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ABSTRACT

Gas nitriding of twe differenil plain carbon steels, a 10w car-
Lbon aluminium stecl, an 38-8 type austenitic stainlcess steel.
and an 18-4-1 type high speed steel has been carried out in
100% NH3 gas atmosphere in the temporature rangs ol 500”-580°C
for vime periods ranging from B to 24 hours. Microstructure of
the nitrided case has been studicd by using variows etching
reagents. It has been found that a white layer consisting of
¢- and y'— phases formed on plain carbon steels and in alumi-
nium steel, Nitriding at 580°¢ produced a new phasc in addi-
ticn to the - and the y'-phases in thce white layer of the
mild skteel. The nitrided layer in the plain carbon steocl and
aluminium stecl could not »e revealed by ctehing. The morpho-
logy and growth kinetics of the white layer have also heen
studied. The white layer formed on the sitainless stecl has
been found to be guite irregular; while in high speed steel
this layer was absent. A well defined nitrided case has been
found Lo occur in both sitainless stecel and high speed stecl.
No grain boundary phasé andé carburizced laver have been ohsecrved

in the stcels investigated.

Microhardness surveyshave shown that the hardness profile
developed in plair carbop steels wes guite shallow: in alu-
minium stecl 1t was slightly steeper and in both stainless
steel and high speed steel the profile was very steep. The
maximum hardness developed under the ceonditions investigatced
has been found to be zround 900, 975, 1420 and 1500 VHE in
mediumn carbon steel, eluminium steocel, stainless steel and high

speec steel respoctively.
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CHAPTER - 1
INVRGDUCTION

1.1 The Nitriding Process

Niiriding is a thermochemical Process of surface hardening

which invelves the diffusional addition of atomic nitrogon

1nto the steel surface. The process is carried out by heatinyg
steel 1n the temperzture range of 500° to 590°C in a medium
which is capable of supplying naséent nitrogen to the steel
surlace, For any particular temperature,the nitriding period
depends upon the desired depth of the nitrided case. when

atomic mitroegen comes 1n contact with o heated stoel) surface

the latter absorbs the faracr ané nitrogen atoms take up posi-
tions in the interstitial voids of the iron lattice. In the
Presence of suitalble alloying clemenls these atoms can proeci-
‘Pitate in the metal to forg a fine dispersion of alloy nitrides.
Presence of these nitrides impart high hardness apd wear resis—l

tance to the stecl surfacoa,

Nitriding has a number oi Qistinct advantages over the othoer

©ase hardening process such as the carburizing. The nitrided

case has a far greater surface hardpess and Wwear resistance.

4 .characterisiic feature of pnitrided case ie that it cﬁn

recain its high haréness and wear resistance at relatively higher
o)

temparatures EEGDG— 630°C ). This enablecs the nitrided articles

to be used at higher cperating Lemperatures. Since the nitriding



process is carried out at a relatively low temperature, sur-
face hardening is achieved without the loss of strength of the
previously tempered core. The nitriding process deoes not involve
any phase change in the matrix, As a conscguence distortion and
cimensional changesare reduced to a minimum. Nitriding alsoe
increases the fatigue limit and makes steel less sensitive to
st;e;s ralgers. L1t also increases the é;I¥OSiDn resigtance of

steels particularly in atmogpheric air, fresh water, supcr-

heated steam, gascline, etc.

Three types of nitriding—processes-are—tr—eomercial use: {dl

gas nitriding, {ii) liguid nitriding and {(iii} ieon nitriding. In
gas nitriding, steel is heated in partially dissociated ammonia
gas. When in contact with iron, ammonia is catalytkically disso-

. ; . . - f . .
ciated and the atomic nitrogen thus formed diffuses into the

steel to form alloy nitrrdes,.-— - - s T -

T T LTS P — e b ——

- . m——, ————— —

The liguié nitriding or salt bath nitriding uses a moliten cy-

anide-bascd salt bath asethe nitriding—smecdun,~The bath usually

L —— e —

consists of a mixture ofTsodium: apnd=por=ssium -cyanides with

an addition of a few perccentages of sodium carbonate. During
the process sodium cyaniae (NaCN) in the bath reacts with

atomospheric oxygen to form sodium cyanate {NaChQ) which in

turn decomposes 1Rto sodtum~carbonate;—earbon monoxide, and

atomic nitrogen. The atomic nitrogen is immediately absorbed




by the stecl surface while carbon monoxide is convertcd into
carbondicxide and active carbon which is alsc absorbed by

iron. The salt bath process is suitable for nitriding small
articles which require shallow case depths. A major disadvan-
tage of liguid nitriding an conventional cyanide baths is that
the salts used 1n the process are deadly poiscnous and requires ;-
very speclal care during handling, storage and opcration.
Efforts are therefore being made throught the world to overcome
this difficulty and as a result a numbcr of modifications of
the liguid nitriding technique have resulted. Recently a new
process of liguid nitridang which uses-raw materials okther

than the cyanices has been developed in the Departinent of

Metallurgical Enginccring, BUET, Uhaka (1,2,37.
’

4
El
’

Ton nitriding or glow dischargeﬁqiﬁrlding is a new developmont,

In this . process the .component to he nitrided;is'ﬁadE'thu"cathq—-fv'
de of an electrie circuit, It is then subjceted to gleow discha-,
rge generated by applying a critical wvoltage in an atmospherl--ﬂ

of N

and.H. at a pressurc of 1-10 torr. The gas molecules are -+

2 2
positively 1onized and accelefated to the workpiece, There

they hit the surface witn high kinetic encrgy which heats the
surface thus elemipating the pecessity of any external source

of heating. The liberated nitrogen ions are then absorbeod-by

the surface of the workpiece.
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1.2 Gas Hitriding

Gag nitriding is the main commercial process of nitriding.
Here pure ammonia or sometimes a mlxture of ammonia and
hydrogen is made to pass OVer tho speclmen kept at a tempera-
ture of 500° to £90°¢. When ammonia comes in contact with
“the stecl surface, the former is.catéﬁytically dissociatec
into molecular hydrogen and atomic n¥£rugen which is then

dissolved in the interstices of iren lattice. The egquation

for nitriding in ammoepiz thus becomes

] e, =

Where arvc two other possible reactions that can accur when

il

aionia reacts with iron at elevated temperatures. Oné such

reaction is the solid solution of hydrogen.

SO |
T NHB"_C;'—_—“_-'%‘ N3 [H-_l o (2)

— = wE={{-is found that=this=reactiom=escurs-only to a limited

-~ -
e —— i

ZRLERt {4). The other poEfible redction involves decomposi-

ticn of ammonia to both molecular hydrogen and nitrogen.

(3)



However khis reacticn is alsc suppressed at least upto a
tenperature of EUGDC {5} when the flow rate of ammonia is

high and the surface of the specimen is smooth.

The life of khe active nitrogen is very short, so that a con-
tinuous Flow of ammoniz gas.is to be maintained for atl the
time during nitriding. The total amount of nitrogen absorbed
by the steel surfacc is very emall, almost negligible compared
to the total amount supplied during nitriding. Therefore the
the flow rate of the gas has practically little effect on the
process, In commercial practice the gas mixture is stirred in
the furnace instead of flowing through the samc. However 1t
should be ensurcd that the metal surface is always exposed to

the ammoniacal atmosphere for the absorption of active nitrogen.

¢

r

1.3 The Iron-Nitrogen Phase Diagram .

In the iron-nitrogen system {fig. 1.1} there .are five stable.. =

phases viz. a-nitrogen ferrite, —y- nitrogen _austenite, x!-

—_—— ——— | J

e m st e - 4=

Fe, N, &- Fe,N and..p - TI'c,N. TwO metastable_phases namely af- —.

4 3

nitrogen martcnsite and a'- FElENE also exXiskt in this system.

2

The nitrogen ferrite which has a boc structure is similar *to
the carbon ferrite. Maximum sclubility of nitrogen ferrite at

the -eutectoid -temperature:is 0.1 wt %. The face centercd -cubic

nitrogen-austenite (y) is iso-structural with carbon austcnite .

but has a wider range of homogensity anc exists down to 590¢C

(d,5}).



The v'~- phase 1s stable between 5,29 and 5.71 wt% of nitrogen

at the eutectoid temperature. The iron atoms of ~y'—- nitride

form & face centered cubic laktice like austenite but the

nitregen atems are fully ordered. Thoselattice parameter increa-
ses with nitrocgen content from 3.?833 at 5.29% N to 3.?933

at 5.71% N {&). The nitrogen occcupies aboubt on¢ guarter oi khe —
octahedral interscitial sites of the iron lattice. This phase

is stable bhelow 680°C.

Yhe £~ phase i5 approximately between FedN and FEEN with

N-content ranging from 7.1 to 11.0 wtd at the eutectoid tem- -~-. -
perature. It has a closae-packced hexagonal iron atom lattice.
Tetragonal o"- FEIENE cccurs as an intermediate precapitation

during the tcmperingﬁof~nitrﬂgen martensite or aging of super-
) -

' {
saturated nitrogen ferrite. v j N

- aam o= . E -
EL S

1.4 Mechanism.bf“Hardening of Witrided Steels. . . -

£

*:T_“'”’T“"Manf'thearies-have*been=propased-tc"explain the hardening_. .

- - - —_ - —_—_—— _.xa

TreTee e s By nitriding. Fry (7) originally--thought that.nitrogen i,

hardening was due to the influence ol nitrogen on the lattice
ébacing of iron. The insertion of interstitial nitrogen res-
tores the original metal atom environment but produces a large

S merassebeopic strain 1n.the surrounding matrix.- Many- wOIKeIS e - -

on the other hand, believed that iron nitride formed was res-—

ponsible for the high hardness of the nitrided case.
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However 1t is now well ecstablished that hardening by nitriding
follows the general mechanlsm of precipitation hardening.
During nitriding, alloying elerents such as Cr, Al, Mo, V etc,
present in steel form very fine insclukle particles of the
respeciive nitrides. These particles of submicroscopic size
produce distortion of the iron lattice which is the prime

reascon of increase of hardness through nitriding. Elements

like silicen and manganese also form nitrides: however, these
are less effective in producing high hardness. The amount,
size of the particles and interparticle spacing is important
in determining -the hardness. Since the size of the nitride
particles formed is depcndent on the time and temperature of
nitriding, the maximum hardness obtaipable in a given stecl

iz also time and temperature dependsent.
!

R
- I !
¢ P

1.5 The Effect.of Processcovariables-on the Nitriding Steels_ZLi_

The nitriding temperature, the nitriding time, the concentra- .

“tioT oE ammonia-in- the nitriding gas mixture,..the alloying ele-_zra-

-

- L

-ments -present .in the metal and the prenitflding,treatment_of S

r

the metal are the main variables in the gas nitriding process.
f '

Many workers {8,9,10) investigated the cffect of thesc vari-
ables upon_the nitridced case- depth,- maximuem hardness, hardness . .

profile and formation of surface iron nitrides. To relate



these process variables Lightfoot and Jack (11} have proposed

“the following mathematical model

2 [N] G
2: —_—n e " -t raoa
£ T T Dy {4}
Where o _mtrij;w
§ = depth of the nitrided case
Il = surface nitrogen concentration, at. %
[{] = original alley concentratieon, at. 3
f
t = nitriding time in seconds :
r = the ratic of nitreogen te the alloying element in the :
nitridec phase
DE = the diffusiwvity of nitrogen in o- ferrite,

+

P
]
i ]
i

/ |

- The above eguation sugdests.that_ the, mitrided.casc depth increa-

ke —— Dl — " — =

seg with the increasg ef nitriding Lineg, the nitriding tempera-

ture which increases the nitrogen diffusivity, the surface ni-

=== Ftrdgen Eﬂnéﬁntratiﬂﬁ_ﬁ?iiﬁﬁiE%E%ﬁ%—EHE—&HﬁUHiE_CDHtent in--the - - - -

________ - ETr e - . —— TR T T T — = i 3
ST gas mixtuFe and decredseswith-increasc Of alloying elements.

Many investigators {10,11) have fcund that increasing the ni-
||I "
triding temperature leads to a shallower hardnecss profilec. The

T UTEEFect of temperature on-the-raxindfbatancss . has been investiga-

ted by Mridha (11) in some chromium bearing steels in the temper-

ature range of 520-570°C., He observed that increasc in the



nitriding temperaturc had the effect of reducing the maximum
hardness, This has been attriboted to the precipitation of

large nitride particles which are less effective in increasing
the hardncss. The hardness of the nitrided case of any mater-
ial is dependent on the availability Df_Eiloying elements

for the precipitation of fine nitride p;rticles. It has already ..
been shown that a decrease in the percentage of the nitride
forming alloying elements leads to a greater nitrided depth,

but this at the same time is followed by a reduced surface
hardness. Not only the amount of alloying clements but also

the nature of the alloying elements as depicked by the ease

of nucleatiop of the alloy nitride precipitated and the strength
of alloying element-nitrogen interaction determine the deve-

r

lopment of maximum hardness and the hardness profilie.-- -

Al - & oma e . —ma—
—= — om0

- -

1.6 Scope of the Present Work - - =

In Eangladesh most.of the 'sparc partszessential for the machi-. -

naries in various industries are being imported from abroad.

Recently a tendency has been observed to produce spares by
using iocally available material and technology. However mCeEk
of such attempts are in failure due to the lack of the deve-
lopment of the .required .properties “ifithe material -uscd -for

their manufacture. .

- - v



10

Many spares reduire some sort of surface treatment for their
proper functioning and longer service life. Nitriding, one of
the most successfui commereial processes of surface hardening,
can play an important role in this regard. However, nitralloys
which are used in nitriding for obtaining the maximmum-benefit
are not available in Bangladesh. A number of plain carbon
structural steels are being produced locally. The main okJec-
tive of this work is ko evaluate the nitriding characteristics
of these locally made wild and medium carbon steels, Some alloy
Steels such as stainless stecl and high specd steel which are
imported from abroad is also used in the prescnk investigation.
Experiments were algo garried out on an aluminium alloyed steel

produced in the Department.




-~ FEBN

_-— FEEN

Temperature®C

Mitrogen wt. %% .

~ ", Fig. 1.1: Part of the eguiliibrium phase diagram
for the FPe-N systenm.
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MATERIALS AND METHODS

2.1 Materials Used -

Mild steel was the principal material used in this investiga-

tion. For comparatlve s£udy a medium carbon steel,-an expErimEn—-i_t
tal low_carbon aluminium steel produced in the Departient of
Metallurgical Engineering, BUET, an 18-8 type austenitic stain-

less steel and an 18-4-1-type high speed-steel of commercial

variety were also uscd. The composition of all -these materials .

are given in table Z.1.

2.2 Preparation of Specimen for Nitriding

]
2.2.1 Mild Steel, Medium Carbon Stegl and-Aluminium Stesl.

n s = - V-
v . .
r

Hot . rolled 'rods-of mild-steelaandrmedlum=carbon=steelmas-pro:uredLH;
from market were forged into thin strips of about 5mm thickness.-.
The strips-were-cut inte rectangular-_specimens.cf approximatelyz_. .

8 mmx15 mm &ize,.The specimens were-ground:in a-surface-grinders:-

to remove the GQiﬂe and the decarburized layers. These were
then hardened by guenching in waker from a temperature of
BEHDC, the holading ti%e at the austenitizing temperature wWas
0.5 hr.-An electrically-heatcd ;automatically~controllea muifle

furnace was uscd for heating. After hardening, the spocimens

were bempered .at 600°C for 1 hr. Following the tempering
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1

operation the scale and the decerburized layar were ground off

r

using the surface grinder.

The specimens wcere then polished on fine emery papers. The poli-
shed specimens were etched for one minute in 10% nital to depa-
ssivate the surface (9). Those were.cleaned in soap solution .
followed by acetone, The specimens were then washed thorcghly

in ethanol and dried by using a hot air blowcr. After all these

treatments the mild stecl samples were ready for nitriding.

The aluminium steel was made in an air induction furnace and
the ingot was subsequently hot rolled to rods. These roads were
reduced by het forging to 5 mm thick strips which wore then

cut to dimensions similar to that of the plain carbon steel

specimens. This material was austenitized and tempered as before

-
#

and a surface -finishing-identical-to that given to-mild steel spriocr

to the nitriding treatmenkt was imparted to the specimens.

- - . - - aar ma =

2.2.2 Stainless Steel and High Speed Steel..s.--

Stainless steel in the anstenitic state and high speed steel

in the hardened statejavailable in the market, were uscd for

come seloctive experiments. Specimens werc cut from both the
varieties to the .dimensions .similar to those of the mald steel
specimens. After grinding and polishing, the stainless steel spe-

cimens were pickled in Z0% HC1l at 70°¢ for one minute ko dissolve
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any film of chromium oxide present on the surface. After pick-
ling, these were cleaned in soap solution fecllowed by aceton and

washed thoroughly in ethancl and then dried in hot air,
The high speed steel specimens recelved the game troatments
(c.g., grinding pelishing, etching, cleaning, drying) as those

for mild steel specimens prior to nikriding.

2.3 The Gas Mitriding Sct Up

2 laboratory model gas nitriding set up was uscd to carry out
nitriding experiments. The set up has been designed and fabri-
cated in the department of Metallurgical Enginecring, BUET.
The line diagram of the se£—up ig gﬁmwn in figure 2.1..The

main features .of_the set up are: . o -

{i} The gas supply unit.

{ii} The nitriding chamber.

2.3.1 The Gas Supply Unit ) —

The gas supply unit supplies the gases to the chamber where
nitriding is carried out. The gases used in this eet up are
ammonia, hydrogen and nikragen, which are available_in eylin-
ders. Ammonia gas coming out of the cylinder through a regu-
lator goes to a constant pressnre head capillary flow meter

{10,12}, T’ig. 2.2, From the flow meter the ammonia gas enters
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into a purification train consisting of a dryiné tower conﬁain-
ing pellets of potassium hydroxide as the drying agent. After
leaving the drying unit the anhydrous ammonia gas gaes directly
to the nitriding chamber. The nitrogern cylinder supplies nitro-
gen gas which is used for initial purging -of the nitriding chamber.
Nitrogen coming out of the outlet of the reéulator firtted to the .
cylinder passes through anocther capillary flow meter. Therefrom
the gas enters inteo the nitriding chambher. Hydrogen gas from
the gylinder, after passing through the purificaticon trains
{(Fig. 2.1), enters into the furnace. In the present Lnvestiga-
tion nitriding was done in 100% NHB' Hence hydrogen-yas was nok

used.

The flow-rates. of the gasces are cont}olled by the capillary -
flow-meters . (Fig.=2.2); cuntrq;tﬁf flowz;qtesi;g-cptalned-bynah--- -
altering the head-of vacuum- pump.ocil in-the—hleederrtuﬁes.ga;
Vacuum pump ©il is.ﬁsed 10 the manometer and bubblers because

.of its low vapour pressure-and gomparative inertness..io thesc. ..

Jages. T §oes e

I
E

2.3.2 The Nitriding Chamber

It consists 0F a horizontal alumina reaction tube at.the middle -
of which is wound a nichreome wire heating element (l"ig. 2.3).
The coiled heating wire is coverea with fircclay. The wound

furnace tube is surrounded by a mila steel shell and the space
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between the shell and the tube is covered with refractory érogs.
About 28 cm ©f the tube length remains outside the shell at bcth
ends. The nachroms Fire when connected to power supply provides
a constant temperature hot zone of about 20 om long. & chromel-
alumel thermocouple is inscrted into the fefractory lining to
recach the middle position of the wound tube. Thermocouple is .
connected to an automatic temperature controller which conkrolles
the temperaturc cf the hot zone to aboutlj 5°C. Another chromel-
alumel thermocouple in guartz glass tube is inserted into the
hot zene through one end of the reactien tube. This thermocouple
ic connecked ta the display terminals .of the above controller

which algeo shows the hot zone temperature on-a digital display.

The other end of the reaction tube is used for introducing the
nitriding specimens to the hot zone.-A port.near this end of the
tube is.connected:-to the gas supply unit :{Fig.r 273} :.The SEMES T "
port is also conneqted to a vacuum. pump :of the rotary type so ..
that the reaction tnbe could_be_evacuaéed prior to the nitriding
ron. _Near .the thermocouﬁlé-end of the .reaction-tube-a-port-for the -
cxit of the exhaust gases is provided. This-end -is also-connecked—
to a @egcury manometer. 1he exhaustion of air from the reac-

tion tube prior ko a nitriding run and any gas leak could be  ...-
sasly detected by this manometcr. Copber-cocling colls are pro-—
vided near both ends of the furnace-tube adjacent to:the joints

of the ground glase conneckions with the alumina.tube to pro-

tect the zealing gum Ehraldite};agafnﬁt heat while in operaticn.
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2.4 The Hitriding Operation

After the preparation as described in sectiocn 2.2 the spaecimens
were placed in a clcan, dry porcelain boat. The boat was intro-
duced into the react:ion tulbe and placed in the hot zone. The

tube was then sealad, evacuated and filled with nitrogen. After
flushing the reaction tube with nitrogen for several times,
ammonia gas was introduced into the tube and was allowed to

flow. After half an hour, the power supply was switched on to
heat the reaction tube and the controller was set for the desired

temperature.

At the end of a predctermined time peraocd, the power supply

was switched off and the specimens were allowed to cocl to room
temperature in the reaction.tube. Ammonia was allowed to flow -
inko the rcaction tube during the cooling pericd. .This prevents
any oxidation due to leak;géiﬁftﬁifi_ﬁftEE%%%gging, the redction’
tube was evacuated and then purged with nitrogen. The samples

were then taken ocut. T e RS -

2.5 Preparation of Specimen for Observation

To help preserve the edgcs and retain the flatness of the speci-
mens during subsequent polishing of their mounted -cross sections,
the specimcns were electroplated with nickel and copper. It has

been found that with nickel plating alone, a problem was soms

[ —

times encountered in distinguishing compound zone of the ni-

trided gpecimen from the forwer. However, copper plating alone



did pot adhere firmly to the nitrided surface while nickel
plating did. That is why the nitrided specimcens were first
electroplated with nickel for about 5 sec. ané then with copper

for 4.5 min.

The golution for nickel plating contains 320 gm/ litre NiSDq.EHED,

50 gm/ litre NiCl .EHZD and 35 gm/ litre B BO,. The current

2 273

y
density was 0.05 amp/ crm” and the temperature EGDC. The copper
plating solution contains 50 ml concentrated HEEO“,i and 200 gm

CuSDd.SH 0 made upto 1 litre with water. The current density and

2
temperature wore 0.01 ampjcm2 and ED—EGGC respectively.

The nitrided specimens after clectroplating were cut into two
pieces at right angles to the nitrxided surface by using a silicon

carbide dise-cutter -with copiocus-flow-of water,.One.piece of . _

EﬂChfSPECimenawasrthen mounked and-polishédﬂbfTEEandard metallo~ __ __
graphic technigues. bptical microscopy anh photomicrography were
carried out by using a Shimudzu-optical miqroscope.:Microhardness' -
measurements were carried cut by using 25—lﬂﬂ.qﬁ_10adh9n polished
and unetched specimen to obtain the hardness profiles. For measur-
1ng the microhardness of different nitrided zones, the specimens
were lightly etched. The thickness of the wvarious layers in the

microgtructure -revealed con etching in diffcrent reagents wore

measured by using a micrometer eyeplece fitted to the Shimudzu.



TAELE 2.1

Chemical composition of the steels investigated

Mzterial % O % 51 % Mn 5 %P % octhers
Mild stesl 0.1 o.037 0.77 o.018) 0.037 -
Mediam carbon | 0.55 n.17 1.26 007 0.032 -

steel

Aluminium 0, o4 0.4 0,25 - - H=0.00424
stocl A1=0.85
High speed*ﬁﬁ-4—l type}

stoenl 4

-Stainless® o
steel (18-8 type}

% pocording to suppliers-specificakion only....
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CHAFTER - 3
RESULTS

3.1 Plain Carbon Steel . 3

o,

3.1.]1 Dhetection and Identification of Different Zones

1t 15 now well recoynizedé-thak in.thu:gif{iding of steel in

ammonia at least two layers or zones form. When etched in nital

the oukcr most layer appears white under the microscope and
hence this layer is known as the white layer. This layer consists

of either Y '—- phace {Fe W) Or a mixture of y'- and £- phase

4
{FEBN] depending on the nitriding condition. The recagnition of
the white laycr as a mixture of compound of iron and nikrogen
has led to its designation as the “compound zone". Beneath the
compound zone is the internally nitrided zone or the nitrided

layer where the nitrogen has mainly been incorporated into the

existing—iron lattice.as interstitial=8tlih or as finely disper-

sed alloy-nitride precipitates. This layer is known as the

pitrided layer. In all the commercial nitriding steels austenite

grain boundary phase forms. in: the Antefsally nitrided zone and

this grain boundary phase has recently pbeén identified as cemen-

tite (13). Ahead of the nitrided layer there occurs a carbon rich

zone whicn has been ﬂe%ignatoﬂ as the carburized laycer and this

]
r

iayer is inevitable .in-all_the.commercial nitriding steels nitri-

ded wnder different process variubles (Io7+

In plain carbon steel the compound_zone' forms under suitable
T

nitriding condition. But the existence of different zoncs and
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the grain boundary phase has notb yet been recognized. Actually
the developmnent of different nitrided structures}zoneﬁ in plain
carbon stecls has not been thoroughly investigated and the
growth morphclegy of the different phases of thce compound zone
is not definitely known. The present ipvestigation secks to
distinguish the different nitrided zones by using. SOmME CONURCH]
etching reagents and to corrclate these zones with hardness.
Four well known etching rocagents namely Oberhoffer's rcagent,
villela's reagent, picral anpd nital were uzcd to detect bhe -
differnnt zones. Their chemical compositions are given in Tabkle
3.1. None of thesc etching reagents revealecd the pnitrided layer,
the grain boundary phase cor the carburized layer in any of the
specimens. But in all the reagents, white layer was revealed
distinctly though they responded differently (Figs. 3.2 & 3.3).

i '

Wwhen etched 1n nital for a short time both the steels revealed

.-

a Elngle layer . cDmpDunﬂ ‘zonez{Fig._3.1) s+ A decper. etchsin nital.z..

—imr - aa % v i R T TSEE v - -

showed a two layer.compound zone (Fidg. 3. Za) on the mild steel

pcclmen, the inner layer dppearcd to be very.thin, While, the

medium carbon steel” speclmen revealeaaa porous structure.at the -

it wx_ - 2 r_= —

outermost portlon and a relatlvcly thlLk depse structure at

the inner side (Fig. 3.33}.

4

Etching in villela's reagent revealed-a.detailed structure of _

the white layer «{Fig. 3.2b) while.in.picral-the layer appeared. T

to be a two-layer zonc { Fig. 3.3k). In Oberhoffer's reagent,

the outermost layer of the compound zone in both the steels

dissolved but the inner layer of this zone did not .
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!

From this investigation it appears that under the present nitri-
ding conditions the compound zone on both the mild and medium
carbon stecl specimens consists of two layers. Microhardness
tests on these layers showed that the inner laycer 1s harder

than the outer layer {Table 3.2). It has already been mentioned

that in all nitriding skeéls, nitrided 1n 100% NHB' a compound

layer consisting of e- and +'- phases forms. Mridha and Jack
(14) have shown that Oberhoffer's reagent dissolves g-phase
Lut does not attack y'- phase. It, therefore, appears that the
twe layers of the compound zone on the plaln carbon steels are
g—and vy'- phases, the outermost phase that dissclved in
Oberhoffer’'s reagent is the £ and the inner one that did not is
the yv'—- phase, Etching in villela's reagent, picral, and

4

Oberhoffer's reagent distinctly reveals the compound zone, the

- - nitrided layer, the gralﬂiboundary phase and the carburized layer
e e O e S

- —= in all commercial nitrid&ﬂg—eteei5~444+T+Bubmlh the prescnt inves-

tigation no other zoneg except the compeund zone could be found

m-r=—in the-nitrided .plain—carbon—steel-when—etched.in the above re-

4 —_E_ TRl

- —CFE .

— agents. However, nital -eteh=sometimes-reveaied.-a dark, ill-defincd

layer below the compound zonc. This. dark layer might represent

the existence of the nitrided layer.

e ———— ————

3.1.2 A New Phase in the—Whatc—Layex -

Under all the treatment conditions investigated, Ehc medium

carbon steel develeoped a white léf;r consisting ol kwo phases.
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In the mild steel nitrided at 500° ana 540°C, there also

formed a two-phase white layer. However, wnen the mild steel
specimens wore nitrided at SBUDC a white layer consisting of
three phases was cbtained {Fig. 3.4). When deeply etched in
nital the &- phase appeared to be porous while the y'- phase
was a bright dense layer and the inpermost new.phase:-had colunnar-
grained structure [(Figs. 3.4a & b). When etched-in Oberhoffer's:
reagent the é- phasecﬁgsmlved ag usual and the v '- phase with
the adjacent new phase etched diffcrently (Fig. . 3.4c), Ehe new
phase s5till showedthe columnar appearencé. Microhardness tests
were performsed on all the phases of the compound zone and it

wae found that their hardness values were different. The inner-

most layer i.e., the new phase has a hardness of around 580 VHN

while v'- phase - phases have hardnesses of 500 and 400 VHN
) .

respectively. - N f

- 4

Precipitation ¢f some other particles, different-from:the =~ -
componnd zZone and tﬂe new phase, has also beoen noticed within

the y'- éhase AFig. 2.5(al). ‘From the “hardéness--andentation marks - -
in Pig. 3.5b it is @lso _clear that the hardnéss'of the ‘particle ~___
is diffeient from those of other phases in the compound zone,
The particle has a hardness higher than that of ¢ but lower than

that of either y' or the new phasc.

. . o]
From these findings 1t can said that at 580 C, a compound zone
consisting of 3 phases plus some other particles appearing occa-

sgionally in places forms on the mild steel.
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2,1.3 Growth Morphology of the Comwound Zone

Conpound zones formed in mild steel under various nitriding
conditions are shown in rig. 3.6. From these figures it 1is
evident that the thickness of the compound zone increases with

the 1ncrease of nitricing time—at- any-partieular treatment

temnperature, These figures also show-that for any particular
nitriding cime the thickness of the white layer increases with
increase in nitriding temperature. At 500YC the white layer

formed during nitriding appears to be guite dense {Figs. 3.&a,
b,c}, but at nigher nitriding temperature the white layer is

found to be porous (Figs. 3.6d,e,f.9.,h). The porousness of the
whike leyer is distinctly revealed by etecning in nital [Fig. 3.7a).
But when etched in villela's reagent .no such porous structure

i r
15 revealed. Rather in Villela's reagent the minute details

.- nf the white layer i.e.J;Ehé;graihg;aanEHEpr§se‘is revealed,

'~ T -

Microhardness values of the_compound zencs o¢f the specimens

—r O

nitrided at aiffcrent temperature andmtame={shown in table 3.2}

= === T Z=o-- oy ]

also show that at low temperature the white layer ie harder;
and 1ts hardness decreases with increasc of nitriding tempera-
ture ag well as time. :

———— i - P T

3. 1.4 Effect of Process Variableée on tie tompound Zone and

its Phases

3.1.4.,1 Compound Zone

The total thickncssos of the compound zone formed on mild steel
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and mediuﬁ carbon steel under the prescnt nitriding conditions
are shown in Table 3.3 and 3l4 respectively. From the data
presented in these tables it is clcar that the thickness of the
;hite layer increases with an increase in nitriding time as well
as temperature. The graphical representation of the thickness -
valucs against the treatment time for mild-steel specimens -
{Fig. 3.8) indicate that at all temperature the growth of the
white layer is parabolic with nitriding time, A cowparison of the
above values also aindicates that-under.the same nitriding condi-

tion the thickness of-the compound zone is greater in mild steel

than in medium carbon steel,

3.1.4.2 e-and +'— Phases

f 1

The «- and y'- phascs were detected in all the samples by

etching .technigue._Subseguently -their thicknesses*were measured -
. r

{Table 3.5 and Table 3.46) under the microscope fitted with a

measuring eye piece., | ..

r

FrDmlthesé tables Lt can be found that although the thickness
of the white layer as a wholc is greater in mild steel than in
mediym carbon steel, the thickness of the +'- phase on miid
steel.is lower than that of the ¢orresponding phase-on medium
garbon steel nitrided under similar treatme££ conditions. The -

thickness of the e— phase on mild steel, on the other hand,

iz much.higher than that of the same phase on medium carbon stecl.



Table 3.5 and 3.6 also show that the thicknesses of both the
e-and v'—- phases on mild steel and medium carbon steels increasc
with nitriding time -and -temperature. The plots of thlcgness of
the © - phase formed on mild steel against nitriding time show

that at all nitriding tomperabures investigated, ec-phase grows

parabolically with nitrading time {Fig. 3.%). The growth of the
v'- phase formed on m1ld steel at various temperature is alseo

parabolic with time as is evident from Fig. 3.,10.

The growth rates cf the e- and v'- phases are presented in
table 3.7 along with some published data, The table shows that
although the growth rate of the v'- phase is smaller in mild
steel than in pure 1ron, the growth rate of the ¢- phase 15 much

haigher in mild steel than in pure iromn.

™ - — - —— R iniacis. Jard il

—_— - J— —_—

1t has alreaﬂy been—pﬁlnted Dut“that—aﬂnew “phasc appeared
below the E—phase ‘on mild steel specimen nitrided at 580°C.

This PhaEL Was consplcunusly_delecteﬂ_hx_etchlng reagent. Tho

A - —aa - o e e o Dl ST

'-thlckncss of the new_phaae-ls faunuﬂtﬂ_lncrehse with the increase

of nitriding time {Table 3.8).

3.1.5 Development of Hardness PFrofile

—_— — - .

s = . == =

Whan & specimen is nltrlded a variation of nitrogen concen-

tration occurs from the surface to the centre of the specimen.

Concentration of nitrogen is high at the surface and decreases
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towards the core of the specimen. Due to this variation of
nitrogen concentration a hardness gradient exists in a nitrided
case. Depending upen the {i) nitriding temperature, (il) npitri-
ding time, {111} percentage of ammonia in Ehe nitridin§ gas
mixture, (1v) concentration of alloying clemenks in the metal
and (v) Ehe strength of solute-nitrogen interaction, the hard-
ness profile of a nitrided steel may follow two exXxtreme pattern.
The profile may be very steep with a sharp line of demarcation
between the nitrideéd case and the matrix, Or the profile may

be very shallow i.e., the transition from the case to the core
15 very gradual. A profile with an intermediate naturc .is also

very cften observed.

The hardness profiles of mild stecl nitrided at various time

and temperature have bcen plottéﬁ 1n Eigs.mB.ll, 3.12 énd 3.13.
The maximum hardness.inp-.this--i.ateel. occurs at-the white. layer: . .-
Apparcntly, the hardness profiles scem to be very steep, HOowover,
a close observation reveals that the abrupt change-in-the slope _
«f these profiles does .not correspond.to-the transition*from
the nitrided case to the core. It actually represents the tran-
citicn from the white 'layer to the internally nitrided Zone.

In fact it can be seen from these figures that the transition

from the internally nitrided layer to the core-is-very gradual- =
which means thak the profileé_afe shallow,  The same-statements—---—
alsc apply to the hardness profiles of medium carbon steel

which are shown in Fig. 2.14 ané 3.1%. It is observed from the

above figures (I'ag. 3.11 toc 3.15} that in general, the casc



depth increases with the increase of nitriding time and
temperature, The cffect of {emperature and time Oon kEhe hardness

profiles is found tc be insignificant.

3.2 ARluminium Stecl

3.2.1 Metallograpny .

Nital etch clecarly revealed the white layer on the nitrided
aluminium steel. Figure 3.1? shows the micrograph of the alu-
miniwun steel nitrided at 540°c for 8 and 24 hours. It is scen
{rom the-ﬁicrmgraphs that the whitc layer grows in thickness
with nitriding time. The whlLe layer on this steel is founc

to be denser as compared to that Dnlthe plain carbon stoel.
The thickness of this layer was fcdﬁd to-be- lower than ‘that - -
on either the mild or :the mcdium.cagbﬂn_steels_nitrlded'under
the =same trEatmEnF cénditions- The growth morphology of this
layer was also different. It iz =seen ffom the figu&es 3.1%{b]
and 3.17{a} that"thé:whi£eﬁlayer.penetrates;along'the gra%n
boundaries'of this-steels. Wheﬁ;etched in-nital- the -white-layer
seems to be a single-phase layer (Fig. 3.16}. Howewver,
Oberhoffer's reagent revealed that 1t, actually, is a huléi—
phase layer. On etching in Oberhoffcr's reagent, the outer
portion of this laycr éissolved completely, a part of the inner
portion also dissclved but most of this porticn did nol (Fig.

3.17{b)}. This indicates that the white layer on aluminium

steel nitrided under tne present treatment conditions consists

of ¢ on the outer portion and a mixture of ¢ andy on the inner

aide.

kel s



In this steel neither the grain boundary phase nor the carburi-
zed layer was observed. The nitrided layer was also unresclved
by either nital or Oberhocffer's reagent. However, hardﬁess
profiles indicatec the existence of this layer.

3.2.2 Microchardness iest and Hardness Profile

It was found tha;_in aluminium steel, too, the maximum hard-
ness occeured at’the inner portion of the white layer. The

Mmas 1 muItl microhardness of the white layer on this steel gbktai- .
ned undeyr the pLGSCnt nitriding conditions was around 900 VHN.
Figures 3.18 and 3.19% show the hardness prefiles of the alu-
minium steel nitrided abk varicus temperature for different
periods of time, A sudden drop in hardness at the interfacc

between the white layer and the nitrided layer is eviﬂent

————— I

from these flguresq—ﬂltrld&ng at.a lower temperature viz. atrjnﬂﬁr

- il L N ——

-

500°C for both 8 and 24 hours @id not develop any significant

hardness 1n'theLﬁitrided—Layer. On nitriding a2t higher tempera-,

.-——|

tures viz. ap:éﬁgfﬁ_and“5hﬂ_c, development of hardness in this -

zonc is considerable. It is seen from these prefiles that

] - -r =
increase of the nitriding temperature increases the steepness

of the hardness profile at the nitrided case matrix interface.

ca =i

. ——

-y — e
From the hardness proflles of the nitrided aluminium steel

the case depths were estimated and are given in table 3.9.
1t 1¢ to be noted that these depths include the thickness of

soth the white layer and the nitrided layer. From these valucs
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it 15 very much clecar that the thlckness of the nitrided case

incrceses as the nitriding time as well as tonperature increasea,

3.3 Stainless Stecl

Unaer the prescnt nitridi:hg—chdit'rEin__-s—_E—Tﬁ'r-e-:devel-::rpec'l a

nitriced case on the stainless steel. When etched in nital

or viliela's reagent the nitrided case was clearly revealed,

Figure 3.20 shows Lthe microstructures CiTBtainless steel
nitriaed at £40%- For 24 and 46 hours. These micrographs
show that on etching witnh nital or viliEEgus;rcagent, the
nitrided case appears dark. A uniform white laycr similar to
that founé on plain carbon steel or aluminium steel waszs not
obtainced on stainless steel, However,-sOme i1rregular white

WrmT

-+ precipitates were found ‘on the cuterDportion of -the nitrided

SRR T -

case (Fig. 3.20(a})., Figure 3.ZU{bk;ghéﬁgggﬁgiﬁﬁbtomicrograph

of the stainless steel nitrided for a longer time periods

(46 hours}. The white layer=formedomitep—dé-hours of nitriding

T s e R

- i Tound to be quite thick_although==t=s-—still discontinucus.

The laycr is also found to contain cracks. Ho carburized layer
and grain boundary phase were observed in the nitrided stain-

legs steel.

—_——— - -—x

—_ . o=

The case depths of the nitrided stainless steel samples were
casily measurcd with & measuring .eyeplece after etching the
specimens with nital, The thickness valucs of the nitrided

cage formed under varicus nitriding conditicens are shown 1n
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|
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|

B e a e —_—

table 3.10. The values of the casc depth squared woere alsco
ploted against Litriding time for samples nitrided at 54GD

and 580°C. Thesc ﬁlﬁts-are shown in fiqure 2.21, The figure
indicales that at both 540°C and 580°C the thickness of the

I nitridcd case increases parabolically with time. From the

slopes of the above plots the growth rates of the nitrided case
on stainles; steel were calculated and arc shown in table 3.11
along with some p;blished data ovn Enl®% steel. It is found that
the growth rate of the nitrided casc on the stainless steel
increases with nitriding temperature, However, these values
are much lower than the corresponding values fc; the commer-

cial nitriding stecl (En 19) nitrided onder morc of less siml-

lar nitriding conditions. i
o
!

-~

f

- } /
- = -~ I ThE:Hardness profiles of the stainless skteel -nitrided at = - -

different temperatures for various time pericods are shown 'in”

) figs. 3,22, 3.23 and 3.24, It 1s scen that under all the

im. = —nikriding conditicons the hardness versus distance curve assumed -

(I |

————hefurmof a typically steep profile which is characterized
by the abrupt drop in hardness at the pitrided casce-core

interface.

- “—Itv Tt—=ten that thc hardness of the nitrided casc remains
more or less conskant throughout the case. Casc hardness of
the stainless stcel nitrided under varaious conditions is

given in table 3.12. From the table it is also cvident that



the hardness of the case dépends on the nitriding temperature
ag well as time. It is found that at 500°C the maximum hard-
ness 15 obtained after 24 hours of nitriding while at 580°C

it is obtained only after 8 hours. The maximum hardness obta-

ined at 500°C is higher than that -obtained at 5809C.” Nitriding -..

at s00%C produces a maximum hardness of arcund 1400 vHHN while -

that at 580°C produces about 1200 VHH.

2.4 High Speed Etccl

Like the stainless stecl this material also developed a
well definced nitrided case. As can be seen frDmlfigure 3.25
that nital etches this casc black. ﬁithin this casc thé origi-
nal .carbide precipitates { white SFGts}raré also found. .The __
so called white, layer 1s not saen Shfthis;stegiy_HDweverr_n_
evidence of the presence of a greyish layer on the outer -por-
tion of the nitrided case was observed. Broken pieces of this
layer which is too brittle to spall duringtpolisﬂing weare - found
in some places particularly at corners of the *specimensy:rliither
of éhelcarburized layer or the grain boundary phase was not
found -in this steel.:

f p

o

Figurc 2.26 shows the hardness. profiles of high speed steel
nitrided for 24 hours at 500°C and 540°C. 1t is scen from

this figurc that very steep hardness profiles developed in
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nitrided high speed steel, It is also found that thelhagdness
of the nitrided case varies with distance from the surface.
The hardness of the case 1is maximum ncar the surface ;ud as
the distance from the surface increases, the hardness of the

-———Caze-decreaces. The decreéase 1n hardness ig found to be

rapid for upto 100 pm, it then becomes gradual.

The maximum hardness of the nitrided case varies with treat-
ment temperature. From the hardnees profiles it is observed
that nitriding at 540 for 24 hours produced a maximum hard-
ness of 1450 VHN while nitriding at 500°C for the same time
periocd produced 1200 VHN. 1t was found that the base hard-
ness of the high speed steel decreased considerably after

nitriding. The base hardness of this steel was 550 WHN belore

T m = T m=—im

- — HitrrdingT—it became 300 VHN -after the treatment. The thick--._

——. o E———

——

- . ness of the nitrided casc was found to inmrease with time.

L EE T e e smenTFEEe Hardnces and Maximum Hardness of the Nitrided Stcel

csurface hardness of a nitrided case 1s very often loosely
gquoted in describing the hardness of a nitrided specimen.

tm e JGencrally commercial stecels are nitrided in-an environmenk

—— e —— —— T o

m— e heveg=tompound zone censisting of £ and y' forms to a
thick layer. Below this layer lies the internally niltrided

conc whose hardness is quite often found to be higher than that
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of the compound zone. It is, therefore, gquitc rcasaﬁable Lo
assume that surface hardness may nottbe the proper rcopresen—
tation of the hardness of a nitrided case. Altempts were made
to sec whether there 1s any relationship between the suriace
hardncss and the maximum hardness of a nitrided steel. The
medium carbon and thd aluminium steel specimens were uscd for
the purpose. After nitriding the microhardness was measured

on the surface of these steel samples..Microhardness survey
wag also carried out on the mounted and polished cross .seckions
of the samc samples. The surface hardness along with the maxi-
mum hardncss obtained on the c¢ross scction of these steels arc
shown in table 2,13. From the table it is cvident that in the
case of medium carbon steel, the surface hardness 1s always

lower than the maximun hardness. IE alsc shows that hardness
F

difference ~is higher-rat higher-nitrfding1temperature.nln the i ..

case of aluminium steel the difference betwcen tne surface

hardness .and maximum hardness.is insignificant.

3.6 Sunmmary -
;
L thick, well defined white layer developed on plain carbon

stecl. On mild steel nitrided at 500° and 540°C and medium

o

carbon stecl nitrided at EDDD, 540> and SBDDE the whikte :

layer consisted of g—and v'-phases. The white layer on mild
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gtesl nitrided at 560°¢C contained a new phase in addition

to the ¢- and ¥'-phases. ﬁitridlng at §8UDC also produced

a number of precipitates [ which could not be identified)

in the white layer of nitrided mild steel. The e-phase which
cccured on the outer portion of the white _tlayer was thicker
and porous and its porousness was found ta increase with
nitriding time as well as temperature. The y'-phase was thin
and denge. The growth of the compound zone and 1ts constituent
phascs was found to be parabolic with time. The total thickness
of the white layer was found to be higher in mild steel than

in medium carbon steel. However, the thickness of y'-phase was
iower and that of c¢-phase was higher in mild steel., A non uni-
form, irregular dark etched layer was sometimes found to ocour
helow the white layer. This black?QOHE.is thought o be part ..
of the nitrided layer. No carburiigd’layer;and grain boundary

phase -could- be detected-in the plain -carbon=steels.. -~ .
f

»

i

The maximum hardness of the nitrided. casc -was .found to occcur

in the -white laver in both the milé and.medium .carbon:steels. --

Davelopment of hardness in the nitrided layer of thcse steels
was negligible. The slope of the hardness profile was oObserved
to be steep at the white layer-nitrided layer interface but
guite shallow at £he~inter£ace between the nitriacd case and

the core. White layer formed on medium carbon steel was found %,

to be harder than that on mild speel.
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Nitriding of aluminium steel produced a dense white layer
which consisted of € and y'- phases. The 19yer was found to
be thinner than that on the plain carban steels., DBelow the

white layer a zone wWith FElENE precipitation was observed,

Nither the carburized _layer nor the grain boundary phase

WaS Eound in this steél. In the aluminium steel too the maxi-
mum hardness of the nitrided case occured at the white layer.
T"he white layer formed on aluminium steel was found to be
narder than that on plaln carbon cteels. Development of hard-
ness in the nitrided layer of aluminium steel was considerahble
when the nitriding temperature.was 54GD angd SEGDC. However,
hardness developement, was not significant whenlnitriding
temperature was 500°c. The hardness profile at the nitrided

layer-matrix interface of the aluminium steel was found to
T
- - - F
pe steeper_than that of the plain carbon.steg@ls. .

T

In nitrided stainless steel a quite irregular white layer

= am e v —m )

was _found. This layer was alse observed to contain cracks.

S e LR R I T S

No white layer was fdund in high speed steelv-However ,-evi-
dence of the presence of a greyish layer on the couter porticn
of the nitrided casc was observed. In koth the stainless

¢

ctecl and high speed.steel a well defined nitrided case
develﬁpéd.-fheﬂﬁﬁséﬁdbpth in the stainlcss steel was found .
to increasc parabolically with time, The hardness profiles

on these slecls were found to be typically steep. The hardness

doveloped on the pitrided casc of these stcels was guite'

Iliigh. The hardness of the case was found to vary with nitri-
ding tlme as well as temporature,



TABLE 3.1

List of Ltching Reagents

Reagent Conposition

Nital Zmi HND3
98 ml =thyl alchol

Ficral 49 m picric acid

100 ml ethyl alcohol

Oberhoffer's lgm cupric chloride
reagent 30 gm ferric chleridge
0.5 gm stannous chloride
50 mil Hel

500 m%xdistilled water
500 .ml ethyl zicohol- ---

villela's ~* '1 gm picric_acid :u~
reagnet ‘5 ml Hel.o.o_
’ 100 ml ethyl alcchol




TABLE 3.2

Microhardness in VHN of '~ and £ - phase in the
compound zonc of nitrided mild steel.
Tem - g hcours 16 hours 24 hours
DC- 1 - 1
) £ f £ ¥ £
500 - 5304+25 - 580 + 20 630 +201580 120
540 - 530+20 - 500 +30 600 +25 470 +30
580 630 £50+20 | 580425 440 +30 520 20 1420 +40
; r;‘
‘/ el =
e o
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Table 3.3

Total thickness in um of the compound zone of mild steel

nitrrded under disforent conditions

Nitriding Thickness of the compound zone, ym

temp.

o0 8 hrs. 16 hrs. 24 hrs.
w

EO0 24 36.5 41

540 47.5 G g0

L80 85 118.5 136

T T R TTe——— e —

_ == — v A e oy
- —_ —— — T e — L AT B,
- —_ —_ —  ———— ——— —




Total thickness in

TABLE 3.4

steel nitrided under various conditions

um of the compound zone of medirum carbon

HNitriding Thickness of the compound zone, pm
_temp.

Oc 8 hrs. 16 hrs. 24 hrs
500 i0.k - 18
540 20 - 35
580 - 50 - - + 60 G-

[P
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Thickness of

TABLE 3.5

b

y' and ¢ -phasescf the compound zones of mild

steel pitrided under different gondltions.

Nitriding Thickness of di1fferent phase of compound zane, -um
temp.
. g8 hrs. 16 hrs. 24 hrs.
O & ¥ E v’ €
500 22 2.5 34 3 3g
5510 45 4 65 5 BG
580 70 g i 140 9 110 ___




TABLE 3. 6

Thickness of v'- and ¢ . pha&se of the compound zone of medium

carbon steel nitrided at different temperature and time.

Thickness of different phases of the compound
Zone, pm o

Tenp. B hrs. 24 hrs.

Dc y ! & ¥ £

500 2.5 B q 14

E40 5 15 8 27

580 15 35 20 40




The growkh rates of

3.7

TALLE

-\r,- 1

- d
FC4N Al

nitrided at different temperature.

e=Fe N of

3

D.1% C steel

Nitriding Growth rate, cmzfsec
temp. .

Mild steel Pure iront gl
Gl:: -T-r C LIN E**

=12 -10 -12 -1z

a0 1.128 = 10 1.8%x10 7.5 xl0 £Z2 ox 10
540 2.78 x 1022 | g.33x107 "
580 8.68 x10 12 1.56x1077 -

* Nitrided at 520°C in 30% NH

3

x* Nitrided at 520°C .in 80% NH

3 -




TRELE 3.8

Thickness of the new phase prescnt in mild steel when

nitrided at 580°C-only.

Hitriding time, hr Thirechkness, um
8 10
l& 10.5
24 17
Ilrlr




different

TLBELE 3.4
Case depth of aluminium steel nitrided under
condition.
Nitriding Case depth, um
temp.
C. 8 hr 24 hr
500 120 320
540 (XNNH] 800
580G 200 1200




TABLE 3.10 .

Thickpness of nitridoed case of stainless steel nitrided

nnder warious condition.

Mitriding Thickness, ._pm  _..
temp.

OC A hre. lé hrs 24 hrs.
500 15 aq -
540 100 140 170
580 105 155 180




TRELE 3.11
Growth rate of the nitrided layer of stainless steel at

different temperatures.

Nitriding Growth rate , cmzfsec
temp. Stainless En 19 (&#}
Dc steel |
- -5 -8
B4 3.125 x 190 1.889 x 10 %
-9 -8
580 2.901 = 10 3.148 =» 10 Ll

* Nitrided at 520°C in 80% NH, [
s

*% Nitriged at 5707C in 0% -NHj e[



TRELE 3,172

facze hardness of stainless stesl pitrided under warious

condition
Temg . CasF hardncss, VHK

B hours 16 hours 24 hours
S5G0 9zZ5 1200 1400
540 so0 1200 1050
>80 1200 1400 1100




TEBLE 3.13

Relaticonship between the surface hardness and maximum hardness

of medium carbon stee] and aluminium stecl.

Material Nitriding HNitricing Surface |Maximum
tewng. times Hardness tHardness
Dc hr. VHN viN
Mediuam 500 d45 509 .
| 24 | 460 509
Ccarhaon |
|
540 ? 385 701
gsteel -
| 24 : | 330 766
. 7
aluminium 500 8. 60 766
¢ 850 §91
i
steel -
togpg - g ¢ STF0 e g00 .
" P24 =4 770 641




Fig.

3.1: Optical micrographs showing the gompound zone
and the wvariation of 1its thickness on different

plain carbon steels

2. mild stecl nitrided:at SBGDC for 24 hours
_f 1

in 100% NH3 -
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" Fig. 3.2: Microstructures of compoundé zone of mild stecel

revealed by different stchants -

a) nital revcals the boundary.between e-and y'=phe
. , :
! .
b} Villela's reagent' alse distinguashes £= and
¥ ~phase -- .- :

£} Oberhoifer's reagent dissclves-the-outer. -
c=phaso.
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Fig. 3.3:

Optical micrograpns showing the compound zone

medliun carbon steel as revealed by different

etchants . ’

' 1
N ; !
’

!
a} nital diffcrentiates outer, porous e—phase
from-inner, denses=y'=—phase

b} picral also distiguishes :e- and v'- phase
but legs distinctly

c) Oberhoffer's reagent dissclves e completly
and Ifavesy' uhatbdcked.™ ~
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¥ig. 3.4: Optical micrographs showing the new phase
{columnar grains) at the inner side o¢f the white

layer formed at EBDDCH_

a) for B hours, etched in nital

"
-

b)Y for 24 hDurs,netcheﬁ-in nital s=.

¢) for 24 hours,.;etched in Oberhoffer's -reagent
: and then nital.
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Fig. 3.5:; a) Uptical nicrograph showing the gntraped new
particlse in the white layer of mild nitridec

at 580°C for 24 hours.

b} Same as above but with-hardneas indentation.

v
r

marks. -
’

-
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Optical micrograshs showing the variation of
thickness and porcusnesscof compound zone formed

on mild steel at different nitriding time and

temperature{ nital etched:.

a}) nitrided at EDGOC for 8 hours
by nitrided at SUGDC for 16 hours _
¢} mitrided at 500°C for 24 hours

d) nitrided at 540%¢ for 8 hours

2] nitraicded at Séﬂoc for l16& hours
£l nitrided at SQDOC for 24 hours

g) nitrided at 580°C for 8 hours

h] nitrided at.EBUGC for 1& hours
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Porocusness of white layer is distinctly

chown by

&) nital, but nok by

b} vililecla's -reagent ‘

. . w)
Scth spocimens were hitrided at 540 -C for

24 hours.
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Fig 3 B VYorigtien of fthickness of compound 2zone of

rad steel
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with nitmiding time at different
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Fig. 3.9 =Variation “ot—thickness of- E':Fe'gﬂ"'uf"fhé —
compound zone of mild steel wifh mitriding
time ot differant temperatures. _
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Fig. 3.13 Hardness profiles of mild-steel nitrided

for 24 howrts at different
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9007
¥
& — 500°C
& — G40 C
7501~ ¥ — 530°¢
i
600
=
=€
> 450
v
v
[T}
=
< 300
E e
1500 oo
1] l | I . ! i 1 -n
a 100 200 w0 7 400 540 m

b
Depth, pm ——=

Fig. 3114 -Hordmess-profiles of. medium--carbon:steel
nitrided- for B hours - =-:-

L % -



¥HHN

Haordness,

oo

¢ — LoP{
L4 — Ga0"C
750 X — 967

S00

450

300 m— e VN
150 |-
0 ! 1 [ 1 J

0 100 200 300 . 400 500 600

Depthiimm ——=f s -

Fig. 315 Hardness.profilés-of-madwmacorhon-steelc- =

mitrided far 24 hours ot “dif ferent temperalbures,



-l

Microstructure i Aluninium steel nitrided
O
at 540 ¢ for

al 8 hours
LYy 24 hours

Ehowing the white .layer .and FElENE needles.
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Fig. 3.17 :

Microstructures aof compound zons of Aluminium
- ] ~
steel nitrided at 580 C for Z4 hours rovealed

by different etchants
a}l etched i1n nital

b} etched in pberhofférs reagent.
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Micrositructures of strainless steel

a} pitrided at 54ﬁGC Ifor 24 hours

b}

i) etched in naital _
i1} etched in-Villela's-r=zavent,- both-show-a
well defirfied nitrided case with a guite

irregular white layer ot the cuter portion

. o
nitrided at 540°¢C for 46 hours, shows .an
uneven- but somewhat.conkinucus white layer

containing cracks(situated at corner of the

specimen) .,
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CHAPTER - 4
DISCUSSION .

4.1 Compound Zone

E regular, continuocus compound zone or white layer forms on

the plain carbon stcel and Lhzjgfﬁﬁinlum steel. In stainless
steel an irregular compound zone, whicﬁ appears at places,
forms under the present nitriding conditions. No white layer
can be found on the high speed steel. These observations are
gquite in conformity with the fact that1the presence of alloy-
ing elements particularly, the nitride formers hinder the
formation of the compound zonmc. Aluminiuvm steel contalns only
a small percentage of aluminium. Hence 1n this steel hindrance
to the formation of the white layef is relatively small. In

’ !

stainless steel the amount of the nltrlde [Drmer i.e., chro-

AR o s g — £
-1 N

mium is guite hIHETrahout A gfr—HENce in thls steel formation
of white laver is morc diFfficult. High specd steel contains

skill larger amgunt of the"ﬁitriﬂe—fcrmer, nominally LE8%

e~ ——

tungsten plus‘ﬂﬁlchrdmlum Hiuz:j%:yanadlum and in this steel

white layer does not form at all under the present nitriding

v

conditions.,

f

erent on dlfierent steels. In plain carbDn steel the outer

portion of the white layer i.e., the c-phasc ig found to be
gquite porous. Porousness of this phase is found to increase

with the increasc of nitriding tempcrature as well as time.
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The whitc layer formed on the stainless steel 1s guite irre-
gular, only a few grains appcar at places. HOowever, the white
layer formed aftcr_4ﬁ hour-nitriding 1s‘somewhat continuous
gspecially at the corner of the specimen and 1s relatively
thick. This layer is alsoc found to contain cracks. Billion
and Hendry (15) nitraided AISI 316L stainless steel and have
shown that cracks developed in the white layer cf austenitic
stainless steal 1f the formcr consist predominantly of y’'.
This is becausc the unit cell dimension of the 4 '- phase 1is
longer than that of the austenite form which it forms., The
white layer consisting mainly of y'- phase thus grows in
compression but when the layer grows to a considerable thick-
ness stress rolaxation occurs at the free surface. A stress
gradient is thercfore established across the white layer and

r

this results in a bending force that tends to lift the layer

r

upward and causcs cracking. In the present investigation, it

iz believed that the white layer formed on AIBI 204 stainless

gteel consists predominantly of y'. The occurance of ' as the

predominant phase in the white layer is due EO the presence of —= =

coneicerable amount of nickel in this Bteel. Because it has
been found (15) that nickel stabilizes y'- phasc in the white

layer.

v

e
it i1s found that at all nitriding temparatu;gugnd time the
total thickness of the white layer formed on the mild steel
containing 0.1% carbon is higher than that formed on the

-
medium carbon steel containlng D.44%C. Recently BHague (16)]

—_——m

-t

i
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has shown that kEEplné the pcrcentage of all other elements in
steel constant, increasing carbon content increaseés the tokal
thickness of tho wﬁite layer. Dut in the present investigation
total thickness of the white layer is found to be lower in

steel containing higher amount of carkon. This apparent ancm-

aly is thought to be duc to the presence of variable percentaucs

of other elements particularly manganese and si1licon in these
cteels. The percentages of manganese and gilicon 1in mild steel

are 0.77 and 0.037 whereas in medium carbon steel these are 1.26 _.
and 0.17 respectively. So it secms that higher percentages of

these vlements are responsible for the lower value of the total
white layer thickness in mediun carbon steel, Further, the measure-
ment and compariszon of the thickness of the constituent phases

1n the white layer of the two stecls show that the thickness of

¢ is lower.and that of ¥' 1s higher fn the-mediun carbon steel. *
Thefthicknessrnf v% in the medium carbon:steel nikrided-at a - -
higher-£cﬁpeature fqg-a-longer time period is duite; high

v

- ¢
which -is not expected as far as the fc-N Or fe-n-Cim system

is concerned;;because-the_-y'— phase is stable only within a
narrow range of composition. Billon and *Hendry{lS}guhave-rw-.;ﬁ
found that nickel, whg; present in stesl, dissolves in !

thusg stabilizing it. Sé, ana.lcrgnr:u.xslj,g‘Ir it is thought that the
presence of higher amdunt of manganese- and 5111;0n“in medium
carbon steel.-stabilizes the Yf-fﬁhase;and}increases-1ts

thickness. This implies that mangancse and silicon help decre-

age the thickness of the ¢ - phase to a far greater extent such
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that the total thickness of the white layer in the medium

"

carbon steasl is lower. However, investigaticn need to be car-
rieé out to confirm this explanation. The growth of the
white layer as a whole as well as the individual phase in it

arr found to be parabolic with time which implies that their

growth is diffusion controlled.

4.2 DiffFerent Nitrided Zones

T+ has been establisheé that when a commercial nitriding steel
is nitrided, & compound zons, a nitrided laycr, a grain boun-
dary phase within the nitrided layer and a carburized layer

form {13). Below thc compound zone lies the nitrided layer

in which alloy nitride precipitates-of subnicroscopic -s5lzes - -

are present.%It.has-been;fOund_that'the;alloying_elgments

- such as chromium in a nitralloy remain as carbides. insthe z-.

"
v

quenched and tempered state. During nitriding, whenrnitrn—
gen reaches thesc allcf;carbides, the latter-decompose and -~
precipitates cof-alloy nitr;des.form:wanﬁ sek the ecarbon- free,
& part of this carbon leaves tne steel through the surface
{17}, a part precipitates as cementite at the prior austenite
grain boundaries in the nitrided- layer- and the rest.is found
to migrate .and form the carburizedslayerzahead .of .the nitri-

ding front.
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In the present investigaticn no grailn boundary phasé and

"

carburized layer arc found in the nitrided plain carbon steels.
This is what is Exfected. In plain carbon steel no stronger
nitride formers like chromium, molybdenum etc, are present.

So mostly iron nitride is formed in the nitrided layer, On
cnteripg the steel, nitrogen finds enough free iron atoms to
form iron nitride and thus the carbon which is present as the
iron carkide in the guenched and tempered-plain carbon steels
remainsundisturbed. No carbon is, therefore, allowed to form
the grain boundary phase or carburized laycr. Although in thc

plain carbon steel there are s50Me s1lieon and manganesc,

4
which are very weak nitride former, these can not contribute

to the formation of the grain boundary phase and the carburi-

zad layer; because sllicon:and:mcét of the manganese remailn

¢
¢

in EDlutlﬂn in thec quenched rand stempered plain: carbonhstcel

and hence can form nltrlde ‘without dlsturblnq -carbon.- =,

"

!

il

It has already been-stated that-in a nitrided nitralloy :the _ -

» -

nltIldEd layer which occurs below the white layer, 'is

actually a zone wlth enhanced precipitation of alloy nltrldcs

L

e.g.,'chromium—,alumlnlumr, leyD@enum— nitrides etc, ¥n Lthe
plaih.cérbon atecl, -wnich contains .no strong:nitride former,, .
the region kelow the white layer contains jprecipitate of

- a - ]
vron nitride and possibly some manganese and silicon~nitride,

-
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T

Heither of the etchants uséd in the present study could

reveal this region clearly. However, nital etches shows a dark
region kelow the wﬁite layer. This dark region which is actua-
11y a part of the nitrided layer is believed to be nitrogen-

pearlite.

The absence of the grain boundary phase and the carburized
layer in the aluminium steel can be explained in the following
manner. Aluminliur is pot a carbide former, it remains in the
quenched and tempered steel in solid selution. 5o, durlng
nitriding the formation of aluminiuwm nitride in the nitrided
layer does not involve liberation of carbon for forming the
grain boundary phase and the carburized layer., In the aluminium

steel the percentage of carbon is wery -low. AS a result water

v
r

e —_— bquenﬁﬁ1could not produce.martensite in this rsteel, 150, ~in the °,

Py ™ AT manmma ' —

guenched and tempercd state-this steel-consists mostly of - .

r

-  ferrite. .During furnace coeling after nitriding, the supcr

+ - saturated nitrogen ferrite below the white -layer decoOmpOses. _

As a result of this decomposition the metastable-nitride, -Fe, N, -—
forms which was found to appear in the microstructure of the

nitrided aluminium stcecl as precipitates with the character-

istic needle shape.

In stainless steel a large amount of chromium 1s present.

Nitriding of such a steel containing a high perccntage of

-

nitride former proceeds by the advance of a hard, sharply
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defined nitrided casce because all the available nitride

former ot the nitriding front must be consumed hefur; nitro-
gen can go deeper into the steel. On etching the nitrided

case ls claarly revealed., Ho grain boundary phase and car-
burized layer are found in this steel. Although a small amount _ .
of chromium is uscd up in precipitating carbon as chromium
carbide during nitriding, the temperature of which being within
the sensitizing range, considerable amount chromium still
remains in solution. The chromium in solution .can form nitride
as long as nitrogan is avalleble, so there is no need for the
dissociation of chromium carbide to supply chromium for the
formation of chromium nitride. Thus no carbon 1ls set frec

for producing the graln boundary phase and the carburized
leyer.,The growth of the nitrided casc is found to .be para-.. .

- -

bolic with timo. This . is quite ip agrecment with the nitri-.

'_"'-_'l"-""?'

ding modcl suggested by :Light foot and Jack tllf‘ The growthi—rss |
rate of the nitrided case in EtainlEEEPBtEEl is found to be

lower than that of the nitrided layer in ﬁii;q}}ays.'?hls is _“r**

Lo

_—

" m o pma

cxpected, becavse according to the above model thickness of -

St m— = -

the case decrcases as the amount of alloying clement increnses.
Kigh specd steel 1s higly alloyed with strong nitride former.

50, it ls natural that this steel, Ylike the stainless steel,
[

develops a hard, sharply defined nitrided case. In the quen= . =
- - - TR -

ched and tempered condition only a fractlion of the elloying

glements remains as carbide and the rest which remains in

polution can directly form the nitrides without disturbing
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the carben. 5o it is logical that this steel does not form the

grain boundary phase and the carburizea layer.

4.3 Precilpitktation of 3 New Fhasc

The fofmation of a new phase.below the ' phase of the com-
pound zone has already been detected and described in section
3.1.2, This phasc £ormes in mild steel wheon nitrided at 580°C
and it 1s hardcer than the ' ande of the white layer. Thc
Lnickness cof this layer increases with nitriding time ({(Table
3,8). This phase can easily be detccted by using-etching
technigue. The reason for the formaticn of this new phase in
this steel is not known, No information is available regard-

ing the precipitation of such_phasé.in.ahy gteel._It is assu-

‘med on.the basis of the information of Hudson and Perry (18)
-

thét,this:phase-may"be’austenite._ln medium_ carbonistesel oo

having 0.55% carbon nitrided under the same condition this

rhase was absent. ﬁith higher percentagce ol carbken, the
austenite;prec1pi£aticn-is—repnfted'{19} to boe-the easier. . s

Hence the new phase in 0.1% carbon steel may not Le the
J r
!

f
f

ausztenite phase,

4.4 povelopment of Hardaness-and Hardness .Profile

Tt has already been described that a compound zone forms ©n
the plain carbon steel and below this zone is the 2one con-
taining nitrogen saturated fcrrite mixed with pearlite/

carbide. 3o there iz little possibility of developing higher

=y

o a
R
o
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hardness below the white layer. The high hardness reglon on
these steels, thercfore, would pe the compound zone. The com-
pound zone of the medium carbon steel is harde£ than the

mild steel. This is becaunsc higher amount of carbidc is incor-
porated in the compound zone of the medium carbon steel. -

Of Course, the compournds of mangancse also cenkribute to the
high hardness of this zZone. Although the hardness versus pone-
tration distance curve 1n plain carban steel is very steep at
the white laycr-nitrided layer interface, the curve is shallow
2t khe interface bebween the nitraded layer and the core. This
15 guite reasonable; bocaunse in these slteels there-1& no strong
nitride former as a consequence of which high hardness 1is not
developed in the nitridea layer. In aluminiuom steel the white

i
layer is harder than that of the mild steel., It i5 thought--to- - -

4

be duc to the presence.of alloy nitfides:insthis-compﬁund,ﬁu4=.l
zone. Beleow the white layer there is a high hardncss =region;
however, 1ts hardness_is_lower than that of thelwhite laycr.
Thé higher .hardness of this_regiOn,as,ccmpared~to=that-in : .
the plain carbon steel is due to the formation-of--aluminium . ...
nitride, The higher;steepness of the hardness profile at the

i
interface betwoen Ehe nitrided layer and the core in this
steel.1s alsc due éo the presence of alumiﬁ{um nitride in the
nitrided layer, It is found -that=the development of hardness.. =
in this nitrided layer formed at a lowerl temperature €.9.
EGEDC is peoor. Howocver, at highar temperatures £.9. 540D and

580°C development of hardness is considerable. This, it is
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helieved, is due to the fact that nucleation of aluminium

nitride is difficult at lowser temperatures.

in stainless steel, a steep hardness gradient deve loped

under all nitriding condition. This is likely to happen.. e .

_Because the amount of chromium in stainless stecl is guite

high, sc there is a sufficiently strong interaction between
nitroygen and chromium and the nucleation of chromium nitride- ..-.
is easy at the tempsratures uscé in the present investigation.
Ls a result the nitriding reaction in stalnless steel proceed-
by the formation of a hard uniform subscale and this subscale
advances into the material developing the steep hardncss
profile. It is ficund thet the hardness dewveloped in this steel
is considerably higher than that developed in a commercial

nitralloy. The maximum nardness developedf?nﬁstainless_stee;:gﬁ1.

EE |

in the present investigation is 1400 *VHN whereas the maximam --
¥

hardncss- of the nitrided case .0f & conventional nitralloy is . __

usnally 1000-1100 VHN. The total amount-~of nitride-former-in- -as.

stainless steel is considerably higher-than ﬁhat in & nitra-
lloy. Therefore, the veolume fraction of the nitride particles
which arc responsihle far increased hardness is higher in

the nitrided case of stainless steel. This is-the reason-of- - .
increased hardness of the nitrided case of -this-steel. It '~
can alse be found that the hardness ¢f the nitrided case

Gepends on the nitriding temperature as well as time. At

lower nitriding temperatures maximum hardness iz obtained



after a longer time period while at higher temperatures it

itz obtained after a shorter nitricing time. This is logical.
Berause maximwe hardness 1s obtained when the nitride par-
ticles reaches a critical size. At lower nitrading temperatures
it takes time for the particles to grow to the critical size
whereas at higher nitriding temperature critical size 15

reached at the earlier stage of naitriding.

It is f{ound that surface hardness of thc nitrided medium car-
won steel 1s lower than the maximum hardnoess obtained in the
nitrided case. The explanation of this difference in hardness

lies 1n the fact that at the surface occours the porous and

v

softer g-phase.-Below the eg-phase is the denée and harder y!

“

. . ! /
phas¢ on which the maximum hardness- cccurs. 50 when the

curface hardness-is-measured,-the 1ndentor .sinks:into the e-

-
T

phase and indicates - its hardness. The difference botween -

the maximum hardness and the surface~hardness: increases with- «

the increase of nitrading temperature..'fhis:is bccausc the -rm-

porosity and softness of € phase increases with temperature.

In aluminium steel the maxXimum hardness and the surface
1

hardness are nearly the same. The reason is that in this
steel the white layer on which the maxlimum hardness occurs 1§
quite dense and have nearly the same-hardness across its .

crogss scotion.
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rrom the above discussion on the surface hardness versus L
ma X imum hardnéss, it may be concluded that surface hardness
may sometimes yive a E3113010u5 result particularly on
samples having a thick and porduas phase at the surfacc. The
curface haroness of a nitrided sample thus may not be the R
maximum hardness value that gevelops £hrough pitriding. In -
crder to get the maximum hardness of & nitrided spocimen one
chould measure the hardness along the cross section and not .
on the surface. It should be noted that the porous phase of

the compound zone 1s very ¢fiten brittle an¢ it spalls in no

time in service leaving a harder surfacce bencath it.

4.% implication of Nitr2ding of Locally Avallable Steels

.-’I l,.r - - L
Large .number_of spare, parts of many of the-industries in. o
Eangladesh -are . akt present-being impDrted.EAttempts;haue r@#-
been madae by various concerns to manufacture these spares -
using -local material and technology. -1t has beén:reported
- )
that many spares-.can be fabricated.wicth. the local know-how _:‘;ﬁ
but due to the scarcity of proper material and heat truﬁtment
know-how, these sp;res can be used for a shorter period as
compared to that of the impDItEﬂIDnEE. The only surfaco treat—:
ment the manufacturers usually apply L0 thelir spares .is -
curburizing followed by hardening. The maximum hardness that .
can be attained by such a treatment on plain carbon steel'is-ﬁd 

around 750 VHN. BHut by nitriding onc can achieve a hardness

of upto 900 VvHN in plain carben steel. 5o if spares are /

regqulred with high hardness and wear resistance , steel wiig
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higher carbon can be uased after nitriding treatment. For a
still higher hardness, stainless steels can be used after
nitriding, which develops a hardness value as high as

1440 VHHN.

in most of the workshops high speed steel 1s used as a
cugé;ng ool apd it has been shown in the prescnt investi-
gaticn that by applying nitriding treatment, the surface
hardness can be increased to a value which is double Lo
that of the nardencd state. Therc 1s, therefore, a scops to

inerease the service life of high speea toCls through nitrai-

ding treatment.



5.1 suggestions [or Future WoIrk

1.

[

he now phase ané other vrecipltates that form in the white

1]

laycr of mild steel nitrided at 580°C should be identified

and the conditions vnder which they form should be establisedsr-

Effsect of silicon and mangansse on the nitrided case parti-
cularly on the white layer of the plain carbeon steel should

b systematically studiec.

Service behaviour of nitrided kool steel ehould ke investi-

gated,
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