was confirmed that the samples used were austenitic and ferritic
stainless steels. Three prominent diffraction peaks, corresponding
to the (1103, {200}, and (211} planes were detected on ferritic
stainless steels. This givea an average lattice constant a ,=0.287
nm which agrees well with the value 0.286 nm quoted for pure iron'l.
Diffraction lines corresponding to the {111}, (200), and (220)
planes were detected on austenitic stainiess steels. Austenitic
iron gives an average lattice constant EHZG.ESE tm, which also
agrees well with the value 0.356 nm guoted for pure ¥ iron'l. No

other diffraction line was observed on the patterns racorded.

The structure of the surface layers of the samples jon nitrided at
s00%c for 0.5 hour and 2 houfs ware analyzed by xX-ray
diffractometry. Specimen of ferritic stainleas steel nitrided for
0.5 hour at 500 shows ¢ and CrN phase {Fig. 4.13a}l, on the other
hand specimens nitrided for 2 haours at s500'c shows a, CrN and ¥
phases {(Fig. 4.13.b), (111), (200), and (220) peaks are identified
for %' and CrN phases. The ¢ 1ines have an average lattice constant
afD.EES, which is 0.85% larger than the corresponding value prior
to nitriding. Austenitic stainiess steel also shows y and Crid phaae
after 0.5 hour of ion nitriding. After 2 hours of nitriding peaks

corresponding to ¥, ¥, and CrN, <can be gbserved. ¥ and CrN phases
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has shown peaks corresponding to the planes (111), (200) and (220}
peaks. The y phase has an average lattice constant of aT=D.SEﬁE nm
which 15 0.2% lJarger than the carresponding valuse grior to

nitriding.

4.4 Hardness Measurement

Hardness measursments on the surface af the nitrided samples and
alsa as a function of distance on sactions orthogonal to the
nitrided surface wera carried out on all ion nitrided and gas
nitrided specimens, using a Shimadzu microchardness tester and a
100 g load. Small variations in hardness values were noted an the
samples. The surface hardness values raparted here, are the average
of 5 randam hardness values and are intended to serve as a measure

.

of hardening achieved.

4,4.1 Surface Hardness

4.4,.1a Surface Hardness of Ferritic Stainless
Steel After Ion Nitriding

surface hardness depends upan baoth time and temperature of

nitriding (Fig. 4.14). At a temperature of 450%c the surface

hardness increesed with ipcreasing time. Haximum hardness at the
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surface was cbtained after nitriding for 2 hours at 4?5DC and then
the hardness values showed a decreasing trend (Fig. 4.15). When
nitrided at a temperature of 500!C the hardness decreased
cantinuoualy with 1ncreasing treatment time. The decrease in

hardness is related to the coarsening of nitride partic]esﬁ.

Coarsening of nitrides is functions of both temperature and time of
treatmant., At lower temperature longer time 158 required whareas at

higher temperatures particles grow at a faster rate.

4.4.1b Surface Hardness of Austemnitic
Stainless Steel After Ion Nitriding

F19.4.16 shows the surface hardness of the jon nitrided austenitic
stainless steels as a function of treatment time at different
temperatures. The hardness at the surface increased with increasing
treatment time and temperature 1n the temperature range of 450 +o
EDD%L Lowest hardness was cobtained at ¢50%: and highest at EUDGG.
lLower hardness at low temparatures has basn attributad5 to the vary
Tow diffusion rates at 450'C which results in the formation of a
small percentage of nitride for which hardnesas increment was not

B that samplies ion nitrided at Jow

Righ. It has bheen shown
temperaturss form clusters of mostly spharical particlas
distrtbuted in a non-uniform manner. The inter-particlie distances

ara not uniform, resulting in a very low increase in surfacs
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hardness.

4.4 .1c Surface Hardness of Austenitic and Ferritic
Stainless Steels After Gas Nitriding

Ferritic Stainiess Steel: The hardness obtained on samples
nitrided at 450{ so0t, 550'c for 8 hours of treatment time is shown
in Fig. 4.17. It can bDe seen that with 1ncreasing treatment
temperature surface hardness is increased. Highest surface hardness
was obtained at a temperature of 550°C., This has been attributed to
the formation of a uniform nitride layer which resuits 1n increasa
in surface hardness®.

Austenitic Stainless Steel: Fig. 4.17 shows that wWith increase in
traatment temperature the surface hardness increases, lowest
hardness being obtained at 450lc and highast at 550°C. At low

temperatures diffusion rate 1s slower, resulting in lower hardness.

4.4.2 Hardness Versus Distance Profile

4.4.2a Hardness Profile of Ion Nitrided Ferritic
Stainless Steel

Fig. 4.18 shows the variation in tThe hardnese versus penetration

distance profiles with the treatment time and temperature far

farritic stainless steel. From the figure it can be observed that

the cass depth i.a. the distance at which the siope of the hardness
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versus penetration distance profiies becomes minimum , increases
with increasing treatment time at a particular temperature and also
with temperature at constant nitriding time. The hardness in the

nitrided layer (HY) attains a high value and remains constant
throughout the layer, the HY value markedly drops to minimum in the
base metal. It has already been shown that(Fig. 4.t} the location
at which such a drastic change 1n HY (micrchardnéssi occurs,
corrasponds well with the nitriding front determined by optical
micrascopic observation. However, in hardness determination, the
indentation near the nitriding front crossss both the internal
nitriding layer and the unnitrided region, so that HY is an average
of the hardness 1n both regions. In case of ion nitriding maximum
hardness obtained from nitriding at 475% for 2 hours. The hardness

decreased with increase in temperature of treatment.

4.4.2b Hardness Profile of Ion Nitrided Austenitic
Stainless Steel
The hardness build up in this steel is shown in Fig. 4.13. The
hardness profile was found to be very steep. The case depth
increases with increasing treatment time and also with temperature
for a constant nitriding period. Ion nitriding shows a sharp
boundary hetween the case and the core of austenitic stainless
steel. This has been attributed to the high percentage of alloying
elaments(18% Cr]“. Hardneas profile also shows that the hardness

of the core remains unaltered i.e. the structure of the core does
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rot change,

4.4.2c Hardness Profile of Gas Nitrided Ferritic
and Austenitic Stainless S5teels

Farritic Stainless Steel: Fig.4.20 shows the variation 1n hardness

varsus penatration distance profile with the treatment t1me for gas

nitriding of ferritic and austenitic stainiess steels. Case depth

aof ferritic stainless steel 1ncreases with increasing nitriding

temperature. The slopes of the hardness profile is less steep 1n

gas nitriding than in ion nitriding.

Austenitic Stainless Steel: Gas nitriding produced a lower case
depth at 45G%L hut increased case depth was Tound at EEDGF
(Fig.4.20}. Fram the hardness Lprcf11es 1t is clear that 1ike
ferritic steels the c¢ase depth of austenitic stainless steel
increases with increasing nitriding tempaerature. The figure also
shows that the hardness profile is less steeap in gas nitriding than

in ion nitriding.

4.4,3 Comparison Between Hardness Developed on
Ferritic and Austenitic Stainless Steels
Ferritic stainless steel specimens shows(Fig. 4.15) an increase in
surface hardness up to a temperature of 4?5W: for a 2 hours of ion
nitriding treatment and then odecrease with +increase 1in both

treatment temperature and time. In the case of austenitic stainiess
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steal hardness increasead continuousiy with increasing treatmsnt

tamperature.

Gas nitriding produced greater harness at a temperature of EEDDC
for 8 hours of treatment for both the types of steels. 2 hours cf
jon nitriding of ferritic and austenitic stainless steals produced
greater harness than 8 hours of gas nitriding(F1g. 4.15 and 4.1t7).
It can be seen that hardness of the nitrided case depends on the
n1triding temperature as well as time. At Jower nitriding
temperature maximum hardness ig obtained after a longer time period
of nitriding while at higher temperature it is obtained after a

sharter nitriding period.

Hardness profiles were found to be steeper in jon ni1triding than 1n

gas nitriding for both types of steela (Fig. 4.18 to 4,20}.



Chapter V

DISCUSSION

5.1 Development of Microstructure

Both ionm and gas nitriding treatments lad to essential changes in
the structure of the surface Tayer. On etching the nitrided zone
was clearly revealed. The nitrided case appeared dark and the core
structure remained unchanged (F1g. 4.2). Noc white layer could be
found on both ferritic and austenitic stainless stasl after ion
nitriding. The presence of alloying elements particularly, the
nitride formers hinders the formation of the compound zone. In both
ferritic and austenitic stainliess steel the amount of chromium, 2
well known nitride forming element is quite high; ferritic
stainless steel containing 11.5% Cr and the austenitic steels
containing 18% Cr. Hence in these steel formation of white layer 1is

more d1ffﬁcu1tk

Moreover nitriding of steels containing a high percentage of

nitride former proceeds by the advance of a hard sharply defined
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nitrided cass because a1} the available nitride former at the
nitriding front must be consumed before nitrogen can go deeper in
to the steeln. Such result were also observed by other sc1entist55.
Dzabaysai et a7% studied the structure and properties cof the ion
nitrided layers on tool steels. Their study showed that the iron-
chromium carbides were converted to chromium nitrides in regions
close to the surface, and within the nitride case, whereas
conversion was not complete at greater depths. This was attributed
to the lower nitrogen activity at greater depths from the nitrided

surface.

The growth of the nitrided case was found to be parabolic with
t1me. This is 1n agreement with the well-accepted nitriding model
suggestad by Light Foot and Jack“. A comparison of the slopes of
the curves of case depth wversus sguare root of time curves{Fig.4.5
and 4.8), shows that nitriding reaction is faster in the ferritic
stainless steel and slower in the austenitic stainless steel. The
difference in the obsserved diffusion behavior of nitrogen arisas

# activation

from the structure dependency af nitrogen diffusion
energy for nitrogen diffusion 18 known to be higher in f.c.c
austenite (47.3 kcal/mole), than it 1s in b.c.c ferrite {(18.3
Ikcai!mcle}m'“. Therefore, in austenitic stainless steel lower case
depths are produced because the diffusivity of nitrogen is lower in

this steal than in the ferritic grade. .lack and his asaociatea“'35

undertook extensive experimental studies on the nitriding of irons
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and steels containing various concentrations of chromium, titanium,
tungsten, molybdenum, vanadium and aluminum. They have shown that

case depth d can be expressed as

d=\2NDE/RX) *. ... .. 5.1
wWhere N = surface nitrogen concentration
¥ = Original alloy element concentration
H =z the ratic of nitrogen to altloy elemant, in the

nitride phasea

V] diffusion coefficient of nitrogen 1n ferrite, and
£t = time nitriding

Curves of Fig.4.6 and 4.10 also agree well with the general trend

of the equation 5.1 proposed by Jack and his associates’h ¥, This

means that as the alloy element cancentration 1n the steel

increasea, the rate of growth of case depth dsecreases. Auatenitic

stainliess steel contains greater percentage of alloying elements

than farritic stainless steel. So the rate of nitriding is lower 1n

austenitic stainiess steal than in ferritic stainiess steel.

Growth rate of nitrided layer was found to be faster in ion
nitriding than in gas nitriding. This can be explained as follows,
The nitriding preocess involves the transfer of nitrogen from a
nitriding atmosphere to the subsurface tayer of an iron alloy.
Since nitrogen will only diffuse through iron in the atomic form,

it is necessary to provide a source of atomic nitrogen in proximity
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to the metal surface. This atemic nitrogen must be transferred from
the adsarbed state into the metal lattice. This may bDe exp1a1n9d5
in terms of Q; and Q;. Here Q represents an activation energy for
infusion which may include one or altl of the following: (1) The
generatian of atomic nitrogen at the surface, (i1] adsorption on
the surface and (ii11} diffusion of nitrogen through a passivating
layer. Q represents the activation energy for interstitial
diffusion of nitrogen through the metal lattice. Rates for the
infusion and diffusion of nitrogen n the iron may be expressed as

follows:

where N; and Ny are the cencentraticens of nitrogen and ¥; and vV, are
the collision frequencies for the infusicon and diffusion steps
respectively. $ince the values for N and ¥ of the infusion and
diffusion process should vary slowly with temperature, the rates
may be compared on the bhasis of activation energies (i.e. the

largest activation energy corresponds Lo the rate 1imiting steps]a.

In ammonia nitriding atomic nitrogen 1is generated at the metal

surface via the reaction : 4 Fe + HH3 = FE4H + 3/2 HE' This reaction
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nroceeds rapid1y5 at conventional ammonia gas nitriding
temperaturefﬁﬁﬂ*c}. in 1on nitriding, the active nitrogen is
generated by electrontc collisions in a Ny and H, mixture, hence it
15 independent of activity and temperature of metal surface. The
activation energies for diffusion 1in the nitride case are
47 .1Kcal/male and 143.5 kcal/mole for ion nitriding and ammonia
nitriding respectiva1yi The much larger activaticn energy for
ammonia nitriding (143.5 kcal/mole} may be related to the
d1fficulty of infusion of nitrogen 1nto the chromium oxide Tilm

b at

present on austenitic stainless steel during ammonia nitr1d1ng3
500'%. Thus the rate advantage for 1on nitriding as compared to
ammonia nitriding of austenitic stainless steel may be explatned on
the basis of @ > @ during ammonia nitriding and Q; £ Q) during ion
nitriding. The reductien of @ in ion nitriding may be attributed
to : (i} the increased abiiity of a H, and N, piaama for removing
the chromium oxide film at nttriding temperature, and (ii) the
removal of an activation enaergy for producing atomic nitrogen since
sufficient nitrogen energy is availabie in the plasma to provide
atomic nitrogen independentiy an the catalytic activity of tha
metal surface. The ;nnst freguently stated argument for a rate
advantage associated with the ion nitriding is that the metal
syrface approaches saturation faster or to a great exteni as a
result of higher nitrogen activity. The prnponent55 of this
mechanism claims that this leads to an increase in nitrogen

concantration gradient at the surface, hence a faster diffuaion
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rate., Ion nitriding may only accelerate the nitriding rate for
systems which are infusien Jimited during ammonia nitriding.
Tentatively it appears that allcys with higher chromium contents
exhibit infusien rate limitations during ammonia nﬁtridingﬁ, thus

icn nitriding apgears to be more effective for these alloys.

5.2 Development of Phases

It 18 well-known that the lattice constants of « and ¥ increase
with 1ncreasing nitrogen concentration in these phases, and each
peak of ¢ and y phase shifts to lower diffraction ang]em. In the
prasent study alsc a compariscn has shownh that after a longer
pericd of nitriding the peaks of the o and ¥ phases are located at

lower angle of diffraction than those of the shorter time.

Maximum solubility of nitrogen in ferrite at eutectoid temperature
is 0.1 Wt.%. The fecc nitrogen austenite is iso-structural with
carbon an..~51:.en'i‘c.\=~,:ﬁ put has a wider range of homogeneity and exists
down to 590'C. 4’ phase is stabie between 5.29 and 5.71 wt% of
nitrogen at the eutectoid temperature. e—phase contains from 7.1
wt.% toc 11 wt.X of nitrogen at the eutectoid temperature, The
lattice sonstant for ferritic stainless steel a; increased by 0.656%
upon nitriding at 500lc for 2 hours. While 1in the case of
austenitic stainless steel a, increased by 0.2% upon Ritriding
under identical conditions i.e.for 2 hours at s500%. The increased
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tattice constant a; and a, upon nitriding 1ndicates that both a and
¥ structures are influsnced by the nitrogen, but ferritic
structurs is infiuenced more strongly. y° phase [MN=(Fe, Cr, LEBFLY
alse formed during nitriding. This drastic crystallographic
transformation in the nitrided region may account for their
different visual appearance from the bulk and is also responsibie
for the hardening of the nitrided region. No e-phase was found to
have formed on the case. Formation of &-phase requires more than
7.1 wt¥ M;. It has already been mentioned that stainiess steels
contain higher percentage of chromium which is a strong nitride
former. The high percentage of chromium present at the steel,

hingders the formation of e-phase.

5.3 Develcopment of Hardness and Hardness Profile

surface hardness of nitrided steeis is a function of nitriding
temperaturs and time. It can he seen that the highest hardness was
obtained on the surfaces of 1ion nitrided ferritic steel after 2
hours of treatment at a temperature of 475% but austenitic steel
showed increase in hardness up to 500'C. There appear to be meveral
complementary factors which could contribute to the hardening of
thegse nitrided steels. At the lowast ion Hitriding temperature the
nitrogen uptake and the precipitation density are Tlow and
therefora the amount of hardening is also low'?. At higher

temperatures and/or longer treatment timea precipitate growth
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hecomes important. As has also been cbserved in many precipitation
hardering a]lmys”, in the present study a maximum surface hardness
ig achieved that corresponds to a particular ion nitriding time and
temperature. This hardness in turn 18 related to both precipitate
dansity and precipitate size. Therefore during hitriding of
ferritic stainless steels for a pericd of 2 hours at a temperature
of 475'C an pptimum size and density of nitride precipitate is
aobtained. In this regard, the behavior of austenitic stainless
steel 1s worth mentioning. Having a higher activation energy for
nitrogen d1ffusionﬁ'2*, tht1s steel has lower nitrogen diffusivity
than the ferritic. Since precipitation phenomena in nitriding
systems ars diffusion cnntro1iedu, it can be expected that this
steel receives a lower surface hardness than the ferritic grade.
Increase of surface hardness was observed 1n austenitic stainless
stea]l up to a temperaturs of 500%3 . Thus to give optimum hardness
after a 2 hours treatment time the austenitic stainless steeis
required higher temperature of treatment than ferritic stainless

stael.

In samples ion nitrided at lower temparatures clusters of mosatly
spharical particles distributed in a non-uniform manner are formed

M_ As the temperature of

resulting a very low increase in hardness
nitriding 1s increased more and more of the typical regions
described above are formed. This ultimately leads to a layered

structure. The build up of the layers occurs to various degrees,
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this contributing to the wvariation 1n the surface hardnessm.

In both types of stainless steel a steep hardness gradient
devaloped under ion nitriding conditicon. This 1ndicates the
interface between the case and the core is very gharp. This sharp
interface ohserved 1n the case of stainisss steel confirms the
aarlier result of Mortimer et a1, This is 1ikely to happen because
the amount of Cr in stainliess steel is quite high, so there s a
strong Tnteraction between nitrogen and chromium and the nucleation
of chromium nitride is easy at the temperatures usaed in the present
investigation., As a result the nitriding reaction in stainiess
stee] proceed by the formation of hard uniform subscale and this
subscale advances in to the material deveioping the steep hardness
profiia. The maximum hardness developed in the present
investigation for ion nitriding is 1300 VHN for ferritic stainless
steel and 1100 VHN for austenitic stainiess stee}(Fig.4.15). Gas

nitriding produced maximum hardness 1115 vHN for ferritic stainless

stesl and 9565 VHM for austenitic stainless stael{Fig.4.171).

Response of steel to nitriding depends upon composition of the
stea]. Steels containing more than 5 wt% Cr display sharp
interfaces and a shallow nitrided depth which is 1nversely
propartional to the Cr content of the steal’l. Ferritic stainless

stee] shows less steepness than austenitic staintess steel because
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the amount of chromium in ferritic stainless steel i1s about 60% of

tha chromium content of austenitic stainless steel.

In comparisgh to gas nitriding, 1on nitriding produced maximum
surface hardness within a shorter pericd of time at Tow
temperature. This may be due to difrference 1N diffusion ratae.
During ion nitriging the metal surface approaches saturation at a
Facter rate or to a greater extent as a result of higher nitrogen

5

activity’ and thus results im a higher surface hardness in a

shorter treatment time.

Hardness profiles were less steep 1N g4as nitriding than ion
nitriding. The slopes of hardness versus penetration distance
curves depend upon COMpPosS1Ltion of the alloy, temperature and time
of treatment. In this investigation alloy composition and
temperature of treatment wefe same. Time of treatment was
different. Ion nitriding was performed for a period of upto 2
hours, whereas gas hitriding was performed for 8 hours. Gas
nitriding shows gradual slope which may be due to the longer period
of nitriding causing diffusion of nitrogen to greater depth and

d1ffersnce 1n concentration gradient aof nitrogen in two processes.



Chapter VI

CONCLUSIONS

The following conclusions can be derived from the results of this

study:-

1. Thickness of the nitrided layer was dependent upon the treatment
temperature and time of treatment. Growth rate of the nitrided
layer increased with increasing temperature and also with time at
a specified temperaturse. Nitrided layer thickness was also found to
depand upon the alleoy content, the thickness of the nitrided layers
decreased with increasing alloy content. Na structural change could
be observed 1in the core redions af ion nitrided ferritic and

austenitic stainless steels.

2 The response of nitriding as measured by (i) case depth and (i1}

surface hardness indicate that:

(i} The case depth obtained by ion nitriding was much higher 1n
farritic stainless steel than in austanitic stainless steel. Growth
rate of nitridegd layer was found to be faster in ion nitriding than

in gas nitriding.
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{ii) In case of ion nitriding ths surface hardness was found to
maximum at a treatment temperatures of 4?5“0 far ferritic stainless
steel and 500°c for austenitic stainless steel. Ion nitriding
produced higher hardness at Tower temperature and shorter period of

treatment than gas nitriding.

3. Steep hardnesa profiles were observed in both the types of
stainless steals. A lower stesepness wWas obtained on gas nitrided

stajnless steels.

4. X-ray analysis showed that ¥ and CrN pnhases formed during

nitriding of stainless steels.



Chapter VII

SUGGESTION FOR FUTURE S5IUDY

i). A comparative study of wear characteristics of ion nitrided

and gas nitrided stainless steels should be made.

i1). Coarrosion characteristics of 1on and gas nitrided stainiess

steels should be investigated.

iii). A comparative study of creep and fatigue characteristics of

ion nitrided staintess steels should be carried out.

iv). Effect of higher nitriding tempsrature {above 500'c) on

properties of stainlees steels should be investigated.
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