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ABSTRACT

Gas carburization of four 0.10% -carbon steel samples contai-
ning about 0.35 to 0.85% chromium and about 1.20% nickel singly
or in combination and of five 0.15% carbon steel samples containing
small additions of vanadium, alumlnlum and nitrogen singly or in
combination has been carried out in a natural Titas gas atmosphere.
at a temperature of 950° C and a pressure ~of about 15 psia for time
periods ranging from 1 to 5 hours followed by cocling slowly in the
furnace. The microstructures of these steels were investigated by
optical microscopy,.and the austenite grain size of-the case and the’
case depths were determined.

Another batch of specimens of the above steels was carburized
for dlfferent periods of tlme under identical conditions of temperature
and pressure and quenched in 10% brine from the carburizing tempera-
ture of 950°C after pre-cooling to'BGOOC in the furnace followed by
tempering at a low temperature of 160°cC. The,strucfure and properties
.such as hardness and hardenability were studied systematic¢ally by
optical microscopy and mlcrohardness measurements respectlvely

The Charpy V-notch specimens made of the steels were heated
at. 950°C for 1 hour and guenched in 10% brine after pre cooling to
860°C in the furnace followed by tempering at a low temperature of -
160°C and tested for impact energy absorbed in order to assess the
toughness of the core of the carburized steels. '

It was found that chromium increased the case depth of the
carburized steels while nickel decreased it. Microalloying elements
such as.vanadium with or without nitrogen and aluminium with nitrogen
reduced the case depth of the carburized steels. Vanadium without
niﬁrogen was more effective than vanadium with nitrogen in reducing
the case depth while aluminium with nltrogen is the most effective
of .all in reducing the case -depth.

Chromium as Cr3C and nickel refined the austenite_gréin size
of the carburized case but nickel was found more effective than chro-
mium in inhibiting the austenite grain growth. The undissolved parti-
cles of vanadium carbide, VC, vanadium carbonitride, VI(C,N) and alumi-
nium nitride, ALN, refine_the austenite grain size of the carbuiized

case, but V(C,N} is much more effective than VC and AlN is the most



effective in inhibiting the austenite grain growth in the caée of -
‘the carburized steels. |

It was also observed that both chromium and nickel promote the
formatlon of retained austenite but chromium is more effective than
hickel in promoting the formation of retained austenite in the case
of carburized and hardened steels. Vanadium with nitrogen and not
vanadium without nitrogen is effective in promoting the formation
of retained austenite in the case of carburized and hardened steels
while aluminium is the most effective in promoting the formation of
retained austenite in the case of the steels.

Microhardness measurements have shown that chromium in solu-
tion and as Cr3C increases and nickel in solution decreases the
‘hardness of the case while both of them increase the core hardness
although chromium is more effective than nickel as far as core
,hardnéss is concerned. The updiséolved particles of VC and v{C,N)
1ncrease the case and core hardness values while AIN reduces them;
V(C,N) is more effective than VC in raising the hardness of the
case and core. The hardenability is found to increase with the
increase of austenite grain size and with the extent of carbon
penetration in the case of carburized steels.

Impact test results have shown that nickel and chromium reduce
the toughness of the core of low carbon steels in the carburized and
hardened condition. VC particles reduce the toughness markedly whllel
v(C,N) and AlN particles improve the toughness. AlN particles are

much more beneficial for toughness than V(C,N) particles.
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CHAPTER-1
INTRODUCT ION

The service conditionslof many machiné parﬁs made of steel such
as gears, shafts, cams, etc deﬁand very hard and wear-resistant surfaces
but with tough and wear-resistant cores. Such a combination of proper-
ties is not usually possible from the commercial steels.VA low carboni
steel containing carbon less than 0.20 per éent is sufficiently tough
while a high carbon steel containing carbon upto about 1.00 per cent
posseses adequate hardness and Qear-resistance.,By suitable heat;treat—
ments the high carbon. steel can be made very hard while the low carbon
steel will develbp sufficient toughness4(A machine part peéuiring
hard surface but tough core will require a combination of high carbon
at the surface and low_carbon,for the core which on heat-treatment.will
ﬁevelop very hard_surface and tough core{@;as carburizing is the most.
satisfactory and widely used method of surface hardening of low carbon
(usually less than 0.20 per cent) steelq It is the process bf which the
carbon content of the surface of a steel is increased using hydrocarbon

gases as the carburizing medium. (?angladesh has got an enormous deposit
of natural gas. It has been shOWnl’z'that the Jocally available natural

Titas gas which contains 97.2% CH,, 1.8% C.H_, 0.5% C.H. and 0. 2% CH

4’ 276’ 38 4710

and other higher hydrocarbons ‘and 0.3%,N2,3 can be successfully usefj ;/

as a carburizing medium for surface hardening of low carbon steel parts.
Many machine parts such as drive gears, drive. shafts, cam

shafts, ball joints, steering parts, bearing and bearing_races, con=-

necting rod bolts, studs, kingpins, bus and truck gear, crankshafts,

axles, etc used for heavy duty applications require increased hardness

and wear-resistance in the case and better toughness in the core than



those of common parts made of low carbon steel in carburized and hard-
ened condition. Moreover, advanced aircraft and helicopter require-
ments continually demand improved transmission gear materials with'
increased load carrying capacity, longer life and an ability to retain
their strength and hardness at elevated temperatures upto about 600°F
(315°C) . Ability‘of a material to retain hardness and fatigue resis-
tance at elevated temperaﬁures of about 600°F (3150C) is an important
design criterion for high péfformance gears aﬁd rolling elements such
as those found in helicopter transmissions. Low hardness can result’
%Q permanent surface deformation and distress during qperation, which
lead to a premature failure.é Those parts used for heavy duty applica-
tioﬁs and those used for high temperature applications are usually made °

etc. 47516

£ =

of low carbon low alloy steels containing-Ni,—Cr_and Mo
These alloying elements are effective in improving -the hardenability
of the steels and consequently strengthening the matrix of the carbu-

7

rized steel.’ Although some work has already been done on the cafbu;}—

zing behaviour of these low alloy steels containing Ni, Cr aqd_Mo,eéé.
in the advanéed countries, a detailed.information,ébout the effect of
Ni,Cr and Mo on the structure and properties of the case and core of
carburized steels is nét available,

Nickel when added to steel remains in solution both -in auste-
nité and ferrite, decreases the transformation temperature and improves
tensile strength and toughness of tﬂe hardenedlstee;s. Chromium is so-
luble upto 13% in ¥ iron and has. unlimited solubility in o iron. It
also forms chromium carbide and thus increases hardness, wear resis-
tancg, hardenability-and strength of hardened steels. Mo has a limited
-sQlubiiity in ¥ iron and in o iron énd is a strong carbide former.

It has a strong effect on hardenability and like Cr increases the high

temperature hardness and strength of steels. This element is mos t



often used in cocmbination with Ni or Cr or both Ni and Cr. For carburi-
zing applications it impro?es the wear resistance of the case and the

toughness of the core.s’6

So it is'important to study the effect of Ni
and Cr separately or in combination on the effect of structure and
properties of the case and core of carburized steelé. This work has,
therefore, been undertaken to study the effects of the addition of
about 0.35-0.85% Cr and about 1l.2% Ni separately or in combination
on the structure and properties of the case and core of carburized
0.1%C steel.

It is now well established thaé a small amount wvanadium (0.1
to 0.2%), aluminium (0.04 to 0.06%) and nitrogen (about 0.02%) when
addeé singly or in combination to structural steels improves the

strength and toughness of these steels tremendously.8’9

Currently attem-
pts are being made abroad to use these microalloyed steels in making
machine parts -such as crankshafts, connecting rods, connectiﬁg rod
céps, gears, shafts, cams, etc.10 But the carbﬁfizing behaviours of these
microalloyed stegls are very little known. The main object of this-
work is, therefore, alsc to evaluate the effect of small addition of
v, Al ané ' N singly or in combination on the structure and prcoper-
ties of the case and core.of the carburized 0.15% carbon steels in
-addition to the study of the effect of Ni and Cr on the structure and
.propeitieé of the case and core of the carburized 0.1% C steels.

In Bangladesh most of the—spare'pérts essential for the machi-
néries in various industrieé are being imported from abroad. Recently
a tendency has been observed to produce spares by using loéally avai-
lable material and technology: However, most of such attempts have
not turned out to be‘much fruitful due to the lack of development of

the .required properties in the materials used for their manufacture.

Many spares made of low alloy steels containing Ni, Cr and Mo require



some sort of surface treatment for their proper functioning and longer
"service life. As has been mentioned-earlier that locally availéble
Titas gas is a very success?ul carburizing medium for surface harde-
hing of low carbon_steel pérts. Gas carbufizing (fitas gas), the most
successfull commercial proccess of éurface hardening, can therefore

play an important role in this regard.



CHAPTER -~ 2
CARBURIZING ~ A REVIEW

2,1 The Carburizing Process

Carburizing ié-the most satisfactory and widely used method
of surface hardeﬁing of low carbon steel. It is the process -of adding
carbon to the surface layer of steel. Since the object of surface
hardening is to obtain a hard, wear-resistént surface with a tough
interior, the first consideration is the selection of a low carbon
(usﬁally less than 0.20 percent qarbon) steel. It is then subjected
to carburizatioﬁ to an extent of eutectoid—hypef eutectoid composition
and by subsequent heat-treatment to the desired hardness. There are
three éeneral methods of carburization, each differing in technique;
‘they. are as follows:'(l) Scolid or pack carburization, (2)-Liquid
carburi%ation and (3} Gas carburization. The choice of the method to
be followed depends upon the type of case wanted.

In scolid or pack carbufizatioﬂ process, parts to be carburized,
are charged in a heat-resisting metallic box with carburizing,mixture._

The carburizing mixture is of the folldwing propOrtions:ll

Hardwood
charcoal - 53 to 55 parts, sized coke - 30 to 32 parts, barium.carbonate
-10 to 12 pafts, calcium carbonate - 3 to 4 partsAand sodium carbonate-

2 to 3 parts. The box is then heated to about 900~950°C for a desired
length ofltime and cooled in the furnace, The depth of carburization
depends on time, temperature and the type of mixture used. For exam-
ple, with a typica;-carburizing ﬁixfure of the above probortions, a

case depth of.0.04 to 0.05 inch cén be obtained at 9250C in an over-

. all carburizing time of nine hours including about five hours.heating

11

and four hours holding at. the constant temperature. The pack carburi-



zation is economical and éévantageous for small machine parts; but

it has limitationé in handling larger and complicated parts and also
has some limitations in heat-treatment. Since some o©f ‘the chemicals
such as barium carbonate, hard coke, sodium carbonate, etc. required
for pack carburization are imported and are not available in the iocél
market, éack carburization sometimes beccmes a hard propositicn £o'
follow. Moreover the box containing the chérge when heated gets oxi;
dized and warrant frequent replacement.

The liquid carburization is used for parts reguiring thin car-
burized casés. The dpmplicated machine parts are also carburized by
dipping them in the liquid bath. The carburizing 1iquid Bath is a
cyanide solution from where carbon is diffused from the bath to the,
machine pérts. The peculiarity of this process that the temperature

of the bath is to be maintained slightly above the Ac, line - about

1
temperaturé SOOOC. This procéss has the disadvantages that the material
,as'well as the fumgs corming up from the bath is poisonous.

The practice of carburizgﬁion by-methane as well 'as cracked

’qgas is the latest development.rNatural gas containing methane, ethane,
etc. may also be used_as a carburizing medium, Gas carburization has
many. advantages o;er pack carburizing and is, therefofe, extensiveiy
applied in plants producing ggﬁgharggggd components. in-large lots.
Carburization by gas will have a.higher production capacity because

-of shorter carburizing time. Uniform case depth can be cbtained by the

gas. compared to that by carburizing mixture. Complicated machine parts
can easily be carburized by the gas. It also considerably simplifies
subsequent heat-treatment since quenching can be performed directly

from the carburizing furnace.



2,2 Theory of Carburization

The carburization of steel may be COnsiderea on the basis of
two fundamental concebts. The first is the diffusion, influenced by
the properties of thé steel and concerned with the movement of carbon
in the steel itself; the second deals with the source supplying the
carbon and with the transfer of carbon to the steel surface. These

H

two general concepts may be described briefly:
(1) Fick's law of diffusion: Fick's first law describes diffu-
sioﬁ under equilibrium conditions and is -stated mathematically by:-

d

€1
Jl = Dl ""';{"— (Ref. lla) .. (l)

where D, is the diffusion co-efficient and Jy is the resulting. flux

gradient. '

Fick's second law expresses the non-equilibrium condition of

diffusion where the concentration, at a point, changes with respect -

to time.

de _ d dc Ref 11 |
- =0, (Ref. 1la) .- - (2)

The value of the diffusion co-efficient is ccritical in any calcula-

"‘tion dealing with carburizing or any other diffusion process. The

gl ffusion co-efficient D is defined by:

D =Dp_ & RT (Ref. 12) (3)

where DO is the temperature independent multiplicator in cmz/sec; Q
is the heat of diffﬁsion (activation energy, i.e. the energy required
for one atom to jump to a new position in the lattice) in cal/gramme-—

atom; R is the gas constant (1.98; and T is the absolute temperature



in dégrees\kelvin. The greater is the value of Q, the smaller is the
value of D at a given temperature and hence the slower is the raﬁe of
diffusion,

(2) The equilibrium state for chemicallréactions: The equili~
brium state for chemical reactions may be'represented by numerical

constants, Kp, derived from the general expression

i
I
w

‘Log Kp = (Ref. 13) .. _ (4)

Where Kp is a numerical factor termed the "equiiibrium constant”,
which is derived from the values for the concentrations of the reac-
tants and products of a-chemical reaction. The subscrip£ P denotes the
depéndency of the chemical reaction on pressure. T is the absolute
temperature at which the reaction takes place. A and B are cbnstqnts
derived for £he particular reaction.

Instead of being develéped in a formal way from basic princi-
ples the hechanism'of CafburizatiOn may be analyzed from the view point
of carbon flow by stating the controlling factors.l3 These factors
may be divided for discussion into two distict groups:

(1) Factors that contrOl‘the flow of carbon in iron and

{2) Factors that influénce the transfer of carbpn to the ifon

surface. |

The mechanism may be explained as follows:

'2.21  Flow of Carbon in Iren

Carburizing is concerned with the scolid solution of carbon
in austenite. The limits of carbon content of this phase depend on the
tehperature'and the compoéition of the steel. The solid soiution of
carbon in gamma iron is an interstitial type of solia solution. As

is evident from the iron and iron carbide thermal equilibrium diagram‘

*



Fig. 1, at temperature Below about 910°C pure iron occurs as a body
centered cubic structure. Above 910°C there is a temperetUre range in
which iron has a face centered cubic structure. In face centered cubic
lattice, a relatively large unoccupied "voigd space"dexist in the unit
cell,14 Carbon being an extremly small ‘atom can mofe into this veid
space to produce a solid solution of iron and carbon. When iron has a
body-centered cubic structure at lower temperature, ‘the interstices
between tﬁe iron atoms become much sﬁeller and conseguently the solu-
bility of carbon in body-centered cubic iroﬁ is relatively small.

The penetration of carbon into the iron forming steel will
depend upon the temperature, the time at tempereture, and the carburi-
zing agent. Since the solubility of carbon in steel is greatest above
the Ac3,temperature, carburization takes place most readily abobe thrs
temperature._Furthermore, the higher the temperature the greater the
rate of carbon penetration, since the rate of diffusion is greater.

It is’ customery to select a temperature about 40°C above the Ac, point.

3
The curburizing temperature is an important factor and is usdallf main-
tained within 900°% to 925°, For steels with alloy additions a some
what higher temperature is required. The depth of carbon penetration
depends mostly upon the holding time.

The rate of flow of carbon in austenite depends on values
for the diffusion co-eff1c1ent and characteristics of the concentration
gradient. The diffusion co~efficient is in turn a function of tempera-
ture and carbon concentration. The diffusion of carbon proceeds from
the higher concentration developed from the supply scurces, to the
lower_concentratlon of the core.l3

The general form of the carbon gradient is influenced only by

the range of concentration from surface to the core, For a given



10
temperature, the rate of diffusion increases with increasing carbon.
concentrationf For.common carburising steels and practice, the Surface
coﬁcéntration 1imits are from 1.0 to 1.3%C with core concentrations

13 For its attainment, the standard carben

usually from 0.12 té 0.25%C.
gradient obviously requires a condtant temperature of operation and a
sufficient supply of carboﬁ to the'steel surface, ' |

The case depth for a carburized machine parts may be considered
to be the extent of carbqn'concentration which on heat-treatment
provides the desired uniform mechanical properties. The case depth for
a carburized steel is a functién of teﬁperature and time., It has élready
been mentioned that higher the temperature the greater will Be the
réte of Earbon diffusion aﬁd thus deeper will be the case depth. Expe-

riments shows that 40% more15

yill be the rate of diffusion by 40°¢
rise of temperature, say from'BBSOC to 925°%C,
F.E. HarrislS_has developed a formula for the effect of time

and temperature on case depth for normal carburizing:

31.6 /t
10(67007T)

Case depth =

where case depth is in inches; t is time at temperature, in hours;
and T is the absolute temperature, in degrees Rankine,
For a specific carburizing temperature, the relationéhip

beéomes simply:

it

Case depth =K /t

0.025 Yt for 1700°F

0,021 Yt forllGSOOF

0.018 Yt for 1600°F

it
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When carburizing.is purposely controlled to preduce surface
carbon concentratione somewhat less than saturated austenite, the
case depth will be slightly less than the Harris equation shows. The
case depth determined by the eqguation is total case depth, and for case
depths in the range f;om 0.040 to 0.070 inch it will correspond to a
point on the carbon gradient where the carbon concentration is about
0.07%C higher than'the-carbon content of the core.15
| Recently Merlin E. Williams reported that the results in actual practiee
and theore€tical results are in close agreement and that the metallurgist
and heat-treater can ‘apply the theoriticai diffusion deta to_earburi—-
zing pro_c:ess.l6
Diffusion co-efficients vary with the nature of the solute
atoms, with the nature of the solid structure, and with changes in
temperature. Higher temperaeures provide higher diffusion co-efficients
.because the atoms has higher thermal energies and thereforé gfeater
probabilities of being activated over the energy barrier between atoms.
Carbon has a hlgher diffusion co-efficient in iron because the carbon
atom is small one. Carbon atoms have higher diffusion co-efficients
in bec iron than in fecc iron because the former has a lower atomic

.packing factor.14

The dlffusion proceeds more rapidly along the grain boundaries
beeause this is a zone of crystal imp_erfeétions.l4 Otner crystal
imperfections namely point defects facilitate atomic diffusion more
rapidly. Interstitialcies is the most prominent point defect which

favours dlffus1on of carbon in iron and steel

2.22 Flow of Carbon from the Supply Source

The primary function of tarburizing media is to furnish an

adequaie supply of carbon to the steel surface. The transfer of carbon
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from the source of supply to the steel is involved with reaction,
océuring at this surface. The carburizing agent responsible for the
actual transfer of carbon is a carbon compound; The extent to which
various carbon compound may supply cérbon is related to the conditioﬁs
that determine the equilibrium with the surface of the steel. The equi-
libriﬁm‘compOsition of the reactants and products is;a functicn of

. temperaturé and also of the carbon concentration at the surface.

Low carboh steels when heated to the carburizing temperature,
will be completely transformed into austenite. At the carburizing
temperature austenitic iron is capable of holding in solid solution
an amount of carbon approaching the saturationllimit of 1.7 per cent.
When a source of parbon, such as carbon menoxide is brought into con-
tact with the steel in this condition, tbere will be transfer of car-
bon from the-gas'to the steel. There is a difference of opinion17 as.
to the exact form of the carbon: Some'feel that there is- an interac-
tion of the carbon monoxide and the iron to form iron carbides,'whiéh
are then absorbed by the steel; others feel that the carbon being
brought to the surface of the metal as carbon monoxide will, in the
presence of austenite, breakdown to form atomic carbon, which will
~diffuse as such in the iron. For our present purpose of discussionzlet
us assume that the éction involving the formation, absorption and dif-
fusion of carbon into iron is the essential part of the carburizing.
process.

In pack carburizagion the carburizing compound is in reality
‘the gas producer. In other words, the carbon monoxide is- the result
of the reaction between the carbonaceous compound and the oxygeh from
the air, the air in this case being thé air occulated with the compound

particles. The CO thus formed will be dissociated in presence of aus-
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tenitic iron to give atomic carbon which will then be absorbed in it
according to the following equation:

2C0 = (C) + CO (5)

2 ..
where (C) is the carbon dissolved in austenite at the steel surface,.
Without a further supply of CO this reaction between CO, CO2 and
‘éustenite would goon reach equilibrium and carburization would stop.
Hc—;rty17 states that the CO:CO2 ratio must be above 24.for this feaction
(5) to proceed and also thatlﬁhe rate of penetration must be above
0.01 to 0.02 mm per hodr.

Since, at carburizing tempefature, there is always a large

' amount ©of incandescent carbon present, the CO, will be constantly

2
reduced, so that there will be a continuous supply of CO according

to the reaction:

co, + C

+4

2C0. .. (6)

This cycle continues to repeat itself, and the process of carburizing
will continue as long as the proper temperatures are maintained and
the COéCO2 ratio is kept high enough. In this case the carbon will
be absorbed, the concentration of carbon will be built up at the sur-
face and will then move inward aﬁcording to the simple laws of dif~-
fusion of heat or dissolved substances, i.e. from region of higher
concentration to one of lower concentration as stated earlier.

[ In gas carburizing, the carbon at thé furnace atmosphefe is
in the form of gaseous hydrocarbon compounds (such as methane, ethane,
etc.) or carbon monoxide. The principal scurce of carbon in gas car-

burizing is methane'which is present in natural gas. The reaction



14

involving the actual transfer of carbon occurs at the stee; surface
(interface) and the reactants which are carbon compounds, may bé.con—
sidered indépendently. The interface reactions13 for two common carbon

compounds, carbon monoxide and methane, may be written:

2C0

++

(C) + co2 .o : (7

CH

e

(C) + 2H, .o - (8)

-

where the symbol (C) represents the carbon dissolved in austenite
at the steel surface. Considering the reactions that occur for the .
same carbon compoﬁnds, away from the interface, the reactions for

deposition of carbon13 are expresgsed:

2C0O |

+4

CO2 + C {Solid carbon) . ' (9)

4

CH4V ey 2H2 + C {Solid cgrbon) - : (10)

If water vapour is present in the gas it will act as a decar--

burizing agent, remoﬁing carbon from steel by the reactionll'l3
H20 (qg) +.Fe3C(in ausﬁenite) 23Fe(SteelI+H2(g)+C0(gas).*//’

In liquid carburization, the carburizing action..depends pri—;
marily on the sodium cyanide, activated by the presence of alkaline ‘
earth salﬁs usually barium (or calcium) ch;orides. The salts {(chloride)
‘reacts with the cyanide to form a cyanide of alkaline earth metal,
which then feacts with iron to form Fe3C. The basic réactions18 may

be represented by the equation:

2NaCN + BaCl2 T 2NaCl + Ba(CN)2 (Barium cyanidef

Ba(CN)2+3Fe > Fe3C + BaCN2 (Barium cyanamide)
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The carbon liberated by the shift from barium cyanide to
barium cyanamide, is absorbed by the steel and the small amount of
nitrogen avdilable is absorbed producing a beneficial effect on

the file hardness of.the surface.

2.3 Heat Treatment of Carbufizéd Steels

The object of carburization is to 'develop a hard, wear-resis-
tant surface aﬁd a tough core in some méving machine parts. Carburiza-
tion mainly pfovides the concentration of carbon on the surface to a
case depth of about 1/16 to 1/10 inch. The case of the carburized
parts is a eutectoid or hypereﬁtectoid steel and the core is a hypo-
eutectoid steel of initial composition containing froﬁ 0.1 to 0.2
per cent ¢a:bon. The mechénical properties of'the case and of the core
of the ﬁachine part will be obﬁiously different due to differential
concentration of carﬁon and in the un-heat-treated coﬂdition the
properties may not be sufficient to meet the servicé requirements.
Hence the curburized machine'parts are héat-treated to get higher
mechanical.prOPerties némély hardness at the surface and toughness—
at £he.core. Since the caiburized machine part gets variable carbon
concentration in it, a double heat—treatment is recommended-one for
the core which is expected to be tpugh'and %he.other for the case
which is désired to be hard, wear-resistant. Highly satisfactory
results are obtained by heating the carburized machine part 100°F
aboyé the upper critical temperature of the core and then queﬁched
" in water. The machine‘part is again heated to a temperature 60°F
above its lower critical temperature followed by water or oil quen-

ching and then tempering at 150° to 180°C.
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.Double heat-treatment is the best treatment for coarse-grai-
ned steel and will give best combination of a hard wear-resistant
fine-grained case and a tough'and refined core. The chief disadvanta-
ges of this heat-treatment are the complexity of the,proceduré, exces-—
sive warping of the work, -and the possibility of oxidation and decar-
burization. For these reasons; single hardening at 820° to SSOOC is
extensively used at present for inherently fine—grained carbon steels
and alloy s;eels. Such a procedure will refine the grain in both the
core and the case and, at the same time yarping and decarburization
will be considerably reduced.

In gas carburising; quenching direcﬁ from the furnace, after
pre-cooling to 840—8600C, is frequently pfactised. The surfaqe layer,
after heat-treatment, will have a martensite structure with excess
carbides. In cases of quenching direct from the carburising furnace,

the heating temperature of the core will be in the vicini£y of AB.
In low-&arbon steels, austenite cannot be supercooled to the martensite
point in quenching from this temperature and the core will have a‘fer—_
rite and sorbite structure. After heating austenite in alloy steels
to a temperature close to point:Ac3, it can easily be supercooled,
without décomposition, to the martensite poiné. The coré, in this case,
will acquire a low-carbon martensite structure possessing high strength
and ample toughness,

The normal hafdneés at the surface of the carburised case is
usually within the range of Rc 58-64.7When alloy steels are subjecf
to single hardening, a large amount of retained austenite will be *-
found in the carburised case. This sharply reduées its hardnéss. Retai-
ned austenite may be eliminated by a sub-zero treatment which trans-
forms its greater part into martensite, thereby substantially increa-

sing the hérdness.



17

CHAPTER - 3

) .

EXPERIMENTAL SET UP

3.1 "Vapocarb" Electric Furnace

The experiments were stipulated to be carried out in an auvto-
matiéally'— controlled electric furnace incorporéting on its inside
a carburizing chamber- of the required size supplied-with Titas gas.
The details of this'experimental set up are shown in Figure 2. It
consists mainly of the carburizing chamber,_the heating unit and the

temperature controlling unit.

3.11 The Carburizing Chamber

The carburizing chamber which is made of heat- fesisting steel,
is a cylindrical shell, the bottom of which is closed. There are three
openings at its bottom, one for the thermocouple, one fof the gas
inlet and the other for the gas out~-let. The carburizing chamber is
17" in height and 11" in diameter, The top of the chamber is covered
with a steel 1id lined with fire brick. There is an arrangement at the

top of the chamber to hang the.specimens in it during carburization.

3.12  Heating Unit

The heating element used iﬁ this furnace comprised of the usual
80/20 nichrome wire in the form of a coil cast into a alundum shell.
The coil shell was about 14" in height and about'l2" in diameter and the
diameter of the wire was about 3 mm. Aftér two carbu;izing experiments,
the coil burnt 6ut and then another shell as shown in Figure 3 was desig-

ned for the heating. This heating unit consisted of a shell and a coil.



3.121 Shell

The shell was made into two parts such as an inner shell to
hold the heating coil upon it and an outer shell to contain it.

The inner shell also. called the coil shell was made of good
quality fire clay with moderately high alumina content and was about
14" in height and about 12" in diameter. Eighteen grooves were made in
the shell to fit two windings in parallel. The diameter of each of the
grooves was about %",

The outef shell which was designed to serve just like en
outer jacket, was also made of good quality fire clay with moderatgly
high alumina content. These shells were manufactured by the Dhaka

Refractories Ltd., Mirpur, Dhaka.

3.122 Coil

Since nichrome wire of the required cross section was not
available in the loéal market at the time of furnace construction, an
iron-chromium alleoy in the form of wire containing 22% chromium and a
small amount of aluminium was used in making the coil. The diameters
of the wire and of the coil were about 2 mm and about 12 mm respec~
tively. A mild steel rod of a"fin diameter was fixed in the chuck of'
a lathe machine. One end of thé wire was fixed to the end of the rod
nearest to the chuck. The lathe machine was then switched on and the
wire was then wound upon the rotating rod and thus a coil was made.
During winding up operation, proper tension was maintained-upon the wire
manually. The lathe machine was then switched 6ff and the rod was then
taken out from the coil. |

The coil thus prepared was connected with an ammeter in series
and electric current was then paésea through it from the mains. The

length ©f the coil which recorded about 16 amperes of current was taken
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as the required length of the coil. Two such coils of equai length were
then connected in parallel upon the coil shell and it was then covered
with the outer jacket as shown in Figure 3. The whole unit was then
placed in position in the fﬁrnace and the coil was thus ready to be
connected to the supply source for its preliﬁinary heating operation.

The resistance of aﬁ individual coil was measured with a multi-,
metef and was found to be about 15 ohms. The total current'passed,thro-
ugh ;he coil assembly was thus found to be about 32 amperes. The
furnace was operated at a line voltage of about 240 volts.

The furnace was then ready for experiments and about 8 experi-
ments were carriéd out successfully. During the 9th experiment the
coil burnt out and on dismantling the furnace it was found that the
outer shell and the inner shell holding the coil had cracked in many
places. It was considered that the shells were not suitable to be
repaired and therefore attempts to use them for further.experiments

were abandoned.

3\257 Design and Construction of a Gas Fired Gas Carburizing Furnace

with Automatic Control System !

In order to carryout the rest of the experiments a gas-fired
gas- carbgrizing furnace with automatic control was designed and
constructed. The furnace was built with fire bricks in a steel drum
as shown in Figu;e 4.[%he furnace was of circular cross—-section having
abdut.S% inches wall thickness, -the external diameter being 23 inches
and being 36 inches in height. The side wall was provided with two
circular holes at the bottom for the introduction of the burners. A
~circular platform of about 8% inches in diameter and 5 inches. in height
was built at the bottom of the furnace_ﬁith rammgd magnesite powder to

support the carburizing chamber to contain the Titas natural gas and the
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specimens to be carburizgd. The rocf of the furnace was made of slabs
coméosed of fire bricks chips and fire clay cementjl

(The furnace was fired with two burners housed in the §ide walls.,
A schematic diagram (Figure 4) shows the arrangement of tﬁe burners.)
The flame of the burners was adjusted by trial so that it might not

— '

strike back. No air was blown in and it took about 2 hours to get to

the required carburizing temperature of QSPOC.:]

T E%he experimental carburizing chamber to contain the specimens
was cylindrical steel chamber of about 6" in diame£er and 12" in length}]
The boétom end of the chamber was closed with a steel plate with three

an

%" diameter holeé near the centre, one for the thermocouple, one for

the éas inlet and the other for fhe gas ocut let, The top of the chamber
was covered with a steel caRZBAn arrangement for hanging the specimens
was provided at the top of Ehe chamber.Ig:few firebricks were placed
atlthe top of the furmacerwall and a slab made of fire clay was placed

on these fire bricks in such a way that enough opening was maintaired

. ﬁo allow the flue gases to escape to the atmospheré?jThe temperature of
the furnace was contrclled avtomatically by controiling the gas flow

with the help of a solenoid valve which was actuated by a controlling
pYrometé;‘(Figure 5).Iihe pyrometer controller which was connected to the
solenqid valve was alsb connected tc the cold junction of the thermocou-
ple {Ehen the required temperature was reached, the solenoid valvé stop-
peé the flow of gas into the burner but when the temperature in the gas
chamber fall below the required tempefaturé it again resumed the gas
flofE>In order to avoid the bothering sound caused by the sudden flow of
gas during the resumption of combustion, a little flow of gas was contin-

uously maintained,during the entire carburizing period by using a bye
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pass line with a valve ag shown in Figure 4.?In this way a very close
centrol 6f temperature (+ ZOC) was obtained by controlling fhe flow
L.
of gas into the burngg;
To maintain a constant flow of gas into the carburizing chamber
a8 rator meter was connected to the gas inlet of the carburizing chamber.
In between rator meter and the carburizing chamber a é;essure gauge

was also connected which indicated the gas pressure withip the car-

burizing chambe£;>
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CHAPTER -4

EXPERIMENTAL PROCEDURE

4,1 Materials and Specimen Preparatiqn

FoquO.l% carbon steels were used. The compositions are given
-in Table 1. The steels were made in an air induction furnace. Té
minimize the formation of Cr,0, and NiO, the steels were first killed
with aluminium prior to the addition of nickel and ‘chromium. All
melts were teemed at aboﬁt 1600°C and produced sound ingot. Fiped ends
of the ingots were discarded. Allrthe ingoté were rolled down to a
size 6f about 16 mm in diameter and standard Charpy V-notch specimens
were made out of these rolled bars. Steel 1 is the base steel with
which the carburizing-ﬁehaviour of other steels (steels 2-4) containing
Ni and Cr'alone or in combination was compared.

Five 0.15% carbon stéels were also used in this studyf The com-
"position of these steels are given in Table 2. These éteels were made
in an air induction furnace in the Department of Metallurgy, University
of Sheffield, England. The melts were also teemed at about iEOOQC and
produced sound ingots,which were then extruded to 16 mm diameter bar,

Steel 6 is the base steel with which the é@i@;ﬂﬁhg

behaviour of other
steelé (steéls 7-10) containing ﬁanadium, aluminium.© or nitrdogen alone
or in combination was compared. Standard Charpy V-notch specimens

were also made from the extruded bar of these steels.

The 16 mm diameter bars of steels 1 to 4 of Table 1 were
machined to 14 mm diameter bars. Specimens of about 20 mm in length were
cﬁt frem the 14 mm bars and specimens of about 10 mm in length were
cut from 10 mm X ld mm bars of stee&s 6 to 10. A small hole of about

1 mm diameter was drilled at one end of each specimen. The surfaces

of these specimens were finished with 2/0 grade emery polishing paper.
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4.2 The Carburizing Cperation

The pdlished specimens of steels 1 to 4 and of steels‘G t5 16
were hang by means of nichrome wire into the carburizing chamber in
such a way thét the tip of the thermocouple and the specimen were as
close to each other as possible. The taplof the chamber was then closed
with a ;id. The gas was then madelto flow into the carburizipg chamber
for a while fo drive out the air present in it. The pbwef supply was
switched on to heat the carburizing chamber and the controiler was
set for £hé.desired temperature. It took about two hours to reach
this temperature.

The gas flow into the carburizing chamber was maintained at
a constant rate of 2.2 cma/min and a flow rator meter was used for
this purpose. A signal flame waé maintained at the top of a glass
jet to indicate continuous flow of gas in the chamber. As long as a
moderate flame is visible at the top of the élass jet, the operator
can be sure that the chamber is full of gas and a proper carburizing
environment has been maintained,

The carburization of the specimens was carried out at a tempe~-
rature of 950°C and at a pressure of 14.96 psia. The specimens were
carburized for 1 hour, 2 hours, 3 hours and 5 hours at 9500C. At
‘the end of the predetermined time period, thé power supply was swit-
ched off and the specimens were allowed to cool to room temperature
in the carburizing chamber. The gas flow was maintained through the
carburizing chamber during the cooling. period until the temperature
came down to about 500°C. This was done to prevent any probable oxidé~
tion due to 1eackage-of air.'Aftér cooling, the specimens were taken

out of the carburizing chamber.
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4.3 Optical Microscopy and Measurement of Case Depth of. the
.~ *.  Garburized and Furnace Cooled Steels

The carbu?ized-specimens were cut into two pieces at.right
angles to the carburized surface by using a siiicon carbide disc
cutter with copious flow of water. One piece of each specimen was.then
mounted and_polished by standard metallographic techniques and efched-
in 2% nital. The microstructures of these specimens were éxamihed by
optical microscope and photographs of the microstructure of each‘
specimen were taken using a photomicroscope.

Attempts were made to find the extent of carburization i.e.
the effective case depth. The effective case depth includes the depth
which under the microscope shows the. zones of hypereutectoid, eutec-
toid and proeutectoid containing carbop up to 0.6 per cent, since
steel specimens when quenched and tempered develop the maximum hardness

from a minimum of 0.6 percent carbon content.19

The effective case L]
depth was then measured linearly from the microstructure of these car-
burized and furnace-cooled specimens by usihg a micrometer eye piece

fitted to a Shimadzu optical microscope.

4.4 Determination of Austenite Grain Size of the Case of

Carburized Specimeﬁs

The microstructure of the case of the carburized steels consists
of three zones, namely, hypereuteétoid, eutectoid énd progutectoid
iones. The prior austenite grain size of the hypér-eutectoid zone was

"revealed by the cementite network and that in the proeutectoid zone

rwas revealed by discontinuous ferrite net; Since the grain size of the
eutectoid zoﬁe of the carburized steels was very difficult to determine,
the grain size of the case was cbtained by taking the average grain

size of hypereutectoid and proeutectoid zones; 1
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2 was employed to measure the

The mean linar intercept method
austenite grain size of the case of these carburized specimens. A
circle in the eye piece of a microscope was so placed on the structure
that the grain boundaries are intercepting the circumference of the
circle on them., The number of interecpts were counted. A total of about
200-300 intercepts wefe counted for each specimens. The circumference
of the circle was determined by measuring its diameters with reference
to a stage micrometer at the magnification used. The grain size was

then determined by dividing the length of line by the number of inter-

‘cepts.

4.5 Carburization, Heat-Treatment and Microhardness Measurement

The flat faces of polishéd two 20 mm long and 14 mm diameter
specimens from each of steels 1 to 4 and two 10 mm X 10 mm X lO'mm
specimens from each of steels 6 to 10 were made parallél by a‘surface‘
grinding machine. Thesé specimens were then carburized at 950°C for
1 hoﬁr, 3 hours and 5 hours in.the same.précessAas described in sec-.
tion 4.2. At the end of a predetermined time period the specimens were
coo&ed to about 860°C in the carburizing chamber. The 1id of the chamber
Qas then removed and the specimens were quenched immediately in 10%
brine. A'little gas flow was maintained during cooling to the harden-
ing temperature to avoid decarburization. The quenched specimens were
then tempered quickly at a low temperature of 160°C to transform tl.ue
'hardened martensite of the case into tempered martensite, relieving the
residual stresses developed during quenching. The surface hardness of
these épecimens'was-then measured by a Rockwell hardness testing machine.

These carburized, hardened and £empered specimens were then
sectioned using % silicon cérbide disc cutter with copious flow of watef.

The flat faces were then made parallel by a surface grinding machine.
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One of the pieces from each was mounted in bakellite and polished by
standard metéllographic technique. The specimens were etched in 2%
nital and optical microscopy and photomicroscopy were carried out
using an optical microscope. Microhardness measurementé were then
carried out by using 100 gm locad on the polished and lightly etched

specimens to obtain hardness profile.

4.6 Heat-Treatment and Machinical Testing of Charpy V-notch

Specimens:

Two to three charpy V-notch specimens from each steels were
heated at 950°C for 1 hour in a Blue M furnace and then cooled slowly
in thé furnace to aboutl8600C. The specimens were then quenched in
10% - brine and tempered at 1600C'for ¥ hour. The specimens were immersed
iﬁ chromite brick powder to mJnimize oxidation during heating for
hardening.

The heatwﬂﬁéfé&charpy V-notch specimens were then_tésted by
means of Sonntag Universal Impact Testing méchine with a.range of
0—2407ft. lbs. All the specimens were tested at room temperature. The

impact test data thus obtained were used to assess the toughness of

the core of the carburized, hardened and tempered steels.
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CHAPTER-5

EXPERIMENTAL RESULTS

5.1 Optical Microscopy of Carburized and Furnace Cooled Steels

"'The microstructures of steels 1 to 4 and steels 6 to 10 carbu-.
rized at 950°C for 1 hour, 2 hours, 2 hours and 5 hours and_booled
slowlf in the furnace were investigated by cptical microscqpy. Optical
'microscopy revealed variable carbon concentration in the carburized
case‘along its depth,ldecreaSing from the surface.toward the core of
the all the steel séecimens. Three zones were distinguiéhed in ther
microstructure of the carburized layer (from the surface towérd the
coré?: (1) hypereutectoid‘;one, consisting of pearlite and cementite,

forming a network along the‘fqrmer austenite grains; (ii) eutectoid
zone, consisting of only lamellar pearlite; and (i1ii) hypoeutectoid
zéne, cqnsisting of pearlite and ferrite..The_amount of ferriteJin the
last zone continuously increasé toward the core where the origina;
structure of the steel exists. It was also found that ferrite is present
as discontinous ne£work arouhd:pearlite albng the former austenite
grains in thé hypoeutectoid zone near the edteétoid zone in mos£ of
‘the steels particularly for longer carburizing periods. This zone is
commonly Enown as proeutectoid zone. The optical micrographs of steels
1 fo 4 carburized for 1 hour, 3 hours énd 5 hours and cooled

slowly in the furnace are presented in Figures 6 to 8 ana those of
steels 6 tollo are presgnted'in Figures 9 to lL.

The cementite networks surrcunding,péarlite grains near the
surface in the hypereutectoid zone of steels 2 to 4 were found thinner
than_those of steel 1 and those of steels 7 to 10 were thinner than
those of steel 6. The_cementite networks of éteels‘B are thicker than

those of steel 7 and those of steel 9 are thinner than those of steel 7 ~
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whereas steel 10 produced the thinnest cementite networks of all -
Steel 3 showed thinner cementite network than steel 2 and thicker
- cementite network than steel 4,

Most of the cementite nétworks near the surface of steel 6
carbprized for 5 hours looks like feathery (Figs.lla and 17a). Some
feathery cementite networks were also found near. the surface in the
hypereutecto;d,zone in this steel carburized for 1 hour, 2 hours and
3 hours. A few feathery cementite netwdrks were also present in steels
1 to 3, 7 and 8 carburized for 5 hours.

" Many cementite plates in the form of needles were found ' in some
pearlite near the surface in the hypereutectcid zone of gteels 1, 6
and 10 carburized for 5 houré. Steels.2 to 4 and18 carburized for 5
hours also showed a few cementite needles in some pearlite near the
surface in the hypereutectoid zone. Some cementite needles were aiso
found in some pearlite near the surface of the hypereutectoid zone.of
Qteels 1l and 6 carburized for 1 hour, 2 hours and 3 hours, the amouﬁt
of the cementite needles was found to increase with the increase of-
carburiziné period. A typical optical micrograph as shown in Figures
lla and 17a illustrates the cementite needles in some pearlite near
the surface Qf hypereuééctoid zone oOf steel € carburized fqr 5 hours.

Heterogeneity in the grain structure was found in the hyper-
eutectpid zone of the case in steels 2, 3 and 10 éarburized for def-
ferent time periods ranging from 1 hour to 5 hours, in steel 9 carbu-
rized for 3 hours and in steel 4 carburized for 5 hours. The hete-
rogeneity in the structure was severe in steel 10 carburized for 3
and 5 hours while those in steel 9 ca;burized for 3 hours ahd steel ¢
‘carburized_for'S houfs are less severe. -

A visual examination of the microstrucéures cof the core of all
the carburized and sl%wly cocled steels revealed ferrite—pearlite

structures as shown in Figures 6 to 11,
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5.2 ‘ Case depth

The effective case depth of the carburized and furnace ccoled
steels 1 to 4 and‘steels 6 to 10 under the present carburizinglcondi—
tions aré shown in Table.B and 4 réspectively. From the data presented
in these Tables it is clear that the depth of the carburizeé layer
increases with an increasg in carburiéing time at the specified tempe-
raturel The effective case depths of steels 1 to 4 are plotted in
Figure 12 and those of steels 6 to 10 in Figure 13 as a function of
_carburizing time. The graphical representaticn of the effective case
depth values against the carburizing time-for all the steels specimens
(Figures 12 and 13) indicates ‘that at the spécified carburizing tem-
perature the growth of the carburi:zed 1aye; is parabolic with carburi-
zing time.

A comparison of the values in Table 3 and Figure 12 indicates
that under the same carburizing condition the depth of the cérburized
case in‘steel 2 with chromium is much higher than that in'the plain
cérbon éteel 1 and that in steel 4 wi%h nickel is much lower than‘steell
while steel 3 containing both Ni an@ Cr produced case depth in between
steel 2 and 4. The case depth of steel 3 is slightly lower than that
of sﬁeél 1. |

- Table 4.and Figure i3 show that under the iaentical carbufizing
‘condition the microalloyed steels7to 10 produced lower caée depth
than the plain carbon steel 6.(base steel). Among these four micro- .
alloyed steels, steel 8 with vapadiuﬁ and nitrogen produced the highest
case dépth and stéel 10 with alumihium and nitrogen produced the lowest
case depth while steel 9 with vanadium, aluminium and nitrogen bproduced higher

case depth than stéel 7 with vanadium and lower case depth than steel 8.
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5.3 Prior Austenite Gfain Size

The prior austenite grain size of the carburized case is also

ihportant in terms of its mechanical properties. The grain size of

" "the case of steels 1 to 4 and steels 6 to 10 carburized for different

time periods and slowly cocled in the furnace, was therefore, deter-

'mined, listed in Tables 5 and 6 and plotted in Figures 14 and 15

respectively as a function oflcarbﬁrizing time.

Tables 5 and 6 and Figures 14 and 15 show that the ﬁfior
austenite grain size of steels l to ¢4 increases with thenihcrease
of carburizing-t}me. It is eviaentr from Table 5 and 'Figure 14
that the plain carbon steel 1 precduced the Q&MEest grainrsize while
steel 4 produced the-finest grain size of all the steels and steel 3
produced finer grain size than steel 2.

Table 6 and Figure 15 show that the prior austenite ;rain size
of steels 6 to 10 initially decreases, as the carburizing time increases
to 2 hours énd.then the grain size increases with the increase of
carburizing time. |

Table 6 and Figure 15 also show that the base stéels 6 produced

the coarsest grain size and steel 10 produced the finest grain size

while steel 8 produced ceoarser grain size than steel 9 and finer than

‘steel 7.

Typical cptical micrbgraphs illustrating the grain size of the
case of steels 1 to 4 and &6 to 10 carburized for 5 hours and‘cooled

slowly in the furnace are shown in Figures 16 and 17 respectively,

5.4 Optical Microscopy of Carburized, Hardened and Tempered Steels

The microstructure of the polished and etched carburized,
. - ) ' '
hardened and tempered specimens were examined by optical microscopy

-

and pHQtographs of the structure of each specimen were taken using a

8

Swift Master optical microscope.
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5.41 Steels L to 4

5.411 Casé

Steels 1, 3 and 4 carburized for i hour, hardened énd tempered
showed nearly cent percent tempered martensite in the case whereas
steel 2 carburized for L hour showed tempered martensite alongwith 5
to 8% retained austenite near the surface in the case. The perﬁentage
of the retained austenite de&reases ﬁowards the centre in the case ang
at éome'depth mértengite becomes about 100%. The optical micrographs%
of steel 1 to 4 carburized for 1 hour and 3 hours, hardenea and.tempe~
red are presented in Figures 18 and 19 reépectively.

As the carburiziﬁg time increases'retained austenite content
near the surface in the case increases in all the steels (Figures 18
and 19). About 3 to 5% retained austenite in steel 1, 10 to 12% in steel
2, 5 to iO%Iin steel 3, andA4 to 6%‘in steel 4 carburized for 3 hours,
hardened and tempered,weré found. The amounts of retained austenite
in steels 1 to 4 carburizea for 5 hours, hardened and tempered are
observed to be 3 to 5%, 25 to 30%, 10 to 15% and 6 to 10% respectively.

The amount of retained austenite decreases towards the centre
and aélsome depth martensite becomes about cent percent in almost all
the steels. Coarse martensite was found in the case near the surface.
Martensite becomes finer towards thé centre in the case iﬁ a1l the
steels'(Figures 18 and 19). Martensite needles in steel 2 aré-of more
or less same siée as those of.steél 1\and those of steel 3 are finér
than those of steel 2 while steel 4 produced the finest martensites of
all the steels, | |

A few cementite network was present in some placés of steel 2
+carburized for 5 hours and of steel 4 carburized for 1 hour, hardened

and temperéd.
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5.412. Core

Low carbon martensité along with some férrite;pearlite was
observed in the coré in all the carburized and hardened steels except
lsteel ¥} and steel 2. Steel 1 produced ferrite and fine pearlite (sor-
bite) and steel 2 producgd low carbon martensite only in the core.
The optical micrographs of steels 1 to 4 carburized fof 1 hour,'harde;'
' ﬁed and temperéd_afe shown in Figure 20 .

The percentage of ferrite in steel 1 carburized for 1 hour is
about 10%. This amount increase to about 15-20% when carburized for 5
hours. The percentége of ferrite-pearlite in steel 3 carburized for
-1 hour is about 8% and this increases to aﬁout 10-12% when carburizing
time ig increased to 5 hours. The percéntage of ferrite-pearlite in
" steel 4 carburized for 1 hour is about 15-20% and this amount increases
to about 25% when éarburized for 3 hours and decreases to about 10-15%
whén carburized for 5 hours. |

| A few discontinious férrite net was observed in steels l,.3

and 4 carburized for 1 hour, 3 hours énd 5 hours whereas steels 2 and 4
carburized fer 3 hours showed a very few ferrite net in the proeutec-
toid zone.

/

5.42 Steels 6 to 10

5.4217 Case

Steels 6-10 Qhen carburized for 1 hour; 3 hours and 5 hours,
hgrdened and tempered showed retained austenite alongwith martensite
in the case near the surface. The amount of retained austenite dec-
reases ﬁowardé the centre and at soﬁe depth mastensite beccmes nearly
cent percent{about 96-99%) in almost all the steels, The opticel
micrographs ofrthése steels carburized for 1 hour and 3 hours, harde-

P

ned and tempered afe presenteﬁ in Figures 21 gnd 22.
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The amounts of retained austenite in steels 6-10 carburized
for 1 hour, hardened and tempered are found to-be abqut 10-15%, 5—6%,
-30—40%, 50—55%; 25-35% respectively. As the carburizing time incre;ses
retained austenite centent increasés near the surface in the case in
all fhe s£eelé.-The amounts of retained austenite in steels 6-10
cérburized for‘3 hours, hardened and tempéred'are found po bé aboﬁﬁvn
50-55%,- 30-40%, 55-60%, 70-75%, 75-80% respectively. These figures
increases slightly when the steels are carburized for 5 hours, har-
dened- and tempered.

The amount of retained austenite décreases ﬁoﬁards the centre
and at some depth martensite becomes nearly cent pef&ent (about 96-99%)
: in'élmost all the steéls. Course martensites are found near the surface
in the case in all the steels. Marﬁensite becomes finer towards the
centre in. the case.

Steel 6 showéd the coarsest ﬁartensite and steel 10 showed the
finest martensite of all the éteels.for all the carburizing periods
(Figs.-21 and 22 ). Steel 8 showed finer martensite than steel 7 and
cecarser martensite than steei 9 (Fig. 22b=-d).

A few cementite network was preseﬁt in some places near the
éurface in the case of steels 7 to 10 carburized for 1 hour, 3\ hours and-

5 hours and of steel 6 carburized for 3 hours and 5 houré, hardened
and tempered, A typical example of cemeniite netwofk in the. hardened
steels is shown in Figure 23 .

Some polfgonal austenite grains were found near the surface
in the case in steel 7 carburized for 3 houré and 5 hours aﬁd in steels
8;10 carburized for 5 houfs; hardened and tempered. These graips
ére very fine in steel 9 and. 10. A typical example of this is shown

in Figure 24,
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5.422 Core

| Low carbon martensite was found in the core of all the steels,
A very few ferrite net was rarely found in addition to low carbon
martensite in steel 6 carburized for 3 hours and in steel 10 carbu-
rized for 1 hour and 5 hours. The low carbon martensite founq in steel
6 was coarser than those in other steéls while those of steels 7 and
8 were found to be crystalline i.e. fine and those of steels 9 and
10 were found to be finer than those of steels 7 and 8 for all the
carbufizing periods. The optical micrographs ©f the core of steels 6
. to 10 carburized for 1 hour, hardened and tempered are presented in

Figure 25 illustrating the above features.

5.5 Microhardnesé and Hardness Profile

When a specimen is carburized, a Variaﬁion of carbon concentra-
tion occurs from the surface to the centre of the specimen. The concen-
tration of carbon is high at the surface and decreases towards the core
of the specimen. Due to this variation of carbon concentration a-
hardness gradient-exists in a carburized case in the hardened condition.
Depending upon the (i) carburizing temperature, (ii) carburizing time,
(iii) pressure in the carburizing atmosphere, (iv) concentration of |
élloyihg elements in the metal and (v} the strength of solute-carbon
‘interaction, the hardness profile of a carburized steel ﬁay follow
two extreme patterns. The profile may be steep with a somewhat sharp 
line of demarcation between the carﬁurized case and the matrix (core).
Or the profile may be very shallow i.e. the transition from the case
to the core is very gradual. A profile with an intermédiate.natﬁrg is
also very oftén observed."

The hardness profiles of steels 1 to 4 at varioﬁs time at
980°C have been plotted in Figures 26 to 28 . Figures 26 to 28 show that

!{.-
1
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the hardness profile of steel 1 is somewhat steeper than alloy steels
2 to.4.and it becomes very steeper with increasing carburizing time.
The hardness profile of steel 2 is less steeper than that of steel 3
while the hardness profiles of 'steels 3 and 4 show more or less the
same steepness. It can be séen from these figures that change in the
slope Qf the profiles from the cafburized layer to the core is very
gradual which means that the profiles are shallow. It is observed from
above Figures that in general, the case depth increases with the inc-
rease.of_carburizing time and alsc confirms the case 'depth values

. measured from the carburized and slowly ccoled steels.

It is also seen from Figures 3¢ 10 23 that with increasing
treatment time at the carburiéing temperature, the hardness curves
have a steeper slope from case to core.

Figures 29 to 31 show the variation in the hardness versus
penetration distance profiles with the carburizing time at 950°C for
steels 6 to 10 in the hardened condition, These figures also show that
the case depths of the steels increase with time at the carburizing:
temperature and also confirms the case depth values measured from the
carburized and slowly cooled steels.

It can also be seen from Figures 29 to 31 that the hardness
profiles of steels 6 to 10 are more or less shallow at‘ail the carburi- ..
‘zinglperiods.
| The graphical'representation of the VHN values against the
distance from the edge towards the centre for steels 1 to 4 and 6 to 10
indicates that at the selécted.carburizing temperature hardness of the
case increases with an increase in time,

A comparison of the values in Figures 26 to 28 for steels 1-4
shows that under the same pondition of carburizing and hardeninglﬁhe’

hardness of steel 2 is much greater than that in the base steel 1 and
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that in steel 4 is much lower than that in steél 1 while steel 3
produced hardness lower than steel 1 but higher than steel 4.

FigﬁresZB to 31and Table 7 shows that under the identical
¢ondi£ion of carburizing and hardening the microalloyed steel 8 produ-
ced maximum hardness and steel 10 produced mihimum hardness. Steel 7
produced lower hardenss tﬁan steél é'and somewhat higher than steel 9.
Steel 6 produced lower hafdness than steel 9 and higher than steél 10.

-It is seen from Figure 26 to_Bi that the hardness of the car-
burized case does not remain constant through out the case. The hard-
ness of the carburized case varies with distance from the surface. The
hardness of the case is found somewhat low near the surface and as
the distance from ﬁhe surface towards the centre increéses, the hard-
ness‘of the case increases and then becomes constant over a depth
after which it deéreasés gradually.

The maximum hardness of the carburized case variés with the
carburizing time. From the hardness profiles (Figs. 26 to 31 and
Tables 7 and 8 ) it is found that all the steelé show the highest maxi-
mum hardness at the longest carburizing time of 5 hours,.

.It is seen from Figures 26 to 28 that the core hardness of
steel 2 is maximum and that in steel 1 is minimum while steel 3 shéws
lower coré hardness than steel 2 and higher core hardness than steel 4,

It is evident from Figures 29 to 31 that steel 8 shows the maxi-
mum and steel 10 shows minimum'core hardness while the core hafdness
of steel 7 is iower than that of steel 8 ‘and higher than that of -

‘steel 9.

5.6 Surface Hardness and Maximum Hardness ‘

The hardness of the surface of the. carburized, hardéned and

'~ tempered steels are measured by a Rockwell hardness testing machine

¥

I3
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and bresented in Tableq 7 and 8 along w1th the maximum hardness and
core hafdenss obtained from the mlcrohardenss test and hardenss proflles
of Figures 26 to 31,

Sihce it is verf difficult to avoid retained austenite although
small in amount in the surface of carburized and hardened steels, it
is, therefore; gquite reasonable to assume the surface hardenss_values~
cbtained by microhardness tester may not be the proper tepresentation
of-the surface hardness of a carburized case and consequently the
hardness cof the surface was measured by Rockwell hardness tester.

" Attempts were maée'to see whether there is any relationship between
the surface hardness and the maximum hardness of a carburized and
hardened steel. The surface hardness is found always lower than the.
maximum hardness. Tables 7 and 8 show that the differehce between the
maximum hatdness and the surface hardness increases with the increase

of the carburizing time,

5.7 Impact Test Data

The impect energy absorbed at room temperature for the harde-
ned and tempered steels are presentea in Tables 9 and 10. Table 9
shows that the impact energy absorbed in steels 2, 3 and 4 are lower
than that in steel 1. Steel 3 shows hlgher impact endergy abscorbed than
steel 2 and lower than that of steel 4. Table 10 shows that the impact
energy absorbed in steel 10 is the highest and that in steel 7 is the
1ewest of all. The impact energy absorbed of steel B8 is much higher

and that of steel 9 a little higher than that of steel 6.
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CHAPTER=-6
DISCUSSION

¢

The compositions of the steels 6 té 10 (fable 2) indicate
that the second-phase particles‘in steels 7, 8 and 10 are expected
to be essentially vanadium carbide, VC, vaﬁadium carbonitride, V{C,N)
and aluminium nitride, AlN-respectively, and those in steel 9 to be
a mixture of AIN and V(C;N). These were identified and confirmed by
transmission electron r;licroscopy{9 The compoéitionsléf the steels 1
to_4 (Table 1) also indicate that the second-phase particles in steels
2 and 3 are Cr3C, the amount of which is much more in steel 2 than

that in steel 3.

6.1 Metallography

Optical microscopy revealed thinner cementite networks sur-
rounding pearlite near the surface in the hypereutecteoid zo;elof‘
steels 2 to 4 than in steel 1. Steel 3 producéd fhinner éeméntite
networks than steel 2 and thicker cementite networks than steel 4.
This indicates that'the carbon concentration in the case of steel 3
is lower thén that in steel 2 and higher than that in steel 4.

The cementite networks of steels, 7 to 10 were found thinner
than those of steel 6 (Figures ¢ -toll). This indicates that the .
concentration of carbon in the case of steels 7 to 10 aré lower than
that in the case of steel 6. Among steels 7,8,9.and 10, steel 8 pro--
duc?d thicker cementite networks than steel 7.while steel 9 préduced
thinher cementite networks than steel 7 and stee1.10 produced the
thinnest cementite networks of all these steels. This also indicates
that the cbncentration_of carbon in the ?ase of steel 8 is more than

that of steel 7 and that of steel 9 is lower than that of steel 7



whilé the concentration of carbon in the case of steel 10 is the lowest
¢cf all these steels.

The presence of a few feathery éementite network (Figure 17 a)
near the surface in steels 1l to 3 and 6 to 8 also indicates higher
coﬁcentration of carbon at.their surface. OpEical microscoPQ_also
revealed scme cementite plates in the férm of needles in some pearlite
g;ains near the surface in the hypereutectoid zone of steeis 1l to
4, 6, 8 and 10 carburized for certain pericds cf time. These cementite
needles are formed due to the supersaturationOfamsuéﬂtewith respect
to carbon. Austenite which is supersaturated with respect to carbon ..
deveiops internél stress., This stress might cause the formation of
sub-grain boundaries generally in a straight line due to the alignment
of dislocations of identical types: This may act as a source for'thé
neucleation of cementite plates. These plates when secticned fof metal -
lographic observations appear as feathers from the cementite network
at the main austenite grain boundary towards.the interior of the
grain. Other vertical plates from the top or bottom of the grains
when sectioned horizontally appears as needles within the graiqs.

Retained austenite asg shown in Figures 18 and ;9 and 21 and 22
was found in the case of almést all the steels cérbhrized,har&ened
and tempered. It was also found that steels 2 to ¢4 produced highef
percentage of retained austenite than steel 1, This is due to éhe
fact that steels 2 to 4 contain alloying elements such as hickel and
chromium which depress the martengite transformation temﬁératures in
such a way that.the Mf temperature is sufficiently below the tempera-
ture of the quenching medium, | | |

It is also found that amcng steels 2,3,_and 4; steel 3 proauééd
a larger amount of retained austeniterthan steel 4 and a smaller

amount than steel 2. Steel 2'contains chromium . Chromivm increases

L
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. ' 6
the concentration of carbon at the surface of carburized steels.

‘The higher concentration of carbon in steel 2 due to the presence of
Cr depresses the Mg température much below that cof steel 3 resulﬁing
in a greater amount of retained austenite in it.

Steel 4 produces smaller amount of retained austenite than
steel 3. This steel contains Ni which reduces the concentration of
carbon at the surface6 and hence can not depress the Mf temperature
as drastically as does Cr. Steel 3 contains.both Ni and Cr. Its re-
tained austenite content is expected to be in between steel 2 and 4.
This has in fact been found to be the case.

The retained austenite contents of all these steels increase
with the increase of carburizing time (Figures 18 and 19) . The'concen-
tration of carbon in the cases of all these steels increases with
the increase of carburizing time. This higher concentration of carbon
depresses the Mf temperature drastically resulting in ap incregsed
amount of retained austenite.

Among steels 6 to 10, steels 8,9 and 10 produced larger émodnts
of retained austenite than steel 6 for all the.carburizing periods
(Figures 21 and-22). Steel 7_produeed a somewhat lower amount of
retained austenite than steel 6, This is due to the lower concentra-
tion of carbon caused by the formation of VC in steel 7. This iﬁdicates
that vanadium is not effective in the formation of retained austenité
in the hardened carburized case of the steels.

Steel 8 produced higher percentage of retained austenite in
the carburized case than steel 7 at all the carburizing periods. Steel
8 is basically steel 7 with nitrogeﬁ added to it. The higher percentage
of retained austenite in steel 8 may be due to the presence of nitro-
gen whiéh is thought to increase the carbon concentfation in its car-

burized case.
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Steel 9 also p?éduced much higher percentage of retained aus-
tenite than steel 8 for dll the carbﬁrizing periods;‘Steel 9 is also
basically the same as stee1_8‘with aluminium added to it. The much
higﬁer ﬁercentage of retained'austenité in steel 5 is clearly due to‘
the presence of Ai which is more active than V in debressing the mar-
tensite transformation temperatﬁres.

Steel iO is basicélly steel 6 with Al andN added to it. This steel
showed much ﬁigher percentages of retained austenite than steel 6
and also than steei 7 for all the carburizing periods. This iﬂdicates
clearly that Al is mostveffective in the formation of retained austé—
nite in the carburized case of low carbon steels.

These steels also showed increased amounts bf retaiﬁed auste-
nite in their carburized cases with the increase of carburizing time
(Figures 21 and 22 ). This is_also due to the increasing carbon concent;
ration in their cﬁrburized-cases'with increasing.time..

| It has also been found that.the amount of retained austenite
also decréased towards the centre and at somé depth martensite became
abou£ cent percent in almost all the steels (Figures 21 and 22 ). The
concentration of carbdn is tﬁe greatest at the surface. This carbon
diffuses towards the centre during carburizing periods. The concentra-
tion of carbon decreases.towards the éentre. As the concentration of
carben in case decreases from surface towards the centre; the retained
‘austenite cdntent decreases.

In all the steels coarse martensite was found near the surface
in the case. Martensite became fiper towards the centre ip the case.
Optical microscopy of the cérburized and furnace cooled steels revealed
coarse austenite grains near the surface of thé case.and it becamg

finer towards the centre in the case. The coarse austenite’ grains
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produced tﬁe coarse martensite near the surface and finer austenife
grains produced finer martensite towards the centre in the case,

The martensites of steel 6 were found to be the coarsest and
those of steel 10 were the finest of all the steels at all the carbu-
rizing ﬁenéds (Figures 21 and 22 ). The coarsest martensites in steel 6
are due to its coarsest austenite grains and the finest martensites
in éteel 10 are due to the finest austenife grains present in it
(Figure 17 énd Table 6).

Steel 8 showed finer martensi£e.than steel 7 and coarser
martensite than steel 9. The differences in size of martensite are
-clearly dueé to the cbserved differences in the austehite grain sizes
of these steels (Figure 17 and Table 6).

The differences in thé size of martensite in steels 1 to 4
are also found fairly in agreement with the observed differences in
their austenite grain sizes (Figures 16, 18 and 19 and Table 5).

" The presence of a few cementite network (Figure 23 } along

with high carbon tempered martensite in the case of most of the carburi-

zed and hardened steels is not unexpected in view of the quenching
temperature (860°C) used. |

The presence of polygonal austensite grains as shown in Figu—\
re24 near the surface in the hardened caéé of steels 7 to 10 for
some carburizing periods is also expected in vigw of the highe: con-
centration of carbon at their surfaces.

Steel 1 contained about 10% ferrite alongwith fine peaflite
{sorbite) (Figure'ZOa) in the core when‘carburized for 1 hour, Steel 1
is a plain éarbon steel containing 0.1%C. It does not contain any
alloyiﬁg element. Because of the very low carbon content the transfor-
mation temperature rises resulting softer traﬁsformation products

i.e. the critical cooling rate was faster than the actual cooling
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rate in quenching.and henée softer‘transformation products such as
ferrite and fine pearlite (sorbite) were obtained:

| Steel 27 did not show any fe;fite-pea?lite. It‘produceé low
lcarbon martensite (Figure 20 b), This steel contains Cr which retar-
ded the transformation and thus moved the £rénsforma£ion curve to the
right at or near the nose region resulting low carbon martensite.

The presence of ferrite in steels 3 and 4 along wi£h low carbon

martensite-also indicates that’the critical cocling rate in each of

these steels was faster than the actual ccoling rate.

6.2 Case Depth

6.21 Steels 1 to 4

The effective case depth of steels 1 to 4 is plotted in Figu-
re 12 as a function of carburizing time and presented in Table 3. -
Stgel l is the base steel with which the case depth of the other
steels with yi and Cr alone or in combination are compared. It is
eﬁident froﬁ Figﬁre 12 that steel 2 with Cr produced much higher case
dgpth than the plain carbon steel 1 and stéel 4 with Ni_content produced
much- lower case depth while steel 3 containing both Ni ﬁnd Cr produced
case depth in between them. This indicates clearly that Cr iﬁcreases_
the thickness of the carburized layer and Ni reduces it. This is due
to the f;ct that Cr reduces the diffusion co-efficient DY-of carbon

in austenite, becaﬁse it raiées the reqqired activation energy 06

but since it increases the carbon concentration at the surfaée it
increases the thickness of the.cérburized layer to some extent. Nickel
on the éoqtrary increases Dy (by reducing the activation energy of
diffusion) but reduces the carbon Concentration, at the surfade6 and

‘consequently reduces the layer thickness. Steel 3 contains both- Ni

and Cr. So the case depth of this steel is expected to be in between
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that of steel 2 and 4 i.e. higher than that.of steel 4 and 1ower'than
that of steel 2 and this has in fact been observed to be the case.

It is also evident from Figure 12 that as the time at the car-
burizing temperature increases the case depth of the steels increases.
This is due to the fact that as carburizing time increases, carbon
atoms get longer time to penetrate into a greater depth and hence

"higher is the case depth.

6.22 Steels 6 to 10

Steel 6 is merely a plain carbon steel. This steel 1is used as

" a base to compare the carburizing behavicur of the other steels

(steels 7 to 10) with small additions of V, Al and N singly or in com-
bination. Figure 13 shows that the microalloyed steels 7 to 10 produced
lower case depth than the plain carbon steel 6. This indicates that
microalloying elements particularly vanadium with or without N and
aluminium with N reducé the case depth.

The highest case depth in steel 6 is due to the much higher
concentratiog of carbon at its surface which is clearly indicated by
the presence of a thicker and feathery cementite network in its car-
burized case.

The formation of vanadium carbide reduces the solubility of
carbon in austenite:30 and hence décreases the carbon concentration
at the surface of the steel specimen, The much lower case depth‘in
steel 7 with VC than the base steel 6 is clearly due to lower concen-
tfation of carbon at its surface.

Steel 8 is basically stee1l7 with nitrogen added to it. This
stéel produces higher case depth than steel 7. The higher case depth

. 0f steel 8 is also due to the higher concentration of carbon at its
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surface which is indicated from the presence of some thicker and ?
-feathery cementite network in this steel. The higher concentration off
carbon causing greater case depth in steel 8 may be due_tq the pfe—
sence of nitrogen which is thought to increase the ;olubility of car-
bon in austenite and thus favours the diffusion of carbon in austenite.
The presence of nitrogen as V(C,N) is also thought to increase the:
diffusion coefficient by decreaéing the'activatiOn energy.

‘Steel 10 with Al and N produced the lowest case depth. This
shows that Al and N as AlIN reduces the case depth drastically. The
presence of the thinnest cementite network in the case clearly reveals
that the concentration of carbon at the surface pf this steel is very
low. The much lower case depth of this steel is clearly due to the
lower surface carbon concentration which is thought to be caused by

-the presence of Al and N as AlN.

Steel 9 which is basically steel 8 with Al added to it shéws

case depth lower than steel 8 and higher than steel 7. The 10We£ case

depth of steel 9 than steel 8 is due to the presence of Al which redu-

ces the surface carbon concentration.

6.3 - Prior Austenite Grain Size

6.31 Steels 1 to 4

Steel 1 i; the base steel with which ﬁhe;austenite gréin size
of the other steels (steels 1 to 4) have been compared. This is é plain
carbon steel with no additien of allbying elements., So it does not
conpain any second phase particles to inhibit austenite grain growth
and thus the austenite grain ;ize of this steel increases rapidly as

shown in Figure 14 with the‘increase of time at the carburizing tempe-

rature.
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It is also evident from Figure 14 that steel 2 produces much
finer austénite grain size than steel 1 (Figure 16). Steel 2 contains
chromium which combines with carbon forming chromium carbide, Cr3C.
Thése carbide particles pin the prior austenite grain boundaries
and inhibit grain growth and keep the grain size small. Steel 4 produces
the finest grain size of all the steels. This steel contains nickel.
Nickel does not combine with carbon. It remains in solution in auste-
nite., The greater effect of nickel in refining austenite grain size
of the case of carburized steel than chromium is not clear.

Steel 3 contains both nickel and chromium. Its grain refining
effect is expected to be greater than that.of steel 2 and lower than

that of steel 4 and this has infact found to be the case in the expe-

rimental work (Figure 16).

6.32 Steels 6 to 10

Fiéure-lS shows that the prior austenite grain size of\steels
6 to 10 initially decreases as the carburizing time increases to 2
hours and then the grain size increases with the increase of carburi—
zing time.

The base steel 6 being merely a plain carbon steel does not
contain any second phase particle.tolinhibiﬁ grain groﬁth. From Figure
15 it is evident that the grain size of steel 6 increases rapidly with
increasing treatment time (after 2 hours) at the carbufizing tempera-
ture of.9SOOC. This is due to the free migration of grain boundaries
(to attain the equilibrium grain size) when the carburizing time is
increased. With the presence ©of second phase particles, és in other
steels (steels 7 to '10), they pin the austenite grain boundaries and

inhibit the grain growth causing the steels to retain a fine grain

T
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size which is found to increase slighﬁly during carburization with
successive longer holding time (after 2 hours).

Among the precipitates VC, V(C,N) and AlN, it is accepted that
the order of increasing solution temperature is VC, v{C,N} and AlN. |
M.A. Beparg'zl reportgd that the temperatures for the precipitates
in steels 7,8,9 and 10 to dissolve completely are 1015, 1120, 1260
and 12300C respectively. Therefore it is expected that the grain growth
restriction in steel 8 will persist to a higher temperature than in
Stéel 7 and that in steel 10 to the higheét temperature. However, at
the lower temperature of 950°C where the precipitateé'in'the three
steels were still effective as grain growth inhibitors,-steel 8 pro-
duced finer grain size than steel 7 and coarser grain size than steel
10 suggesting that V{C,N) is much more effective than VC and AIN is |
the most effective in controlling the grain growth of austenite.

Steel 9 is basically steel 8 with aluminium added to it., Its
grain coarsening chracteristics is expected to be in between those of
steel 8 and steel 10 and tﬁis has in fact been cbserved to be the case.

Gladman22

showed that fine particles are mére effective than

coarse pgrticles in restricting grain érowth. It has been reported9

that the coarsening rate of VﬂC,N) in the presence of aluminium is con-

siderably lower than that of VC or of V(C,N) in the absence of alumi-

nium. The greater effect of V(C,N) in grain growth inhibition is

thocught to be due to the fact that its precipitates are present in a

finer dispersion than those of VC. The greater effect of AlN.in inhi=-

biting grain growth is also thoughf to be que to their less coalescence.
The larger austenite grain size in the case of the steels

carburized for 1 hour than for 2 hours may be due to the stored energy

caused by previous operation (extrusicn) near the surface. This stored

. energy which favoured the austenite grain growth was later eliminated
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with increasing time from 1 hour to 2 hours at the carburizing tempe-

rature.
6.4 Hardness and Hardness Profile
6.41  General

The microhardness of the case of all thelsteels carburized for
1 hour, 3 hours and 5 hours, hardened and tempered, increases upto
certain depth and then remains constant over a certain depth and then
decreases gradually £owards the core as shown in Figures 26 to 28 and
29 to 31 . Optical microscopy revealed that the steels in the har-
dened and tempered condition contains high carbon martensite in the
case along with retained augtenite, the percentage of which vafied
with steel composition and the carburizing time. It was also revealed
that the- percentage of retainéd austenite in the case near the surface
decreases as the distance from the surface -increases and at some depth
martensite becomes about cent‘percent. Tables 7 and 8 show that the
hardness of the surface is much lower than the maximum hardnéss. The
lower surface hardness in all the steels is clearly due to the pré-
sence 0f retained austenite along with martensite. As the retained
austenite content decreases the hardness of the case incréases with
. increasing distance from the surface. Because of the presence of nearly
cent percent high carbon martensite the hardness becomes maximum at
'somé Aepth beyond which the hardhess decreases gradually towards the
core. This decrease 1n hardness is due to the decreasing carbon qbntent
in martensite which is formed from austenite of lower carboh. |

Finally the hardness reaches to a low value at the core. This
lower hardness is due to lower carbon content of austenite which was
~ subsequently trénsformed to a mixture of lqw carbon martensite, fine

pearlite (sorbite) and free ferrite.
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6.42 .Steels 1 to ¢

it is evident from Figures 26 to 28 that the hardness curves-
of steels 1 to 4 have a steeper slope from case to the core when the
carburizing time increases to 5 hours, This 'is because of the inc-
rease in the cohqentratidn gradient with increasing carburizing time;
The higher steepness of the hardness profile at the interface between
the carburized case and the core in plain carbon steel! 1 than steelé 2
to 4 (Figs. 26 to 28) is due to the higher concentration éradient.

From Figures 26 to 28.it is seén that steel 2 produced higher:
hardness and.steels 3 and 4 prodﬁced lower hardness in the case than
the base steel 1 for all the ca¥burizing periods'while steel 3 produced
higher hardness than steel 4.

Steel 2 contains Cr3C precipitates. The higher hardnesé of the
case of‘this steel than'the base steel 1 is clearly due to the pre-
sencé of - these precipitates. These precipitates impede the movement of -
diglocations and hence produces hardnening gffect in .the steel.

Steel 4 although contains Ni does not have any second phase
particles because Ni is not a carbide forming element. The lower |,
hardness of thé case of this steel than the base steel 1 may be due to
the fine martensite needles (platelets) (Figs., 18d.and 19d) formed
from fine prior austenite grains (Fig. 16d) caused by the presence of
Ni in solution in austenite.

:

Steel 3 is basically identical with steel 4 with Cr added to
it. The higher hardness ¢f the case of this steel than steel 4 is
cerﬁainly due to the presence of Cr3C in.it; Since the amount cf Cr
and‘hence Cr3C in this steel is much lcwer than that cof steel 2, the
hardness of éteel 3 was, therefore, not increased to that extent as

in steel 2.
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Figures 26 to.28 and Table 7 show that the hardness of the
core of steels 1 to 4 carburized for 1, 3 and 5 hours are much lower
than tﬁeir case hardness., This ;s due to the low carbon martehsite,
in the core. Tﬁe presehce of some ferrite-pearlite also contributes
to lhé lcwering of hardnesé along with low carbon martensite in the
core of steels 1; 3 and 4.

In the core, steels 2,3, and 4 showed higher hardness than
the base steel 1 for all the carburizing periods (figures 26 to 28).
The lower hardness of the core of steel 1 than steels 2 to 4 is due to
.the presence of ferrite and fine pearlite (sorbite) in the core of this
steel. Among steels 2, 3 and 4, steel 2 produced much higher and steel
4 produced lower hardness than steel 3 at all the carburizing periods.:
The much higher hardness in the core of steel 2 is due to the presence
of larger amount of Cr3C in it. The:ﬁuch lower hardness of stegl 4
than steel 2 is due to the presehce of ferrite aloﬁg with fine low
carbon martensite fbrmed from fine austénite grains in_it. The composi-
tion of the steels (Table l)'indicates that the amount of;CréC in
steél 5 is much lower than that in steel 2. The much lower hardness of
this steel than that of . steel 2 is therefore due ﬁo the smaller
amount of CrBC along with Some amount of ferrite present in it.

It is evident from Figures 26 to 28 that the'hardness of the
case of carburized, hardened énd tempered steels and also the maximum
hardness increase with an increase in cqrbﬁrizing time. This is.beca-
use of the increasing carbon-content of martensite,.

It is found ﬁhat:the surface hardness of ali the carburized,
hardened and tempered steels is lower thén the maximum hardness obtai-
ned in the carburizéd case (Table .7). The explanation of this diffe-

rence in hardness lies .in the fact that at the surface the steels
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.contain some amount of retained austenite along with higher carbon
martensite. So when the surface hardness is measured, by Rockwell
hardness testing machine, the indentor sinks info the region containing
both retained austenite and martensite and ipdicates the hardness
coﬁtributed by both of theﬁ. The difference between the maximum hard-
~ ness and the surface hardness increases with the increase of carburi=-
zing time.

In éteels 1 and.4 surface hardness and maximum hardness both
increase because cof incfeasing carbon content of martensite with the{t
increase of carburizing time. But the maximﬁm hardness increases mcre
rapidly than surface hardness wiﬁh increase in time, Hénce the diffe~-
rence between them increases with increasing time.

In steels 2 and 3, the surface hardness decreases due to the
presence of increased amount of retéined austenite with the increase
in c¢arburizing time, but the maximum hardness increases due to increa-
sing carbon content of martensite with the increase in carburizing time,
Hence the differénce between surface hardness and maximum hardness

*

increases with the increase in carburizing time.
It is also found from Table 7 that the difference in the. sur-
face har@ness and maximum hardness is greater in the alloy steels

(steels 2 to 4) than in the base steel 1.

6.43 Steels 6 to 10

-Figures 29 to 3] show that the hardness profile of steel 6
.to 10 are more or less shallow for all the carburizing perioas. This
'is due to the lower concentration gradiént. It is also evident from.
thesé Figures that steel 6 shows a somewhat steeper hardness profile
than steels 7 to 10 for all the carburizing periods. The greater:

steepness of the hardness profile at the interface between the carbur-
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" ized case and the core in the plain carbon steel 6 than steels'7 to
10 is clearly due to the higher concentration gradient at the inter-
face. The presence of alloying elements such as V and Al in the other
. steels decreases the concentration gradient causing a gradual change
in the slope of the hardness profile from carburized case to the core
and hence the hardness profile at the interface is shallow.

It is evident from Figures 29 to 31 that steels 7,8 and 9
- produced higher and steel 10 produced lower hardness than the base
steel 6 at all the carburizing periods. Among steels 7,8, and 9, steel
7 produced hlgher hardness than steel 9 and lower than steel 8.

The hardness of hardened steels is almost independent of the
size of martensite need1e523 and hence independent of the size of
the prior austenite grains which control the size of martensite needles .
(platelets). The cbserved difference in hardness of the carburized case
is therefore not related to the difference in austenite grain size i.e.
difference in martensitic platelets.

It has been mentioned earlier that the precipitates in steels 7,7
8 and 10 are respectively VC, V(C,N} and AIN and that in steel 9.is a
mi#ture of vV(C, N) and AlN, ‘

The higher hardness in the case of steels 7, 8 and 9 than
plain carbon steel 6 is clearly due to the presence c<f the prec1p1tates
in their cases. These precipitatee, as mentioned earlier, impede the
movement of dislocaticns and hence‘produces hardening effect in the
- steels. |

The higher hardness of the case of steel 8 than steel 7
indicates that V(C,N) is ﬁuch more effective than'VC in increasing the
hardness. Bepari9 reported that precipitating V(C,N) presdents a finer
dispersion of particles than VC, The greater effect of V(C,N} in hard-

ness increment is clearly due to its finer dispersion than VC,. s
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Bepari9 also reported that the preeipitates size and ameunt
in steel 9 are respectivaly somewhat coarser and smailer.than those
"in steel 7. The lower hardness of steel 9 is due to the smaller ﬁolume
fraction of the coarser particles,

lSteel.lo with A 1N prodﬁces lower hardness than steel 6. This
indicates that AlN particies does not produce any hardening. It has

been reporteda’9

that nitrogen in solution is a good strengthener in
steel. The lower hardness of steel 10 than steel) 6 is due to the
presence of Al which removes nitrogen in solution as AIN. The voluﬁe
fraction of the AIN particles in steel 10 is much smaller than those
of vC and V(C,N) in eteel 7 and 8 respectively? It is thought that
the volume fraction of AN particies in steel 10 is so small thatrit
does not have any effect in hardness increment.

Similar explanation is applicable to the observed difference
in hardness of the core of steels 6 to 10. ' ' - S O

it is e§ident from Table 8 that the surface hardness of the'
carburized, hardened and tempered steels 6 to 10 is also lower than
the maximum hardness attained in the case. This is because the steels
contain a considerable amount of retained austenite at the. surface
aleng with high carbon marteneite.

It is aiso observed that the difference between the maximum
‘hardness and surface hardness increases with the increase of carbﬁrizing
tiﬁe (Table 8). The surface hardness of all the steels is found to
decrease due to the presence of increased amount of retained austenite
at the surface Qith the increase of carburizing time while the maximum
ﬁardhess increases due to increasing carbon content of martensite with
the increase in carburizing time. Thus the difference between.surface
hardness and maximum hardness increases with the increase in carburi-

zing time.



54

From the above discussion on the surface versus maximum hard-
ness, it may be concluded that the surface hardness of carburized,
hardened and tempered steel may nof be the maximum value that develops
. through carburizing. In order to get the maximum bardness of a car-
burized specimen one should measure the hardness along the cross sec-
tion, It should be noted that retained austenite in the surface is
very soft and it will-decay ocout in time in service leaving a harder
surface beneath it.

It has been reporte‘d6 that the desired hardness of the surface
.layer is from 60-64 Rc for carbonrsteel, and from 58 to 61 for alloy
steel. The lowerhardness in the second case is due to the formation of
a larger amdunt of retained austenife. After a single hardening
operation with‘high alloy steels, a larée amount (upto 50 to 60 per
cent or even more) of retained austenite canrbe.found in the structure
of the carburized case. This shérply reduces the.hardness. A sub-zero
treatment is applied to such steels following hardening. This converts
a'large part of thg retained austenite into martensite thereby subs-
tantially increaéing the hardness. For example, the hardness cf chro-
ﬁium—nickel steel after case hardening is 52 Rc. After sub-zero treat-
ment, the hardness is increased to 60 to 62 Rc.

Because.cof the non availability of the facilities in the
Department, the sub-~zero treatment of carburized, hardened and tem-
pered steels has not been possible., It is fairly certain that the.
desired hardness could be achieved if these steels (steels 1 to 4

and 6 to 10) are subjected to a sub-zero treatment.

6.5 Hardenability

An indication of hardenability of steels 1 to 4 and 6 to .10

can be obtained from the microhardness profiles of Figures 3¢ to 3] .
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It is evident from these figures that all the steels show hiéher hard—
enability when they are carburized for longer time, hardened and tem-
"pered. It was stated earlier as the qarburizing time increases, the
austenite grain sizerincreases. The coarse, austenite grain size along-

24 The higher

,with alloy addition increasds the case hardenability.
hardenability of each of these steels carburized for longer time is
clearly due to ﬁhe combined effect of coarser austenite grain size

‘and increasing carbon content of increasing case depth with increasing

time.
6.6 Toughness
6.61  Steels 1 to 4

It is evident from Table 9 that the impact energy absorbed
in steefs 2, 3 and 4 are much lower than that in the base steel 1.
indicatiﬁg clearly that the addition of Ni and Cr alone or in combili
nation decreaseé the toughness of low carbon steels. Opticél micros—
copy revealed fine pearlite (sorbite)‘and about ld% polygonal ferrite
in the core of this carburized and hardenea steel (Figure 20a). The
high'toughness of steel 1 is due to the preéence of ferrite and sorbite
in the microstructure of this steel. At the carbu;izing temperature
there exists some undissolved chromium carbide particles iﬁ steels 2
and 3. The presence of these chromium carbide particles along with
low caébon martensite is responsible for the 1owef toughness bf these
steels.,

It is also evident from Table 9 that steel 3 with Ni and Cf
-show higher impact energy absorbed than steel 2 with Cr and lower
impact energy absorbed than-steel 4 with Ni. This indicates that Cr

is more detrimental to toughness than Ni.



56

Cptical microscopy also revealed much more polygonal ferrite

along with low carbon martensite in stee1j4 than steel 3 (Figure

20c and d). The better toughness in steel 4 than steel 3 is due'to the

presence of increased amount of polygonal ferrite together with fine

low carbon martensite in it.

6,62 Steels 6 to 10

It can be seen. from Table 10 that steels 8 to 10 show hlgher
impact energy absorbed whereas sSteel 7 shows lower 1mpact energy

absorbed than the base steel 6. Thls indicates that VC particles are

detrimental to toughness and V(C,N) and AlN part;cles are benificial

to toughness.

9

It has been reporteds' that nitrogen in. solutlon 1mparee

toughness of steels. The size of marten51te platelets aJso control

low

the toughness of hardened steels. Toughness reduces with the coarsening

23

of martensite, Steel 6 does not contain any alloying element to com-

bine with nitrogen already present in it. This along with the coarse
low carbon martensite (Figure 25a) formed from the coarse’ austenite
graln present in it are responsible for low 1mpact energy absorbed. .
The nitrogen content in steels 7 to 10 are combined either as V(C,N)
ocr AlN, |

‘ Steel 7 produces finer low carbon martensite than steel 6.
But it contains VC precipitates. VC precipitates impare the tough-l
ness of annealed and normalized low carbon steeéls.’ The much lower
impact energy absorbed of steel 7 than steel‘é is clearly due to the
presence of VC precipitates, .

- The impact enerdy absorbed of steel 8 is much higher' than

that of steel 7 .and fairly higher than that of steel 6. The nitrogen

-
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Gontent of this steel is tied up as V(C,N) precipitates. Moreover,
this steel shows finer martensiteslformed from the finer austeniter
grains produced by V{(C,N) precipitates. The better toughness of this
steel than that Qf steels 6 and 7 are clearly due to the V(C,N) par-
ticies present in it. ‘

The impact energy absorbed of steel 10 with Al and N is the
highést.of all the steels (Table 10). Cpt%cal miqroscopy revealed
very fine low carbon martensite inrthé core of this steel. Al refines
the austenite gfain size and removes the soluble nitrogen as AlN.

The much higher toughnesé of this steel is obviously due to the fine
low carbon martensite formed from very fine ausfenite graihs produced
by AIN particles,

Steel 9 shows higher impact energy absorbed than steel . 6
and ;bwer than steels 8 and 10. This steel contains V, Al and N. It
is thought that in presence of Al, V(C,N) formed will be low in nitro-_
gen i.e. nearly to be VC which reduces .the impact energy absorbed.

The detrimental effect of VC on impact energy absorbéd éppearsﬁn begﬂeater_'
than the benificial effect of AIN.

.From thé above discussion it may be concluded tﬁat VC pre-
cipitates are detrimental to toughnessibut V{(C,N) and AlN prepipitates
-are benificial to toughness of the core of carburized hardened and |
tempered steels. AILN particles are more effective'than V(C,N) particles
in improving the toughness of the core of carburized steels in £he

hardened condition.
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CHAPTER =7

CUNCLUSIONS

L]

Conclusions Drawn from the Present Work

A very c;ose'confrol of temperature(tZOC)of,a gas fired gas
carburizing furnace can be obtained by controlling the flow

of gas (Titas gas) into the burner with the help of a scolencid

valve which is abtuated by a controlling pyrometer.

Chromium increases the case depth of the carburized steels

while Nickel decreases it.

Micrballoying elements such as vanadium with or without nitro- -+
gen and aiuminium with nitrogen reduce the case depth of the
carburized steels. Vanadium withoqt nitrogen is more effective.
than vanadium with nitrogen in reduéing the case depth while
aluminium with nitrogen is the most effective cf all in redu-

cing‘the case depth.

Chromium as Cr3C and nickel refine the austenite grain size
of the carburized case but nickel is more effective than

chromium in inhibiting grain growth of ‘austenite.

The undissolved particles of vanadium carbide, VC, vanédium
carbonitride,. V(C,N) and aluminium nitride, AIN all refine the
austenite grain size of the carburized case, but V(C,N) is

much mofg effective than VC and AIN is the most effective in

‘inhibiting the grain growth of austenite in the case of carbu-

rized steels.
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L

6. Chromium and nickel both promote the formation of retained
austenite but chromium is more effective than nickel in promo-
ting the formation of retained austenite in the case of the

carburized steels.

7. Vanadium without nitrogen does not have any effect in the for-
mation of retained austenite while vanadium with nitrogen
promotes the formation of retained austenite in the case of

carburized steels.

8. . Aluminium is the most effective in promoting the formation of
retained austenite in the case of carburized steels.
9. Chromium in solution and as Cr3C increases and nickel in solu-
tion decreases the hardness of the case while both of them
~increases the core hardness although chromium is more effective

than nickel as far as core hardness is concerned.

10. The undissolved particles of VC and V(C,N) increase the case
and core hardness while AIN reduces the case and core hardness.
V(C,N} is more effective than VC in raising the hardness of

the case and core.

11, The hardenability is increased with the increase of

austenite grain size and extent of  carbon penetration of the

.

case of carburized steels. .

12, Nickel and chromium both reduce the toughness of the core of
low carbon steels in the carburized and hardened.condition.

Chromium is more detrimental to toughness than nickel.
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VC reduces the toughness markédly while V(C,N) and AIN impro-
ves the toughness. AIN is much more beneficial to toughness

than V(C,N}.

Suggestions for Further Work

In order to obtain the optimum hardness in the case, a large
part of the retained austenite must be converted into marten-
site. A sub-zero treatment should therefore be applied to the

steels following hardening.

A study on the wear, tensile and fattigue properties of the
steels should be carried out systematically in order to have
a complete understanding of the behaviour of the carburized

low alloy steels,

A further investigation is reguired to have more data in order

to explain the variation of the hardenability of the steels.

A high temperature tempering of the steels may be carried

out to show the variation of hardnesé and the results thus

obtained‘may be compared with those of low temperature tempe-

ring with shorter duratidn.

~.8ervice behaviour of the carburized low alloy steels should

‘be investigated.
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Transmission electron microscopic study should be carried

out on these steels to obtain informations on precipitate

morphology.

Effect of molybdenum on the structure and properties of the

case and core of carburized low carbon steels should be sys=-

tematically studied. i
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TABLE 1

Composition of steels 1 to 4 in wt%

Ni Cr S

Steel C | Si Mn P
|No.. ' . '
1 0.10 0.18 0.37 - - 0.028 0.025
2 0.10 0.19 0.39 -  0.85 0.030 0.028
3 0.10 0.20 0.37 1.2 0.35 0.030 0.022
4 0.10  0.20 0.39 .1.19 - 0.033  0.025
TABLE 2
" Composition of steels 6 to 10 in wt.%
Steel C Mn \' N Al Si 8 P
NO. — =,
6 0.15 1.42 - 0.005 - 0.28° <0.02 <0.02
7 0.15 1.42 0.22 0.005 - 0.26 0.02 <0.02
8 0.15 1.52 0.20 0.020 . = 0.30 0.02  <0.02
9 0.15 1.57 0.20 0.024 0.056 0.30 0.02 <0.02
10 0.15 1.42 - 0.020  0.053  0.19 0.02 <0.02




TABLE 3

The effective case depth of steels 1 to 4 carburized
for different periods of time and cooled slowly

in the furnace.

bna

[Steel Case depth mm

No. 1 hour 2 hours 3 hours - 5 hours

1 1.13 1.56 _ 1.95 ) 2.84

2 1.20 1.75 2.15 2.50

3 1.06 1.50 1.83 2.43

4 0.95 1.32 1.65 2.16
TARBLE 4

- The effective case depth of steels 6 to 10 carburized for different

periods of time and cooled slowly in the furnace.

Steel ' - ) Case depth, mm.

No. 1 hour 2 hours - 3 hours 5 hours

6 1.54 2.01 2.45 3.46

7 1.36 1.73 2,19 3.18

8 l.46 _ 1.90 2,35 3.31
19 1.41 1.78 . 2.27 3.21

10 . . 1.15 - 1.64 : 1.84 2.66




TABLE_5

rThe prior austenite grain size of the case.of steels
1 to 4 carburized for different periods of time and

cooled slowly in the furnace

Steel - Austenite grain size, um

No. . 1 hour 2 hours -3 hours 5 hours

1 - 236 259 : 349

2 109 ' 114 ‘ 120 143

3 |1 83 90 91 99

4 .76 78 . 87 95
TABLE 6

The pricr austenite grain size ©f the case of steels 6 to 10 carburi-

zed for different pericds of time and coocled slowly in the furnace

Steel ‘ Austenite grain size, um
No. 1 hour 2 hours 3 hours 5 hours
6 193 : 136 178 259
7 65 - ' 53 ) 64 | 73
18 58 38 43 62
s Y 27 30 29
10 _ 33 ' 23 21 - | 28




TABLE 7.

Relationship between surface hardness and maxi-

mum hardness of steels 1 to 4.

I T -

Steel |Carburi- |Surface Hardness| Maximum Hardness Coré Hardness
No. zing time e o= el —
hour Rc VHN VHN Rc VHN Rc
1 1 56 640 661 - 57 | 166 -
|3 60 738 748 6l 186 -
5 61 750 946 66 160 -
2 | 1 |56 640 694 ° 58 428 43
3 54 600 793 . 62 397 . 40
5 . 47 480 989 68 381 39,
3 1 53 590 642 56 211 -
3 50 540 | 747 61 237 -
5 49 520 | 913 65 | 248 22
4" 1 50 540 622 55 187 -
3 53 590 | 724 59 203 -
5 54 600 | 894 65 173 -




TABLE 8§

Relationship between surface hardness and maximum hardness of steels
6 to 10.

Steelj Carburi- |Surface Hardness Maximum Hardness|Core Mardness
No. zing time '

hour | Re - VHN VHN Re VHN Rc

6 1 57 660 {748 61 392 39

3 46 470 808 62 472 46

5 39 380 8§52 63 489 47

7 1 59 725 762 61 530 49

3 | 49 . 520  |843 63 532 50

5 46 470 - | 882 . 64 542 . 50

8 1 54 600 797 62 | 570 52

3 47 - 480 852 63 605 .54

5 45 460 - 888 65 583 52

9 1 51 560 742 60 495 47

3 45 460 830 63 513 49

5 42 420 870 64 5100 49

10 1 54 600 724 59 373 - 38

3 45 160 772 61 - 411 - 41

5 38 373 824 62 425 43




' TABLE 9

Impact energy absorbed of steels 1 to 4

Steel Impact Energy Absorbed
No. Ft-1bs
1 147
2 52
3 : 69
4 98
TABLE 10

Inpact energy absorbed of steels 6 to 10.

ﬁg?el ‘Impact Energy Absorbed
Ft-1bs,.
6 . 48
7 . . 28
8 ' . 64
9 - 80 .
10 107
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Figure 2: Schematic 'diagram of Vapoccarb electrically heated

gas carburizing furnace.
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Figure 4: Schematic diagram of gas fired gas carburizing furnace

‘with automatic control system.
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{c) Steel 3 X 140 (d} Steel 4 X 140

Figure 6:

Optical micrographs showing microstructures and
depth of case of steels 1 to 4 carburized at 950°C

for 1 hour and slowly ccoled in the furnace.
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(a) Steel 1 X 140 (b) Steel 2 ¥ 140

(c) Steel 3 X 140 {(d) Steel 4 X 140

Figure 7: Optical micrographs showing microstructures and
depth of case of steels 1 to 4 carburized at 950°C
for 3 hours and slowly cocled in the furnace,
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(a) steel 5 X 140 (e) Steel 10 gl X 140

Figure 9: Optical micrographs showing microstructures and depth

of case of steels 6 to 10 carburized at 950°C for 1 hour
and slowly cooled in the furnace.




(d) steel 9 "X 140 (e) Steel 10 < X 140

Figure 10: Optical micrographs showing microstructures and depth of
case of steels 6 to 10 carburized at 950°C for 3 hours and

slowly cooled in the furnace.
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Figure 14: Variation of prior. austenite grain size with

carburizing time at950°C in the case of steels 1 to 4.
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Figure 15: Variation of prior austenite grain size with

carburizing time at 950°C in case of steels 6 to 10.



(c) Steel 3 X 280 (d) Steel 4 X 28

Figure l6: Optical micrographs showing the prior austenite
grain size of steels Ll to 4 carburized at 950°C

for 5 hours and slowly cooled in the furnace.



(b) Steel 7

—

 (d) Steel 9 X 280

(e) Steel 10 X 280

Figure 17: Optical micrégraphs showing the prior austenite grain size
of steels 6-10 carburized at 950°C for 5 hours and slowly

cooled in the furnace.
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(a) Steel 1

{c) Steel‘3
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Q#Figure 18: Optical micrographs showing microstructures of
steels 1l=-4 carburized at 9500C for 1 hour quenched
in 10% brine and tempered at 160°C. |
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(d) Steel 4 X 280

Figure 19: Optical micrographs showing microstructures of
steels 1-4 carburized at BSOOC for 3 hours,

quenched in 10% brine and tempered at 160°C.
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(c) Steel 3 X 280 (d) Steel 4 X 280

Figure 20: Optical micrographs showing the microstructures of
core ¢f steels 1«4 carburized at 9500C for 1 hour
guenched in 10% brine and tempered at 1600C.

e !

s,



(c) Stéel_8

X 280

{d) Steel 9

Figure 21: Optical micrographs showing the microstructures of steels
6 to 10 carburized at 950°C for 1 hour quenched in 10%
brine and tempered at 160°¢,
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(d) Steel 9 ¥ X 280 (e} Steel 10 ~

" Figure 22: Optical micrographs showing the microstructures of steels

6 to 10 carburized at 950°C for 3 hours quenched in 10%
brine and tempered at 160°C.
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Figure 23: Optical micrograph showing the cementite networks

in the case of steel 7 carburized at 950°C for

5 hours, quenched in 10% brine and tempered at
160°c, x 280.

Figure 24: Optical micrograph showing the pPeclygonal grains of
austenite in the case of steel 7 carburized at 950°%

for 5 hours, quenched in 10% brine and tempered at
160°C, X 280.
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(d) Steel 9 X 280 (e) Steel 10 L X 280

Figure 25: Optical micrographs showing the microstructures of core of
steels 6 to 10 carburized at 950°C for 1 hour quenched in
10% brine and tempered at 16OOC.
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? Figure 26: Microhardness profijes of steels 1 to 4 carburized at 950°% for 1 hour, quenched in 10% brine
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