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PREFACE

"My best is none too good" said Don Coppell*.
The woz"k attempted here also indicates this point and proves

that it is possible to do the job in a better way.

One can go into more depth in a narrower area of
the research presented here. For better quality management;
quantitative analysis is a must. Though the present research
is more .qualitative in nature, attempts have been made to

present quantitative data wherever possible.

The best final product* vrequires the complete
integration of the design (mechanical as well as material),
manufacturing and management by a total system approach. This
may be true even in the development of a new material, such
as #in the present case. Whatever stortcomings are found may
be attributed to the lack in the above factors; in present
case precisely to the personal contrains. The suggestions to

improve are most welcome.

* From the "Handbook of Product Analysis"™ by N S Poonawala,

published by JEMECONS (Bombay) in August 1986.
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ABSTRACT

The effects of alloying 12% chrcfnium cast 1irons
with nitrogen alone as well as with nitrogen and titanium
together on the as cast microstructure, phase transformations
during heat treatment, abrasive wear resistance and its
performance as cutting tools haygbeen investigated. Nitrogen
was added both as nitrided manganese and nitrided chromium.
The experimental techniques used included hardness and
microhardness measurements, light, scanning and transmission
electron microscopy, electron microprobe analysis, TMA, X-ray
diffraction analysis, corrosion tests, sliding abrasive wear
test against a bonded alumina wheel under load, and machining
trials with chromium cast iron turning tools.

In half of the fourteen experimental alloy irons,
the Cr/C ratio ranged between 2.9 to 3.6. In the remaining
half, the Cr/C ratio was between 4.1 to 4.6. Nitrogen and
titanium additions to the group of alloys having lower Cr/C
ratio (2.9-3.6) partially modified the eutectic carbide
morphology into discontinuous rods, although other types of
eutectics were also observed. Nitrogen stabilised a high
volume fraction of vretained austenite in irons with
relatively higher Cr/C ratio (4.1 and above), but did not
modify their carbide morphology appreciably. In the sand cast
alloys of the former group, both Cr7C3 and Cr23C(3 carbides
were detected. On raising the Cr/C ratio to 4.1 and above,
the eutectic carbide becane primarily Cr7C3 type. On
destabilisation of the retained austenite™mainly CrzaCtf type

carbide precipitated in either group of chromium cast irons.



In a chill cast nitrogenated alloy of Cr/C ratio xP 4.1. a
transition from Cr23C<5 to Cr7C3 type carbide was found to
occur on prolonged homogenisation at 900=C. In general, the
retained austenite content in as quenched nitrogenated
samples increased on extending the soaking period in the
temperature range 900-95070. Nitride and carbonitride
precipitates were detected in alloys with both high and low
Cr/C ratios. During isochronal and isothermal tempering of
both as cast and as quenched samples containing N +Ti or
N+Al, secondary hardening occured at 600=C. This was caused
by the precipitation of Ti”N or AIN as the case may be.

"The corrosion resistance of as cast austenitic
chromium cast irons containing nitrogen alone or nitrogen and
titanium together were found to be only marginally inferior
to a plain pearlitic chromium cast iron in both IN HC1 and 1M
NaCl solutions. The effect of nitrogen and titanium additions
on wear resistance however depended upon the retained
austenite content and the applied 1load. A high retained
austenite content (£ 40%) increased wear appreciably, while
low levels of retained austenite T~ 10%) improved wear
resistance considerably. In the intermediate ranges,
workhardening of the retained austenite decreased wear rate,
but ultimately the total wear depended upon the applied load
and the actual retained austenite content.

Quenched and tempered chromium cast 1iron cutting
tools prepared from sand cast alloys (Cr/C 4.10 and above)
could machine a 0.25% C steel bar at a speed of 40m/min and
feed of 0.12 mm/rev., but suffered brittle failure at higher

speed-feed combinations. Alloying with nitrogen and titanium



improved their performance to some extent. Presence of
microshrinkage pores was primarily responsible for premature
failure of these tools. A chill cast tool of Cr/C ratio 4.1,
however performed satisfactorily when its austenite content
was controlled around 20%. This particular tool superseded
the performance of a HSS tool at 50m/min speed and 0.16

rrm/rev. feed rate.

Key words:

Wear resistance, corrosion, carbonitride, retained austenite,

microshrinkage, work hardening.
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ouriace

Chapter Ctee

INTRODUCTION

Chromium cast 1irons are extensively used for the
manufacture of wear resistant components like grinding balls,
liners etc. Among the various standard grades of chromium
cast irons, the 12% Cr grade is the cheapest and is normally
used for the manufacture of small diameter grinding balls
used in less arduous working conditions. The present exercise
was undertaken to examine the influence of alloying 12% Cr
cast iron with nitrogen (added as nitrided manganese or
nitrided chromium) alone or together with titanium on its
metallurgical properties and wear resistance,.

The concept of alloying chromium cast irons with
manganese and titanium is not new. Manganese additions to
chromium cast irons is known to 1increase the hardenability
[129], while titanium forms hard carbides and carbonitrides
[38] and refines austenite dendrites [48]. The principle of
saturating the ferrous matrix with nitrogen to improve wear
resistance has been in practice for a long time. The ageold
processes of nitriding and carbonitriding are based on this
principle. A relatively recent application of the nitride
coating principle is the FVYD or CVD coating of TiN on
cutting tools and other substrates. Nitrogen has very limited
solubility in a-iron. Nitrogen diffusing into- the matrix

beyond the solubility limit usually precipitates out. The



common alloying elements present in nitriding grade steels
are aluminium, chromium, and molybdenum which form hard
finely dispersed nitrides and carbonitride precipitates.

Titanium, though not commonly used, is almost as powerful a
nitride former as aluminium. Because of the precipitation of
such hard nitride and carbonitride particles the wear
resistance of the nitrided surface is greatly increased. But
the nitriding process is basically a solid state diffusion
process. Hence the depth of the nitrided layer is usually of
the order of few hundred microns. The vapour phase deposition
of TiN is a costly process and in this case the nitride layer
is of the order of few microns only. Because of these
potential limitations of the solid state nitriding or vapour
phase deposition processes, these processes have not found
any application in the production of grinding balls, liners
etc. which are exposed to highly abrasive wear situations.
The powerful effects of a low cost alloying element like
nitrogen nevertheless remains attractive. To overcome the
limitations of solid state or vapour phase deposition
processes, an attempt has therefore been made in the present
exercise to add nitrogen to chromium cast irons in the melt
itself in the form of nitrided manganese or nitrided
chromium.

Nitrogen has long been used as an alloying element in
chromium nickel stainless steels primarily as an austenite
stabiliser. Of late, 1its beneficial effect? in resisting
sensitisation and improving corrosion resistance of stainless
steels have come to light [141]. In grey cast irons, small

doses of nitrogen addition have been observed to cause



compaction of graphite. In contrast, however, the effect of
nitrogen on solidification, heat treatment and wear
resistance of chromium cast irons has not vreceived adequate
attention of investigators. In one of the limited
investigations carried out at [1IT, Kharagpur [117],
nitrogenated 12% chromium cast 1iron tools were found to
possess better air hardenability and tool [life than plain
chromium cast irons tools. In view of such encouraging
results, it was decided to explore the effect of nitrogen
addition to chromium cast irons in greater details. Since
titanium is a hard nitride former and also a grain refiner,
it was further decided to add titanium 1in combiiiation with
nitrogen in some of the alloys. The specific objects of the
present investigation were to study the effect of nitrogen
addition alone as well as in combination with titanium to 12%

chromium cast irons on

(1) the austenite dendrite size and carbide morphology in as
cast state;

(2) the amenability of 12% Cr cast 1irons to hardening by
forced air draft;

(3) the phase transformations during conditioning treatment
at 900=C and above3and on quench-tenper treatment;

(4) the abrasive wear resistance;

(5) the performance of chromium cast irons as cutting tools;

(6) corrosion resistance of nitrogenated austenitic chromium

cast irons - r



Chapter Two

LITERATURE REVIEW

2.1 Introduction

White Cast irons have traditionally been used for wear
resistance applications %alnccr leng. The carbides 1in the
microstructure of White Cast Irons (WCI) depending on their
type, morphology and volume fraction, provide the hardness
required Tfor crushing materials without degradation. The
supporting matrix structure can be controlled by alloy content
and/or heat treatment to develop pearlitic, bainitic,
austenitic or martensitic structures to provide the most cost
effective balance between abrasive wear resistance and
toughness[1]. However, during 1920-30, alloy cast irons were
developed to get improved mechanical properties like UTS, Y.S.,
Impact Strength etc. This process of search for new improved
cast irons opened up a whole new field of alloy cast irons, and
a series of new specifications for specific applications like
heat resistance, corrosion resistance and wear resistance were
developed.

To improve these WCl, Becket suggested a 27% Cr, 2.75% C,
WCI. This alloy showed the structure of eutectic carbide in a
matrix of “sorbite® later claimed to be martensite. The
microhardness of M7C3 carbide was higher i.e. 1300-1800 HV

compared to MgC having 900-1000 Hv> Thus this alloy WCI with



sorbitic matrix resulted in a more wear resistant WCI than
unalloyed WCI.

Metal lurgical work on Chromium White ©Oast frons dates
back to 1917, when the first patent was filed for a HCWCI (high
chromium white C.1)[2]. This alloy is extensively used in the
mining & mineral processing industries and contains 25-30% Cr,
1.5-3.0%C, 0-3.0% Si in a Fe-base. 1In the 1960"s Abex
Corporation (USA) undertook an exhaustive series of alloying
experiments to develop optimum abrasion resistance in HCWCI.
They investigated Ni, Mo, Mn, Si & Cr as alloying elements and
developed a patented alloy "Paraboly®. However, original HCWCI
still was widely used [3].

According to Dodd[4] and Durroan[5], further improvement
of CWCI was delayed by the development of a Ni-Cr martensitic
WCl, Ni-hard [ around  1930. Further development of
wear-resistant alloy white irons occured in the early 1950°s
with the advent of Ni-hard IV, also called €btectic Ni-hard
[61.

The development of the 27% Cr WCI was delayed by the
requirement of electric melting. Moreover, this 1iron lacked
hardenability, giving pearlitic matrix and shorter service life
(compared to Ni-hard 1). Mo was added to CWCI in the late
1930"s, leading eventually to 15 Cr-3 Mo alloy, having better
hardenability and coroparable wear resistance. Later
modifications resulted in the development of 20 Cr Mo irons in
the later 1960"s, including the “Paraboloy"[7] by  Abex
Corporation.

From the papers published in various journals and

transactions, it seems that the interest in CWCI (Chromium



W.L.l) has not been .reduced but more and more research
continues in the field [8], primarily due to:
(1) CWCI has offered an -economic substitute for Hadfield
steel and continues to be so.
(2 the challenge of improved toughness and modification of
carbide morphology still persists;
(3) modifications in properties by the addition of inoculants
in small amounts in the ladle, or microalloying offer a

variety of interesting propositions and useful

applications.

2.2 Grades of Chromium White Cast lron (CWCI)

There are a few grades OFf CWCI wused for abrasion

resistance applications. Some of them are shown in table 2.1

and table 2.2.

2.3 The Role of Individual Alloying Elements

The Chemical composition plays an important role in case

of abrasion resistant materials, the reason being that

these materials require an optimum balance of abrasion

resistance and toughness. The effects are described in

tabular form (table No. 2.3) and further discussion

follows.

The following properties needed in the final product must
be kept in mind while selecting the composition.

(1) Good abrasion resistance

(2) Adequate toughness.

(3) Sufficient hardenability for response to heat

treatment

The effects of some of the important alloying elements have



Table 2.1 Ranges of alloy content for various
types of abrasion resistant WCI

Composition wtX (@)

Description Tc(b)  Mn p c Si Ni Cr WMo Cu
Low C white 9 Ato 0.2 to 0.15 0.15 1.,0 to 1.5 1.0
iron(d) 2.8 0.6 1..6

High-C, low Si  €.8 to 0.3 to 0.30 0.15 0..3 to 2.5 3.0
white iron 3.6 2.0 1..0

Malleable white 2 M to 0.3 to 0.15 0.15 1.0 to -

iron 8.5 0.5 1.6

Martensitic 2.5 to i.:12 0,30 0.15 O0.E 2.,7 to 1.1
nicHsl-chromiura 3,,7 5,,0 to

iron 4.0
Martensitic 2.5 to 1.3 0.10 0..15 1.0 to 5 to 7 1.0
nickel ,high- 3..6 °.2 7 to
chromium iron 11
Martensitic 2..0 to 0.5 to 0.10 0.06 1.0 1.5 11
chromiura- 3.6 1.5 to
molybdenum 23

High-chromium 2.3 to 0.5 to 0.10 0.06 1.0 1.5 23 1.5 1.2
iron 3.0 1.5 to
iron 28

TC - total carbon * Cu may replace all or part of the Ni



Table 2.2 Mechanical Properties of Standard Martensitic

Class Type

| D
I E

i A

* Ball diameter

WCl

Designation

Ni-Cr-HC
Ni-Cr-LC
Ni-Cr-GB
Ni-Hi-Cr

12% Cr

15% Cr-Mo-LC
15% Cr-Mo-HC
20% Cr-Mo-LC
20% Cr-Mo-HC

25% Cr

( From ASTM A 532-75a)

Min. values

Hardness,HB
Max. value

Typical
maximum
section
thick
ness

Sand Chill Hardened Annealed rm in.

cast cast

550

550

550

550

550

450

550

450

450

450

600

600

600

500

600

600

600

600

600

600

600

400

400

400

400

400

400

200 8
200 8
75(b) 3*

300 12
25(b) 1*
100 4

75 3
200 8
300 12

200 B
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been summarised.

Carbon

1

Chromi

1.

Increase in C increases abrasion resistance but reduces
toughness, as shown in Fig. 2.1 [9].

The alloying element which fixes C in the form of a
carbide (different from ceroentite), with a higher
hardness and more Tfavourable morphology, and which
reduces C of the matrix,allows the simultaneous
improvement of both abrasion resistance and toughness. Cr
is mostly used, however other carbide formers are also
useful.

Normal range of C for unalloyed or low-alloy WCI 1is about
2.2 to 3.6 %. For HCWCI, the normal range is from about
2.5% to the C content of the eutectic composition (i.e.
3.15% C for 15% Cr and 2.5% C for 27% Cr) 1in accordance
with the relation by Jackson [10].

Decreases hardenability

% Carbides  12.33 (% C) + 0.55 (% Cr) - 15.2 (after

Maratray).

um

Imparts abrasion, corrosion & high temperature oxidation
resistance.

At Cr more than 10%, eutectic carbides of MAC3 type are
formed, rather than the MaC type. The higher Cr changes
solidification pattern and thus the final as cast
structure also.

Hypoeutectic irons containing M?C3 carbides are stronger

and tougher than irons having M C carbides [4].



resistance

abrasion

increasing

Fig. 2-1

Relation
toughness
alloys [ 9]

between

Carbon, <~

the Abrasion

and Carbon content

resistance
in ferrous

13

toughness

Increasing



4. Cr prevents graphitisation and promotes carbide
formation. The Cr -equivalent 1is represented by the
Rt"CKBtt formula [11] as follow”:

Cr =Cr+2Si+1.5M0-2Ni-1Mn - 15N.
equ.
5. Cr contentsin wear resistant WCl are in the range of

14-20% Cr with upto 3% Mo and 24-28 % Cr.

Chromium/Carbon ratio

1. This Cr/C ratio 1is 1important for ensuring sufficient
quantity of carbides and some extra Cr for the matrix

hardenability.
2. A Cr/C ratiofof 4 and above are used in CWCI.
3. Following compositions are used commercially with success.
(@ 25% Cr, 3% C in as cast or heattreated condition.
(b) 18% Cr, 2.5% C normally heattreated.
(¢) 15% Cr, 3% C with 3% Mo in heattreated condition.
(d) 15% Cr, 1% C in the as cast condition.
4. The Fig. 2.2 gives relations between the C and Cr

contents and the amount of carbides.

Nickel

1. With Cr, it has given a series of raartensitic C.1. popularly
known as Ni-hards (Ni-Cr raartensitic 1irons) and Ni-resists
(Ni-Cr austenitic irons). However, with Ni becoming scarce, the

tendency is to reduce or eliminate its use.

Molybdenum

1. In WCI. Mo partitions between the carbides and the matrix.

2. 0.5 - 3.0% Mo in raartensitic irons, suppresses pearlite



Relations between the <carbon and
chromium contents and the amount
ot carbides [23]



formation and gives superior abrasion resistance even in
heavy sections.
3. Mo alongwith appropriate Ni content can give austenitic,
bainitic or martensitic and even stronger pearlitic WCI.
4. Can replace some of Ni ina value 1 Mo = 1.5Njas it

replaces W in H.S.S.

5. Forms special MgC carbides.
Vanadium
1. In amounts of 0.1 to 0.5 refines the structure of the

chill and minimizes coarse columnar grain structure.

2. Increases depth of chill.

3. At higher V content, forms VC carbides improving wear.
Titanium

1. In small percentages ( 0.1 - 0.5%) and with the presence

of N2 and C, it forms very hard, strong, stable
carbonitrides.
2. It has refining effect on microstructures and hence

imparts better impact resistance.

Copper

1. Because of its limited solubility in austenite, Cu is
limited to 2.5%.

2. In conjunction with 0.5 - 2.0% Mo, it is most effective
in suppressing pearlite formation.

3* The hardenability of this combination (Cu-Mo) is

surprisingly good, which indicates that there s

synergistic effect. [12-15].



4. It enhances corrosion Resistance.

Nitrogen

1. Can go into an alloy either, forming an interstitial
solid soution (dissolved nitrogen) or forming nitride
precipitates (undissoled nitrogen).

2. Dissolved nitrogen has double actions of strengthening
the material by
(@ Solid solution strengthening.

(b) Grain si2e refining and hardening.

3. In Japan, recently nitrogen hasbeen used to make tougher
powder metallurgy H.S.S and cermets. In Russia, the work
on W-free H.S.S has attempted to use nitrogen
effectively.

4. Has limitations of solubility [16].(Fig.2.3)

5. Stabilises austenite in absence of strong nitride formers
like Al,Ti.

6. Resists tempering by precipition of carbonitrides [17].

7. Used as nitriding agent in salt baths, or in gaseous

atmosphere to impart a hard wear resistant surface.

8. Introduced in surfaces by ion inplantation, CVD or FVD
(as TiN), 1imparts gold colour and enhances the
performance.

0. Podrzucki [18] reports that nitrogen in C.l. 1increases
the dispersion and the content of eutectic cementite
hence causing elevated hardness of chilled layer.

10. In grey C.l., nitrogen increases hardness, T.S. and
bending strengh while deflection decreases. 120 ppm of

nitrogen lowers wear by 15 - 25% [19], nitrogen in grey
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Alloying Element, wt %

Fig. 2.3 Effect ol alloying elements on the
solubility o0l nitrogen (lrom Pehlke
and Elliott ) [16] Qay)g* U iic p*es3|3



irons is @ 0.005 - 0.0L%%.

11. The higher contents of nitrogen raise T.S. of hypo &
Hypereutectic C.l1 effected by change in graphite
structure.

12. Gilbert [20] examined the effect of nitrogen on
stress-strain characteristics and found that total strain
at failure was not much affected and that the increase in
T.S. was by an increase in the stiffness. In another
report, it was found that 10 ppm of nitrogen (over the
range of 40-150 ppm) raises the T.S. by an average of
7N/nm2 and hardness of 3.5 Hy in inoculated irons having
C.E. values between 3.8 and 4.5. The effect of nitrogen

in S.G. irons has been discussed by Robinson [20].

Silicon

1. Improves the fluidity of [liquid metal®* but reduces
hardenability and abrasion resistance.

2. Limited to 0.6% in CWCI, however it can be 1increased to
1.0 - 1.2% in conjunction with a higher Mn level to
compensate for the loss of hardenability.

3. Lower cost alloying element.

Manganese

1. Mn stabilises austenite when its percentage is about 3% and
it has been used to improve the toughness of CWCI. [14]

2. Mn is kept below 0.7 % in martensitic irons.

3. Mn upto 1.5% increases retained austenite (R.A)and hence
toughness in austenitic WCI.

4. One of the lowest cost alloying element.
5. Patwardhan et. al [12] have suggested use of Mn and Cu 1in

place of Ni, to get the structures similar to Ni-hards.



6. Mn in excess of that required to combine with S, does not
aid the formation of martensite. This contention# are
supported by Sandoz®"s microprobe studies.

AlXuminium
1. In H.S.S. upto 1.5 Ajlhas been added as a replacement for
some W or Mo. However, its use at higher level is doubtful,

because of its tendency of forming nitrides (Aj™N).[17]

Boron
1. In the range of 0.005 - 0.02% 1increases the strength and
hardness.

2. Laird [3] has reported Day"s work in which 0.2 - 0.4% B in
eutectic composition resulted in globular instead of rod and
blade shaped carbides. Day has hypothesized that B causes a
rapid undercooling or shift in the Kkinetic transformation
rate that favours nucleation vrather than growth 1in the
carbide phase, thereby causing a greater number of carbide
particles of smaller size to develop. (Average carbide size
= 4”°m with the addition of B)

3. Costly alloying element.

Niobium

=

Nb is a carbide forming element.

2. In CWCT, it affects the mechanical properties by influencing
the matrix structure and the composition and the dispersion
of carbide phases.

3. Forms extremely hard MC type (i.e. NbC) carbides and thus
increases wear resistance of WCI.

4. Baik et al [21] have reported that with the increase 1in Nb
content (from 0.63% to 2.13% Nb) there is a tendency for the
NbC to change from a needle shape to a compact shape.

5. There is no partitioning of Nb to the austenite during

solidification of these alloys and matrix structure would,

therefore, not be affected by the addition of Nb.



6. Kb = 0 - 0.02 shows that little Nb partitions in the
primary austenite.

Tellurium

1. 5 gras/tonne or 5 ppm is extremely potent carbide inducing
inoculant.

Bismuth

1. Has been used as an inoculant in the range of 50-100 ppm.

Optimization: Underalloying or Overalloying ?

Underalloying:

1. Results in low hardenability, a pearlitic structure and low
abrasion resistance.

Overalloying

1. Affects the response to hardening treatments, reduces Ms
temperature.

2. Increases amount of R.A. and lowers the hardness.

3. Lengthens the time vrequired Tfor sub-critical (cryogenic)
treatments intended to eliminate R.A.

Optimum

Hence the concept of optimum " Lean Alloys" have been pursued
[22].

2.4 Substitute Grades of Chromium White Cast lron (CWCI)

There are many grades of CWCI developed and used for a
variety of applications. The research papers published on CWCI
(see table no. 2.4) indicate continuous interest shown in these
materials.

Recently, the microalloying concept havfe been applied

both to the steels and cast irons, though much work has not
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been done on cast irons. The advantage of microalloying emerges
from the fact that instead of substantial alloying, small
additions of certain elements improve the property in economic
way -

Many reports have recently been published on various
alloy cast irons used for abrasive applications. The
significant ones are by Dodd [22], Maratray [23], Jackson
[10,11] and others e.g. A useful equation relating the Cr and
carbide contents of the iron has been developed.

% Carbide = 11.3 (C%) + 0.5 (Cx%) - 13.4

% Carbide

12.33 (C%) +0.55 (Ci%) - 15.2 (By Maratray)
A relationship developed by Jackson gives

Eutectic Carbon = 4.40 - 0.054 (% Cr)
The work carried out on wear resistance, hardenability,
toughness of these new CWCI is interesting and we shall discuss

these in more details later.

2.5 Solidification and Carbide Morphology
2.5.1 Solidification

Solidification of CWCI follows the pattern of an eutectic
alloy, though the compositions may be hypo-, hyper- or simply
eutactic. The CWCI are distinguished by the presence of hard,

relatively discontinuous M_C, primary or eutectic carbides or

both.

Before discussing the solidification, it is necessary to
study Fe-Cr-C ternary system. The figure 2.4 shows [liquidus
surface and resulting isotherms at 1000=C and 700=C [11]. From

these, we could predict the types of phases which may be
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present during and after the solidification.

Solidification 1in hypoeutectic alloys occur- by the
formation of austenite dendrites, followed by freezing of
austenite and carbides simultaneously over a limited
temperature range. Under non-equillibrium conditions, the
austenite becomes supersaturated in C and Cr. This, alongwith
other alloying elements like Mo, Mn, Ni, Cu, affect the
transformation kinetics of austenite, vresulting in retained
austenite (P.A.) at room temperature. Particularly in thick
sections, chemical composition and cooling rate determine
whether during the solidification austenite will be retained,
decompose partially or fully to ferrito-carbide products or
transform to martensite.

Two basic requirements that must be Ffulfilled for the
transformation of austenite to martensite to occur in CWCI are:
First: The concentration of alloying elements in the matrix,
particularly the C content must be lowered from the high levels
present, following the solidification, and
Second: There must be adequate hardenability to avoid the
transformation of austenite to pearlite.

The first requirement involves the precipitation of
secondary carbides either during slow cooling in the moulds or
during a subsequent high temperature heat treatment. In roost
cases, martensitic structure in CWCI is obtained by a heat
treatment called the '"destabilisation®” (by Maratray) or
"conditioning".

Very interesting findings have been reported by
A_Sawamoto et al [24] in which they studied the effects of V,Nb

and W, all strong carbide forming elements, on the types,



amount, morphology and distribution of carbides in 5% and 15%
Cr W.C.Is. The variations studied were between 0.5 to 5.6%C,
0-15% V, 0-7.5% Nb and 0-32%W. The Cr contents (6% & 15%) were
chosen as the typical 1irons in which FegC and Kz carbide
crystallized as primary and eutectic. The Ti was added in the
range 0.01-0.3% to modify carbides, and to decrease the notch
sensitivity of carbides, thus improving the toughness property.

Matsubara et. al.[25,26] have  studied eutectic
solidification of CWCI in a wide range of Cr (10-40% Cr) and
various C levels. They have given the quantitative analysis and
the mechanisms of eutectic growth. It was found that 1in the
hypoeutectic iron (3.23% C, 19.20% Cr), the ausgpite
precipitated 1in the [liquid first, and then austenite -
eutectic nucleated in the liquid independently of the primary
austenite dendrite and grew with a cellular interface. 0On the
other hand, eutectic of hyper”utectic iron (3.56 C, 18.78% Cr)
grew radially with a cellular interface from the periphery of
the hexagonal carbide, which had previously precipitated in the
liquid as a primary crystallite. The primary carbide served as
a nucleus of the austenite-K eutectic. It was clear from the
final structures that the eutectic finished solidifying as a
colony structure. The quantitative analysis was carried out by
measuring the colony diameter and the carbide spacing in the
colony. In 10% Cr irons, the primary and eutectic carbides of
both KggMSC) and K2—(M7C3) type coexist, while in irons with
15% Cr and above, only the K2 type were present.

The eutectic carbides in the central region of the colony
observed in the cross-section were of a fine globular shape and

those developing from center to boundary were string-like or



granular and those at the boundary area were large massed
grains. The string like carbides changed into globular ones
with an increase 1in Cr content and the rate of -eutectic
solidification.

The eutectic solidification rates were represented by the

following equations, which gave linear relations.

For 15% Cr irons, y =2.22 t - 0.43 (¢))

For 20% Cr,irons, y =2.28 t - 0.33 (&)

For 3.0840% Cr irons, y= 2.26 t - 0.01 (€))
where y = distance (cm), from the chill face

t = square root of time, t, rains, elapsed after pouring

to the begining of the eutectic.

Differentiating yw.r.t. t, i.e. dy/dt gives the rate of

eutectic solidification, cny'min. as follows:
For 15% Cr irons, 1.11 . t= 3B (@)
For 20% Cr 1irons, RE = 1,14 .t =% ®)
For 30&40% Cr irons 17=1.13 t"="s (©)

It is evident from these equations that the rate of
eutectic solidification is reduced as the distance from the
chill face increases. The RE value becomes larger with the
increase in Cr content.

The relation between the eutectic structure and the
solidification rate was found to be

Ev =A .RA"T72 Q)

where, Ev

Average colony diameter @fin)

A Positive constant, depends on the chemical

composotion.
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R = Rate of eutectic solidification (cra/rain)

The influence of the eutectic solidification rate and the
chemical composition on the carbide spacing at the central
region of the eutectic colony and that at the boundary area had

been established by the functional formula as follows:

Fac . Fp = B. Jp°s

where,

Average carbide spacing at the central region of

colony(f"m).
FA = Average carbide spacing at the boundary region of
colony (/Jdm).
B = Positive constant, depends on chemical composition.
RE =

Rate of eutectic solidification (cra/min).

Both these spacings become smaller with an increase in
the eutectic solidification rate, as in the case of colony
diameter, it was reported.

The relation between the carbide spacing and the eutectic
solidification rate seemed to agree well with that which Tiller
[27] and Jackson et al [28] reported for nonferrous alloys.

It was established that the carbide spacing in the colony
center was little affected by the Cr and C content, but the
colony size and the carbide spacing at the colony boundary were
greatly influenced by both the Cr and C content.

In another report, Matsubara et. al. [26] explained the
mechanism of eutectic growth. It showed that

(i) The eutectic cell takes the shape of a slender bell
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(i)

@iv)

™

(vi)

and the” I?ngth of the eutectic cell projection
becomes Iarger with an increase in the eutectic
freezing range.
The eutectic freezing range varies markedly with Cr
content, and it has a maximum value of 6<C at 15% Cr
and the miniirum value of 21=C at 30% Cr.
As the length of the eutectic cellular projection may
determine the size of the eutectic cell, the size of
the eutectic colony in the C.l. should also increase
with an increase in the eutectic freezing range. The
colony diameter (Ev) can be expressed in terms of the
eutectic freezing range (ATe) at the same eutectic
solidification rate of 1 cm/min.

Ew = 1.68 x 10-3 ATe <45 (©)]
where EV is given in cm, ATE is in <C
The rate of radial growth (R ) of the -eutectic cell
is high near the top of the cell, and it gradually
decreases far away from the top of the cell to the
cell boundary. In the neig™J)ourhood of the cell
boundary, the value for 30% Cr iron is 4-5 times
as large that for 15% Cr iron.
The carbide spacing near the colony boundary F~can
be expressed for the same eutectic solidification

rate (1 cm/min)

Fb = 1.0 x ICf5 AT 115 (10)
where T_ is in <C and Fp in cm.

The Cr concentration of the melt gradually decreases
from the freezing front to the bottom of the cell

boundary.



Eutectic solidification has been classified as follows

[28],
(i) Lamellar (nonfaceted - nonfaceted) a < 2
(i1) Faceted-nonfaceted and
Vv a > 2
(iil) Faceted - faceted J

This 1is on the basis of a phase being classified
according to a dimensionless factor <. A lamellar eutectic will
form where both phases have an a value less than 2. If a phase
posseses a high a value (32), its growth as a eutectic
constituent will produce a faceted interface. Metal-metal
carbide eutectics fall into the faceted-nonfaceted category
(where raetal is non-faceted phase and the carbide 1is Tfaceted
phase) where faceted phase could be modified.

Inferring the 3-dimensional morphology of a eutectic
phase from optical micrograph can lead to errors. This point
has been made by Chadwick [29] who concluded that the only
family of truly discontinuous eutectics is that containing
spheroidal graphite.

2.5.2 Carbide Morphology

In CWCI, the performance of the castings is governed by
the factors that are applicable to other inherently brittle
materials like WCI. Thus the Griffith"s and Orowan®s mechanisms
will hold good even for CWCI. The following constituents exert
maximum influence on the mechanical properties:

(1) Carbides: As these CWCI are almost free from graphite, the
type, amount, distribution size and the morphology of
carbides play an important role 1in determining its

resistance to abrasive wear, toughness etc. Essentially in
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these brittle materials, the fracture mechanisms are
governed by these hard, brittle constituents.

(inMatrix: The matrix may consist of Pearlitic (or
sorbitic/bainitic), martensitic (or  troostitic) or
austenitic, or combination of these structures. The amount
of these phases influences the performance of the castings
in terms of wear, impact, failure resistance etc.

The two most iimportant aspects of CWCI which
deserve detailed discussion are
(2) Carbide morphology - Carbides of primary or eutectic
type or secondary carbide precipitates.
(b) Retained austenite - Its volume % and Influence on
various properties.
The earlier reports on carbide morphology may be
summarised as follows:

(1) In hypoeutectic WCI, the -eutectic carbide morphology
changes to platelike one on vrapid quenching or on
increasing considerably the degree of undercooling before
carbide nucleation in a slow cooled sarople[ll].

(2) Eutectic carbide is continuous 1in Ni-hard 1 & 11 but
discontinuous in Ni-hard IV and HCWCI.

(3) 0i increasing the Cr content of WCI over 10% (Fe,Cr)?C3
carbide no longer forms the matrix but is itself contained
in a pearlitic or austenitic-martensitic matrix. In this
context, the matrix is the continuous phase [30].

(4 M_C, eutectic is lamellar in eutectic Cr-Mo WCI, and forms
radiating clusters between the dendrite arms in
hypoeutectic irons [9].

(5) Although heattreatroent 1is rarely used to modify the



morphology of the eutectic <carbide, one group of
researchers reported globularisation of eutectic carbide in
WCI by heattreatroent. Majority of the researchers however
believe that modification of carbide morphology must be
obtained in the as cast state. Use of inoculants to
nucleate carbide was suggested as a possible means of
carbide morphology modification [31].

The earlier concepts of continuous or discontinuous
nature of carbide morphology was largely changed when SEM
investigations of the three dimensional morphology of carbide
were carried out.

Powell [32] carried out detailed investigations on the
carbide morphology in both unalloyed and alloyed WCI. His work
on unalloyed iron confirmed earlier observations [33,34,35]
that the morphology of FegC changes from ledeburitic to plate
like structure as the undercooling is increased. However, the
apparently discontinuous platelike morphology appears as a
continuous carbide network in three-dimensions under SEM.

The morphology of carbideiglloyed irons (27% Cr, 17% Cr -

1.5 Mo, Ni-hard Iv (8% Cr) and Ni-hard Il (2% Cr)) was
investigated in further details under SEM. He drew the
following conclusions from his work.

(1) Even in the alloy 1irons investigated, the carbide
morphology is not truly discontinuous. In Ni-hard Il the
eutectic carbide is MaC type and is wusually of massive
continuous form in sand cast samples. In highly alloyed
irons (27% Cr, 17%cr-1.5Mo and Ni-hard 1V) the -eutectic
carbide is predominantly M?Ca type. The morphology of such

eutectic carbide is one of hollow rods and blades.
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(@ In hardfacing weld deposits of 30-35% Cr-WCI the
solidification rate is faster than that in a sand casting.
Increase in growth rate changes the carbide morphology to
rod type in such samples.

(3 Since directionally solidified alloys of Fe-Cr-C and
Co-Cr-C have been investigated as composite alloys for high
temperature applications where strengthening is provided by
the thermally stable M7Cgfibres, it is unlikely that the
morphology of the M?C3 in alloy WCI can be appreciably
changed by high  temperature heattreatiuent, although
coarsening will occur.

Since the toughness and service life of high chromium WCI
depends appreciably on the composition (matrix) and dispersion
of the carbide phases, the efforts to modify the carbide
morphology is date. Baik and Loper [21]
investigated the solidification process and resulting
microstructures formed in Fe - 15% Cr alloys containing 2.4 to
3.4% C and upto 2.15% Nb. 1in castings and in samples quenched
during the solidification of these alloys. Their important
observations are as follows:

(D) As the Nb content was increased, the amount of NbC carbide
was increased with a corresponding decrease in the amount

of M*Cg carbide.

(@) Four shapes of NbC were observed in this study:

(i) Petal like carbides 82.97 - 90.70 % Nb
(i1) Hexagonal disc carbides 84.35 - 89.92% Nb
(iii) Nodular carbides 82.30 - 91.55% Nb
(iv) Dendritic Carbides 85.73 - 91.76% Nb

The compact forms of these carbides were the hexagonal
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disc and nodular carbides which appeared at intermediate Nb
levels (greater than 0.£4 % but less than 1.85% Nb).

The modification of the primary and eutectic carbide by
the addition of 0.01 to 0.3% Ti (in the form of ferrotitanium)
has been attempted by Sawamoto et. al [24,36]. As the Ti has
very low solubility in molten C.1., the TiC precipitates at
higher temperatures and initiates nodularisation of both
primary and eutectic VC in Fe~Cr-V-C alloys containing 5-9% V
(5&15% Cr). Thus TiC acts as an inoculant of VC. This view has
further been supported [37,38], wherein it has been shown that
Ti appears as TiC or Ti(C,N) i.e. Titanium crbonitride and
nucleates the carbide in alloy C.1. Sun and Loper [38] have
emphasised the fact that the growth conditions, impurities and
the temperature of growth have narked influence on the crystal
morphology.

It has been shown [39,40,41] that B could produce
particulate or spheroidal carbide and thus increase wear
resistance and toughness of WCI. This is because B and Si are
dissolved 1in the melt and vresult in the dispersive
precipitation of carbides. B also increases the entropy and the
constitutional disorder of the melt, this causing Kkinetic
undercooling of the melt. It is also reported that in China,
nodular carbide was produced in low and medium alloy WCI by
rare earth (RE) + Al complex modification and spheroidised by
heat-treatment [42].

However, the roles of modifying additions and the
mechanism of modification during the nucleation and growth of
carbide has been studied by Chang et. al. [43]. They studied

the effects of V content from O to 10% and rare earth (RE) or
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RE + N complex addition on the carbide morphology of 2.65 -

2.85% C, 1.0 -2.0% Si and 0.6 - 0.8% Mn WCI to obtain

spheroidal carbide. They explained the mechanism of

spheroidising modification in the following way:

(1) The first condition is the separation of primary VC from
the melt with high V content, because it could grow freely
in the melt and would further favour the divorced growth of
eutectic VC.

(2) Duplex heterogenous nuclei composed of TiN and CeS promotes
growth of VC into spheroids. These elements come from
complex RE + N. CeS nuclei forms first because of its
higher negative value of free energy of formation. TiN
precipitates on the CeS, and this in turn act as a nucleant
for VC spheroids.

(3) TiN is a better nucleating agent than VN.

(4) Ratio of spheroid!sation in RE+N modification 1is greater
than that in Ti+N modification, because of the specific

effects of RE.

(5) RE modifier gives divorced eutectic growth because of its
adsorbing and undercooling effect.

(6) Purification of the melt from S and 0 by RE modifier
prevents dendritic growth of Vc. This is because
purification increases the surface tension of the nmelt,
favours the spheroidal growth and stabilises the spherical
interface by preventing the growth of any microperturbation
on the surface.

(7) High cooling rate did not favour the formation of

spheroidal carbide, since solute macrodiffusion in the melt
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would be difficult, so that segregation of

accentuated.

40

impurities was

(8) Spheroidal carbide could be formed only above the eutectic

temperature (i.e. 1400 - 1450<= ()

cooling rate.

2.5.3 ldentification of Carbides

In an effort to identify the carbides and to

at an

appropr

iate

understand

the sequence of transformations during solidification, carbides

have been extracted by dissolving the matrix in acid and then

subjected to XRD using iron-filtered Co-radiation.

are as shown below:

Alloy (Cr,Fe)?C3

27% Cr Strong

17% Cr - 1.5 Mo Strong peak intensity
Ni-hard 1V Medium

Ni-hard 11 -

The

(Fe.Cr~C

Weak
Strong

Strong

results

Weak

peak INntensity

Maratray and Usseglio-Nanot [44] in an excellent work on

42 CWCls have presented an invaluable

atlas

of data on

transformation characteristics. They have suggested the method

of carbide identification by means of their relative resistance

to various etchants.
The amount of carbides is
intercept method,

bottom of the ingot. On each slice,

determined by the

This has been shown in Table 2.5.

on the slices taken from the top, middle

linear

and

five measurements are made



Table 2.5 Carbide Identification Chart

The carbides can be identified by means of their relative

resistance to various etchants as indicated below:

Etchant Compos ition M C M C M C M C M C
3 7 3 23 3 5 2
alka line picric acid 29
picrate sodium hydroxide 25g A NA* NA# NA* A
water 100cm3
Murakami potassium
ferr icyanide 10g
po tassi um
hydrox ide 109 NA A A A A
water 100cm3
chromic chromic acid lg 3 NA A NA NA A
acid water 1 00chj
electrolytic
etch
sod ium

hydroxide 4% sodium hydroxide
saturated solution saturated

with pota~ with potassium NA A NA A A
ssium per- permanganate

manganate

A: attacked NA: not attacked

* lower chromium carbides are attacked
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on each of five radii, near to the centre, at midradius and on
the surface. This gives total of 3X(5X5)X3 = 225 readings. The
results are analysed by factorial method (statistical) which
gives a confidence limit of 95% for the mean values of +2.7%
carbides.

2.6 Heattreatraents, Microstructures and Hardenability

CWCl have been used in the following conditions:-

(D) As cast, metastable austenitic, which workhardens from
450 to H v 1000.

(2) As cast, raartensitic, not exploited fully.

(3) Cast as pearlitic, hardened and tempered to 750-850.

(4 Cast and heattreated to Jkinitic structure.

The CWCI for a long time have been used in the as-cast
state, in applications where the 1impact resistance required
were not very high. However, where higher impact strength are
needed, CWCI have been heattreated by different treatments to
various microstructures and properties, discussed later.

The typical hardness values of various micro-constituents

are as follows [22]:

Carbides: VPN *
MSC 840 -1100
1200 -1800
MOZC 1500
Matrix
Ferrite 70-200
Pearlite 300-460
Austenite (high Cr-iron) 300-600

Martensite 500-1000



In most cases, when martensite is required in CWCI, it
is obtained by heattreatroent.

After heating to a high temperature, 90< - 1100=C and
precipitating secondary carbides 1in the matrix, a process
termed "conditioning” or "destabilisation” (by Maratray), the
austenite can transform to martensite on cooling (providing the
iron has enough hardenability).

The response to hea’reatroent, i.e. the Ms temperature,
the amount of raartensite formed (or alternatively the amount of
austenite retained i.e. R.A) and the hardness, is affected by
the time and temperature of the destabilisation treatment,
chemical composition and cooling rate [45].

2.6.1 As cast microstructures

In a thin (50 mn) and a thick (150nm) section#, the
structures are different in CWClI of higher hardenability. The
matrix microstructure of 50nm(thin) sections 1is predominantly
austenite with a very small amount of pearlite and some
martensite adjacent to the eutectic carbides. The
microstructure in 150nm (thick) sections consists of greater
amount of martensite in eutectic regions and precipitation of
secondary carbides in the centre of austenite dendrites. In
optical microscopy, these dark etching regions resemble
pearlite, however on examination by TEM, it 1is observed that
these areas are actually a dense precipitation of fine

secondary carbides in an austenitic-martensitic matrix.
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2.6.2 Microstructures after heattreatroent

Heating the CWEI (thin-,thick-section) to high
temperatures, usually in the range of 990< - 1100=C results in
the precipitation of secondary carbides in 1irons which are
predominantly austenitic 1in as-cast condition. Similarly,
as-cast pearlitic irons transform to austenite and secondary
carbides. Depending on chemical composition, hardenability and
cooling rate, the austenite will transform on cooling to
ferrito-cementitic-carbide constituents, martensite or mixtures
of the two. Soma austenite will be retained at room
temperature.

The Tfollowing regression equation 1is suggested for
determining the minimum alloy content required to avoid
pearlite formation when castings are cooled from the
austenitising temperature [20].
log Pearlite tiroe(s) = 2.24 + 0.58 Mn% + 0.41 Mo% + 0.84 Ni%

+ 0.46 Cul% (11)
2.6.3 Hardenability

Dodd and Parks [22] have reported the following
Multilinear Regression Analysis (MLRA)of Isothermal
Transformation (IT) by Maratray.
log (Pearlite time*,sec) = 2.61 - 0.51 (%C) +0.5 (% Cr)

+ 0.37 (% Mo) (12)
(* indicates nose of s-curve)
No. of observations = 42
Composition range of the observations (weight %)
C =109 -431%
Cr= 10.8 - 25.8 %

Mo= 0.02 - 3.8%



Maratray [44] and Cias [46] have derived an expression
for the maximum diametejs which could be air hardened without
forming pearlite. The samples of 5 nm to 1000 ran dia which were
austenitic in as-cast or after heating to 1100=C and quenching
were heated to 1000=C for 20 minutes and subsequently cooled at
different rates corresponding to that at the surface of air

cooled rounds of above diameter.

logio max.dia. (nro) for air hardening on CCT
= 0.32 + 0.158 ) + 0.385 (% Mo) (13)

Both Maratray and Cias used dilatoraetric methods to
determine Continuously Cooled Transformation (CCT) diagrams,
although there were some differences in the alloys and
experimental procedures employed.

The isothermal transformation characteristics of CWCI
have been investigated by Maratray [44] and Klein [22].
Maratray"s study included 42 irons with variations in C, Cr and
Mo, and the kinetics of non-destabilised austenite (i.e.
austenite present in as-cast condition or in case of as-cast
pearlitic 1irons, after vreaustenitizing above 1000=C and
guenching) and for austenite that was destabilized at 1000=C
for 20 mins. prior to isothermal transformation.

For Continuously Cooled Transformation (CCT) of the above
composition range, with 42 observations made, the regression
equation is somewhat similar to that for IT (egn. no. 12) of the
same group of alloys.
log (Pearlite time,sec) = 2.90 - 0.51 (%C) + 0.05 (%Cr)

+0.38 (% Mo) (14)
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Hardenability 1is also influenced by the time and
temperature of the destabilisation treatment as reported by
Maratray.

Basak et. al. [47,48] have suggested the following
heattreatments:

(i) Conditioning or Chusaging treatment

(ii) Arrested cooling treatment

The ausaging treatment involves annealing in the y +
carbide region at the minimum possible temperature so that the
equilibrium austenite contains minimum C and other alloying
elements and hence Ms will be higher. During this treatment, a
large amount of carbide is precipitated and on cooling a fully
martensitic matrix is obtained. (This procedure is common for
Ni-hard 1V alloy). The temperature may be 780<- 850=C and the
time 12 hrs. and 8 hrs. respectively to get the maximum
hardness.

The arrested cooling consists of soaking at the highest
possible austenisation temperature (say 1100=C) followed by a
subsequent annealing treatment at a lower temperature (usually
@ 930=C) for about 1 hour, followed by air cooling. During the
thermal arrest, an additional precipitation of carbides takes
place. The carbides precipitated at a temperature >Ag are of
M?Ca type, while at a temperature between A6t A3, softer M~CH
carbides are also precipitated alongwith. Hence, the
temperature 930=C (>A3) is selected.

At the austenitising temperature of 950°=-  1060<C,
castings which are largely austenitic as-cast, are generally
held for 4 to 6 hours. Shorter times, about 3 hours are

employed for castings with pearlitic microstructures in the



as-Gast aodraan.

2.6.4 Cooling rate is as important factor, as the heating rate,
because incorrect coaling rate can cause cracking in. -the
castings. The accepted practice is adjusting the hardenability
of iron to produce the desired martensitic structure on air
cooling.

2.6.5 Tempering is carried out to improve toughness and to

reduce retained austenite(R.A.) content. R.A. acts as a source

of failure from spalling. The low temperature tempering at
200=C (similar to steel) improves the toughness, but it is too
low for transforming R A ., therefore higher temperatures in the
range of 450= - 525<=C have been employed for HCWCI. These

450-525=C  treatments are also referred to as the
3ubcritical treatments and eliminate R.A. , and in some cases
increase the hardness significantly.

At about 600=C, R.A. could be eliminated. However, it may
cause loss in hardness due to transformation of the matrix to a
spheroidized ferrito-carbide structure. Studies have shown that
chemical composition, time and temperature and variations in
the prior hardening treatment influence the vresponse to
soberitical treatment,
2.6.6 Subzero(Cryogenic) treatment 1is resorted to, to
eliminate R.A. The castings after hardening are cooled to -80<=C

or lower, in liquid nitrogen or other cooling/refrigeration

media. A report [43] indicated that such a cryogenic treatment

improved the tool Life of dies and enhanced their performance.

2.7 Retained Austenite (R.A.) and its Measurement

It is important to understand the term properly. In case
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of steels used for precision measuring instruments, the R.A. 1is
not desirable,as it agEs and changes the dimension. R.A. also
affects various mechanical properties.
In case of:CWCI, R.A. has different meaning and
significance. Just in ADI, [50] the R.A. may be of two types:
(i) Reacted Stable Austenite (fr-fl-A)
(ii) Unreacted Metastable Austenite fU.M.A.)
Fan et. al [51] reports that there are contradictory
opinions about austenite in literature.
The positive opinions are:

1. Austenite matrix exhibits a higher toughness against single
blow impact, higher dynamic fracture toughness and better
static fracture toughness. This 1is because of the good
plasticity of the austenite which provides more resistance
to crack propagation [52].

2. The binding force at the carbide-austenite interface is
larger than that at the carbide-martensite interface.
Austenite therefore reduces crack propogation.

3. When austenite transforms to martensite, by work hardening
under an inpact load, the transformation consumes energy,
leaving less energy for crack propogation [22].

4. The presence of R.A. 1is a useful constituent for 1improving
the wear resistance, particularly in conditions of high
stress abrasion. Stress Induced Martensite (SIM) is produced

which offers enhanced abrasive wear resistance [53,54].

The negative opinions are:

1. R.A. lowers the hardness of iron, and decreases its abrasion

wear resistance.



2. R.A. causes spalling and even breakage of the balls [55-59].

3. It is reported that R.A. reduces wear resistance and it 1is
always harmful to both 3-body abrasion and impact fatigue
resistance [51].

The R.A. in case of CWClI was difficult to predict till
Maratray et. al. [44] developed IT-CCT curves Tfor a large
number of CWCIs.

In any case, the measurement of R.A. content is necessary
for evaluating its effect.

The methods suggested for R.A. measurement are [60]:

1. Microscopic method

2. XRD Analysis method

3. Magnetic flux method

The microscopic method is not very accurate as it 1is
difficult to distinguish various phases accurately
(particularly ferrite, austenite) in the metal.

The most coranonly accepted way of measuring the absolute
value of R.A. is XRD. Due to the frequent presence of
solidification texture in castings, the technique developed by
Miller [61] was modified by Kim [62] for wuse on CWCI. This
method involves the simultaneous rotation and spinning of the
sample to minimize orientation effects. However, XRD method
involving the measurement of integrated intensity of the
relevant lines, as used by Averbach and Cohen [63] still
remains the reference method.

Because X-ray instrument 1is relatively expensive and
not-so-portable,hence some NDT  technique using magnetic
principles have been developed, some instruments are available

commercially and La Count [64] has evaluated some of them.



Subramanyam [60] used an instrument called Fischer Scope
"Magna® 460B and compared the results with those obtained by
XRD. It showed that a [linear relation exists between the
results obtained by the above two methods. Hence by calibrating
the "Magna®™ with XRD, it could be used for production purposes.

There are difficulties in determining the R.A. in CWCI
because of presence of eutectic and secondary carbides.v
Subramanyam has discussed the effects of surface roughness,
cooling rate of castings, deformation and decarburization on
the R.A. measurements. IXimirt and Ridal [65] suggest that
metallographic, dilatoraetric and saturation magnetization
intensity methods can give reasonable measures of R.A. under
favourable conditions. However, these methods become inaccurate
when austenite content is less that 10% and are 1less reliable
in high alloy steels and steels containing appreciable
guantities of carbide.

Several investigation into the use of XRD measurements of
R.A. have been made, by measuring the integrated intensity of
relative lines with densitometer or planimeter. Averbach and
Cohen found that with care, as little as 0.3% austenite could
be measured.

EXimin and Ridal have determined the R.A. over a range of
austenite contents down to low values by XRD and have compared
with point counting and MSIM (Magnetic Saturation Intensity
Measurements). They have discussed the theoretical
considerations as well as the problems associated with the
practice e.g. Intensity factors, speciinen preparation, use of
different radiations and diffraction planes, carbide

interference and preferred orientation effects.
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2.8 Wear Studies
2.8.1 Introduction
The wear processes are quite complex and their theories
and practice have been discussed in many texts and papers
[66-77,88]. Better known texts are by Csichos [66] Moore [67],
Rabinowicz [68] etc. In a report, the theories and mechanisms
of wear and the methods to reduce or prevent it have been
summarised. Wear classification by Rabinowicz, Archard and
Hirst and Burwell are described and oxidational theory of Quinn
et.al. and Delamination theory by Suh et.al. have been
explained. "Design for wear resistance® from a system approach
has been attempted [78].
As most of the wear tests are tailor-made we shall
discuss only those used by a few researchers for CWCI.
In most of abrasion tests [71], one of the three basic
forms of abrasive wear predominate-
(i) Gauging abrasion usually associated with impact.
(ii) High stress (grinding) abrasion.
(ii1) Low stress (erosion) scratching abrasion.
The following laboratory tests have been used to study
the above types of abrasive wear":
(1) Jaw crusher test [79] - for gauging wear
@) Pin-on-cloth (drum) test [80]- for high
stress (grinding) wear ,alternatively Specimen-on-track
test.
(3) Wet sand/Rubber wheel test [81] - for low stress
(erosion) wear. High stress abrasion has been studied
by Watso et. al. [69] using pin-On-cloth test.

However, it is argued that this test gives only
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2-body wear (cutting only). The specljnsn-on-track
type of test [82,83,84] involves 3-body abrasion
combining both deformation and cutting wear.

The principal features of each abrasion test (in

comparison) are as follows:

Gauging High-stress Low-stress

Abrasive size (pro) "6x10* 80 or 120 250

Abrasive hardness(H ) S00-1100 1600 900-1280
i1360 knoop)

Nominal stress level(MPa) 210 2.] 0.d

Degree of impact nigh Low Low

Some of the tests, used for the specific wear resistant

materials have been described briefly tere:

(1) High Stress-specimen-on-track test:

The specimens for wear test are sand cast into 50 ran x 30
ran x 15 im blanks. The front and rear faces of the specimen
are angled to ensure ease of entry and exit of the abrasive
particles between the specimen and the wear track. Specimens
are cast slightly oversize and then finish ground, removing 1
ran from the face to be abraded. The abrasive selected for the
tests is clean washed silica sand with a mean particle size of
250 vm. Two specimens are tested in each wear test using a
specimen-on-track machine. Each test is of one hour duration
after a short run-in period. The nominal compressive stress on
each specimen 1s 0.12 N/nm2 and the linear speed of the

specimens over the track is 1.4 m/sec.



(2) Low stress - Rubber Wheel Test

In the rubber wheel abrasion test [52] a specimen of
known weight is pressed with a force of 222 N against a 178 nm
dia ruber-rimmed steel wheel rotating at a speed of 240 RFM in
a silica sand slurry. The slurry consists of 940 ml. of
distilled water and 1500 gras, of sand (AFS 50-70 mesh). The
used slurry is discarded after each test (5000 vrevolutions).
After one run-in test, 3 tests are performed on each specimen
with wheels of increasing rubber hardness (45,55 & 65 shore
durometer). For each test, the log of the weight loss Iis
plotted against the hardness of rubber wheel, and a

least-square line is fitted to three data points.

(3) Cup-grinding Test (for corrosive-erosive wear)

A wear test equipment called “cup-grinding® has been used
by Basak et. al. [48] as shown in Fig. 2.5. In this, the
specimens are used as stirring rods for vigorously stirring a
sand-water slurry (3:2 by weight) in a water cooled, double
walled closed vessel at about 1,000 RFM ( linear speed 9
m/sec. or 540 m/min) . Each wear test runs for 80 hours, with a
break at the end of each 20 hours, for noting the wear loss of

each specimen. Two standard samples of Ni-hard 4 are used

alongwith for comparison.
(4) Ball-on-ball Impact Test

Laird [3] used a ball-on-ball impact testing machine
(Fig. 2.6) which facilitated multiple 1impacts of varying
magnitudes on the balls within the J-tube section. This impact
test is believed to simulate many field environments involving

impact. Number of irnpacts-to-failure are measured in this test.
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Fig. 2.6 Ball-on-ball impact wear testing
machine [3]



About the composition-structure - abrasive wear property
relations,various researchers [31,52,69,75,85-89] have done
extensive work using different test methods, CWCI compositions,
conditions (as cast or heattreated) and variety of abrasives.
Their salient points of agreement and disagreement are

summarised below.

2.8.2 Mechanisms of Wear
(1) Role of Carbides

Sare [88] concluded that, (0 low-stress abrasion
resistance is controlled principally by the volume fraction and
dispersion of hard carbides within the matrix, and the hardness
of the matrix is of secondary importance. (2) Hardness of
microstructurally heterogeneous solids is a poor indicator of
low stress abrasion resistance.

Zumgahr [75] discussed the influence of carbides in soft
as well as in hard matrix and concluded that, (1) wear
resistance increases with increasing carbide content in soft
matrix. It suggested that wear vresistance increases by
decreasing mean free path (X), and carbide size (d) 1in the
equation

f''2—- C(dA)
where f = volume fraction,
d = particle diameter,

X = mean free path between the particles.

(2) Carbides in hard matrix behave as internal notches.
Pearce [70] reviewed the work of some researchers and

oneluded that (1) in austenitic materials, Tailure occurs by



cracking of eutectic carbides Just ahead of fatigue cracks,
cracking being initiated by a dislocation pile-up mechanism at
the raatrix-carbide interface. (2) In high C irons, the fracture
paths follow the cleavage paths of the eutectic carbide, while
in low C irons fracture paths in the austenite tend to follow
through regions of strain induced martensite. (3) Martensitic
irons give greater abrasion resistance than austenitic, when
soft abrasives such as garnet and silica are wused, maximum
resistance being obtained with carbide volumes of 40-45%. (4)
Austenitic irons give better abrasion resistance when hard
abrasives such as alumina or silicon carbide are used, maximum

resistance being obtained with carbide volume of 30%.

(2) Role of Retained Austenite

Sare [88] observed that the influence of austenite
depends largely on its composition. When austenite retention is
promoted by increasing its C or Cr content, an improvement in
abrasion resistance is produced by the secondary carbide
precipitation during subsequent heat-treatroent. Strengthening
of the austenite matrix can also occur by a work hardening
mechanism in which metastable austenite undergoes a stress -
induced transformation to martensite. According to Sare [88],
Mn and Ni are austenite stabilizers and reduce the ability of
austenite to work-harden by this mechanism. On the other hand,
Cr and C tend to precipitate from solid solution, leaving the
austenite in a roetastable condition and able to transform.

Zumgahr [75] reported that when retained austenite in &
martensitic structure of a tool steel was reduced from 27% to

10% by refrigeration at -19<C, hardness 1increased but wear
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resistance decreased. This result is in stark contrast to the
data for CWCI wherein it has been shown that wear resistance

decreased with increasing retained austenite.

(3) Modes of Wear Failures

Murray et. al. [86] gave a qualitative model and
explained the relative role of cutting, ploughing and spalling
(Fig. 2.7). It suggested that in case of high-stress abrasion,
the wear mechanism was one of micronachining (i.e.
predominantly cutting and ploughing), Hurricks [87] showed that
relatively large increases 1in wear vresistance occur when
H/Hmis greater > 0.5 - 0.6 (where H 1is the normal material
hardness and H. is the hardness of the abrasive. Hombogen [89]
explained that brittle materials like glasses, ceramics
(exhibiting elastic fracture) are quite different from ductile
metals (rigid-plastic). Brittle materials through cracking and
spalling exhibit Ilower wear vresistance than the ductile
materials (Fig.2.8).

Pearce [70] conducted the specimen-on-track type wear
tests on a series of chromium-containing white 1irons with
chromium content ranging from 0-35%. The role of continuous
ledeburitic M C type and fibrous M C  type eutectic carbides
during abrasion was examined. The relative effects of wear on
pearlitic, austenitic, ferritic and martensitic matrix
structures were also investigated. For the purpose of
comparision of the relative wear resistance of the different

alloys Pearce defined a parameter called Wear Index as given

below:

] _mean weight +oss of pte iron standard
W%arrndex mean wgfg t Toss ox alfoy iron tested
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Fig. 2.7

VICKERS HARDNESS

Wear resistance of the white cast iron compared
with quenched - and tempered carbon steels, pure
metals and the wear regimes for cutting, ploughing
and -fragmentation suggested by Murray, Watson,
and Mutton [86]
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In all the irons examined by SEM and thin-foil TEM, the matrix
and the eutectic carbides in the surface regions were distorted
in the general wear direction. This caused deformation and
cracking in the eutectic carbides and led to material removal
by the detachment of the broken carbides from the matrix as
well as penetration and cutting effects of the abrasive grits.
Further, high stress abrasion resistance depends on the level
of support given by the matrix to the eutectic carbides.
Consequently, martensitic matrix structures gave (greater

abrasion resistance than austenitic or pearlitic structures.

2.9 Fracture Toughness Tests

The WCI being intrinsically brittle are poor in
performance, where impact forces are encountered. Hence,
attempts have been made to improve the toughness of these
materials.

The conventional Charpy and lzod impacts tests can not
give reliable results in case of WClI because these materials
are hard, brittle and influenced by the carbides and matrix
structures. They respond differently (not consistently) with
notches and have poor sensitivity and lack reproducibility,
hence 1impact tests are not very useful for WCI and
CWCI However, some work has been done on fracture-toughness (FT)
of CWCI as evident from various papers published on the subject
[52,88,90-91].

Pearce has attempted to establish relationship between
structure, toughness and abrasive wear performance of CWCI. In
general, impact tests show that WCI with the 1less continuous

eutectic M7C3 carbides absorb more energy in fracture than
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irons with MgC carbides, e.g. |In impact fatigue,ball-drop
tests, martensitic 18 Gr/2C withstood 20,000 drops, compared to
about 3,000 drops for martensitic low alloy Ni-Cr irons.

However, for quantitative assessment of FT and for
establishing its relationships with the structure, FT tests are
necessary. These have enabled to determine the effects of
carbide type, volume, morphology and the matrix on FT.

The level of both staticCK”) and dynamic & ) F.T s
reduced by increasing the volume of eutectic carbides present
in the microstructure. At a given C level, increase in
can be obtained by refinement of eutectic carbides or by the
reduction in the continuity of the carbide netework. This
involves decreasing the primary dendrite arm spacing,
spheroidization of the as-cast carbides or hot-working of the
cast structure [92].

Austenite dendrite refinement by increasing the cooling
rate during solidification of a 15% Cr WCl gave a corresponding
refinement of interdendritic carbides. Comparable increases
could be made more easily by reducing C content by 0.4%. The
use of die casting or hot working poses die material problems
and would be limited to simple shapes [93,94].

Vacuum heat treatment at 1180<=C produced spheroidisation
of the eutectic carbide lamellae in 15% Cr irons containing Mo
or W, resulting in increase in toughness for austenitic matrix
structures. After H.T. at 1180<C, the austenite matrix 1is
stabilized and no benefit is gained if the iron is subsequently
hardened since F.T. in martensitic irons containing secondary
carbides are relatively independent of eutectic carbide

morphology [95].
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D.W.J. Elwell [96] has developed the short rod/short bar
technique of fracture <Toughness determination. This avoids
fatigue precracking and uses relatively simple test specimens,
giving similar discrimination between different alloys to
conventional testing.

ZurcGahr and Doane [52] have described the dynamic
fracture toughness (Kjd) testing of CWCI. This is measured
using an instrumented charpy impact test machine. The standard
size charpy specimens 10 x 10 x 55nm were notched by EDM, a 0.2
ran radius slot 2 mm in depth. The hannser of the testing machine
was released from a drop height, which produced a hammer
velocity of 1.23 m/sec. at impact. Load and energy as a
function of time were recorded during each test. The fracture
load was used to calculate K d values using the -equation for
bend specimens given in ASTM E 399-78. The testing was carried
out in normal laboratory air with relative humidity of 50% and
21=C temp, (average).

The F.T. values as a function of volume of massive
carbide , for a few WCI are as shown 1in Fig.2.9 F.T. v/s
hardness relation is as shown in Fig. 2.10.

Sare [88] has suggested the double bend test (DTB) (in
contrast to Compact Tension(CT) test which requires only a very
simple specimen configuration, as shown 1in Fig.2.11 thereby
eliminating the need for expensive and the time consuming
specimen machining operations. The DTB test does not require a
fatigue precrack (as a crack initiator) which is difficult to
grow and measure its length.

In DTB, the only parameters to be measured are the

specimen dimensions and the critical load P, for crack
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Fig. 210 Dynamic fracture toughness V/5
hardness for WCI subjected to

various heat treatments . [52]

Fig. 2-11 Schematic diagram of double- torsion
bend test specimen showing Iload

application point [88]



propagation. is calculated from the equation

Ky =Pl { /LWt (1-y)] >1/2

where P - critical load.

Wm , W, T, t are as shown in the diagram, ~is Poisson"s ratio.
which is taken to be 0.3.

2.10 Corrosion Test

There are varieties of tests available for determining
the corrosion characteristics of the alloy in question.
However, these tests are quite time consuming, laborious and
costly. Many of the traditional corrosion tests are field
tests. An account of corcroonly used corrosion tests is given in
the text book of Corrosion Engineering, [97].

However, based on the modem theory of electrochemical
nature of corrosion, ““electrode kinetics" has become a useful
tool for the quick and quantitative determination of corrosion
behaviour. The theory and applications of these techniques have
been given by Fontanna [97].

Andrews, Buchanan and Gordon [98] used this technique
called Anodic Polarization Measurements using a potentiostat
and a polarization cell, described in detail by Thompson [99].

The polarization measurements are obtained using
potentiostatic potential steps of 50 millivolts (@a) at 5
minute intervals and recording the corresponding current flow
after each increment. The anodic polarization curves are
plotted as potential versus log of the current density (All

potentials are measured relative to a saturated calomel

electrode - SCE).



The corrosion resistance is evaluated using one normal
solution of sulphuric .acid (IN H2S04) held at a temperature of
21+1=C . Oxygen 1is purged from the solution by bubbling
purified nitrogen through the electrolyte for 15 minutes prior
to placing the sample in the cell. The sample is allowed to
stabilize for one hour in the cell before testing, and
continuous purging is carrid out during the stabilisation and
testing.

The pitting resistance 1is evaluated in a one normal
sodium chloride solution (IN NaCl)by the identical
experimental procedure as mentioned above.

The important features of a typical P.A.P. curve for a
passive alloy are as follows: (Fig. 2.12)

The X-axis records log current density 1 while Y-axis
denotes the voltage (potential) E. In this plot, the potential
is roughly equivalent to the oxidizing power of the solution
while the current density 1is proportional to the corrosion
rate. The critical current density 1 , indicates the degree of
difficulty encountered in initially forming a passive film on
an alloy. Low values of 1 are desirable since they indicate
the ease of passive fTilm forming. The potential  which
corresponds to the I is known as the passivation potential,
Epp. The minimum current density .. indicates the rate of
corrosion with the passive film present. Low values of I are
desirable. The breakdown potential, Eb, indicates the potential
at which the passive film begins to breakdown. It is desirable
to have high values of E”~. The portion of the curve between
and EM is known as the passive region. Thus good corrosion

resistance is indicated by low values for |

c 3 I . and E
min pp
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Fig-2.12 Anodic polarisation curve lor cast and
homogenized 304SS standard [98]



alongwith a high value for E~.

Fig-2.12 shows a typical anodic polarization curve for
cast and homogenized 304 S.S. standard. It shows | = 80“A/cm2,
I =0.5 pA/cm2 (slightly lower than the 1.0 /jA/mf normally
reported as typical for type 304 SS.).

2.11 Chromium White Cast lron as a Cutting Tool Material

With the advent of newer work materials, there is demand
for newer tool materials and hence research has been going on
in this area. Alongwith the hardroetals (tungsten carbide) there
are developments going on in ceramics, cermets
micrograin hardmetals & coated hardroetals [100-108]. But on the
other hand, research has been directed to the developments of

(1) Tungsten-free High Speed Steels [108,109]

@) Economic  low-cost tools  for small scale
industries.[110-117].

Both these areas are of important to the country like

India, where W is not found and there are plenty of small scale

industries, which need economic cutting tool material.

Work on WCI as a cutting tool material has been reported
first in 1979 [110] at HIT, Kharagpur, when forging of WCl was
tried. Cold forging gave increased graphitisation of carbides
and even fracturing. The strength and toughness were inproved

by hot forging, but not without the risk of crack formation.

Even 50% reduction could not break the -carbide network.

Bhattacharyya [111] investigated the performance of a glass
type very cheap tool material being developed by CGCRI  (India)
and reported the failure of these tools because of its

brittleness and lack of toughness. It was reported that the
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carbide network in WClI could be broken down and dispersed by
hot rolling to improve, itstoughness. Chakraborty [112], Babu
[113], and Rao [114] reported work on WCI as a cutting tool
material. Mukherjee [115], Das [116] and Chakraborty [117]
attempted further improvement by nitrogenating WCI tools by
passing Nitrogen gas; using K4Fe(CN)6 (potassium ferrocyanide)
and Manganese nitride respectively and reported improvement.
However, the mechanisms of improvement were not reported

and the physical metallurgy of structures were not fully

understood.
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Chapter Three

EXPERIMENTAL PROCEDURE

The procedures and techniques employed for the present

research consisted of the following:

1.

2.

10.

11.

12.

Melting and casting
Metallography and heattreat/nent

Dilatoroetry (TMA)

. X-ray diffraction analysis(XRD)

Transmission Electron Microscopy (TEM)

Wear Studies (Abrasion)

Machining Trials (for flank wear, tool life and
cutting force measurements)

Scanning Electron Microscopy (SIM)for carbide
morphology,wear and tool failure studies.
Corrosion Tests (Potentiostatic)

Spectrography for Chemical Analysis in addition to
wet methods and nitrogen analysis.
Photomicrographic support to the optical ,SEM and
TEM.

Hardness and Microhardness.

3.1 Melting and Casting

All the present alloys were prepared in an induction

melting furnace (frequency 9.6 K Hertz and rating 20KW)

in

magnesia crucibles. The alloys were melted in 1.5 li, and 5.0

Kg- crucibles. The charges for melting consisted of carbon



steel scrap (C 0.5%) ferrosilicon, graphite and high carbon
ferrochromium (60-65% Cr, 4—6% Si. 5-6% C). Nitrogen was
added as nitrided manganese (nitrogen 6%)or nitrided chromium
(5-6% N) .The nitrided alloys were packed in mild steel
capsules and plunged into the melts to ensure proper nitrogen
pick up.

All charge calculations were made assuming ten percent
loss of alloying elements during melting. The experimental
samples were cast in the form of 15nro x 15mo x 150 mm square
cross-section rods in.dry sand moulds. Chill plates of mild
steel of 5mm thickness and 50mm x Sraro cross-section were
used at the bottom of the mould to promote directional
solidification.. A few samples were also cast in 12 x 12 ran
square chill moulds.The melts were poured ircroediately after
dissolution of the nitrided alloys into the melt to minimise

loss of nitrogen. (Photograph 1)

The castings were allowed to cool in tbhs mould itself upto room
temperature, -then the castings were taken out from the mould,
the riser were cut off using abrasive cutters and the

surfaces were dressed by grinding.

The alloys investigaged and their chemical compositions
are given in table 3.1.The alloys were of 11-12% Cr contents.
The alloy AB was chill cast in 12nm x 12mm metallic mould.

All other alloys were sand cast.



Photograph No.l : CWCI molten metal being poured from
induction furnace into a sand mould.
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Table 3.1
Chemical composition of various experimental alloys
investigated
Alloy Chemical composition (wth)
Designation

C Cr Mn Si Al Ti N(ppra)
A 3..43 12,.50 0.93 1. © 0.01 0.03 -
A, 3.30 12..00 2.45 0.98 0.01 0.03 300
A, 3..90 11..50 2.50 1. 10 0.01 0.13 316
A, 3,.34 12,.00 2.50 1. 10 0.08 0.03 348
A 3.25 12..25 2.50 0.90 0.20 0.03 294

3.97 11.70 2.50 1..26 0.01 0.03 300
A* 3.20 11 .50 2.76 1.,54 0.01 0.33 302
A, fchill cast)3.35 13.,86 2.60 1. 02 0.01 0.032 300
B. 2.89 11 .94 0. 29 0.40 0.01 £.016 -

7

B, 2..70 11, 1.1~ 0.41 0.0f~L013 319
6a °.60 11.,75 2.40 0..89 0.01 0.33 377
B, 2.50 11 .60 2.40 0.89 0.01 0.39 395
C, 2.80 11 .92 3,,9 1.57 0 01 0.03 475
C 2.85 12,.00 3.8 1..62 0.01 0.92 .493

* Nitrogen added as nitrided chromium. Nitrogen addition to
other alloys was made as nitrided manganese.
3.2 Metallography and heat treatment

The as cast samples were first examined under a light
microscope. The matrix 1in all the as cast samples were
expected to contain varying amount of retained austenite.
Heat treatment was carried out (@) to destabilise the
retained austenite and (b) to harden and temper the matrix.
The effect of transformation during heat treatment was

evaluated primarily by hardness testing. However.



microstructure of representative specimens were also
examined.

Initial soaking in the temperature range 900-950=C was
carried out in a muffle furnace. The specimens were packed in
charcoal to prevent decarburisation. Low  temperature
tempering at 20=C was done in an oven. Tempering at
temperatures of 300=C and above was done 1in salt bath
furnaces.

Different schedules of heat treatment cycles were
initially tried on small metallographic samples for
optimisation of the heat treatment procedure. The final heat
treatment of test wear samples and test tool- samples were
conducted only according to selected schedules.

Phase - 1

The heat treatment of the A-series (Table 3.1) samples
was carried out in Phase | and the details are given below:

(A) Ageing of as cast A-series samples for one hour at

temperatures vranging from 200=C to 700 C at
intervals of 100=C. The purpose of this heat
treatment was to study the ageing response, if any,
of samples containing N+ Al or N + Ti.

(B) Austenitisation of A-series samples was initially

carried out for one hourat 1100=C and 950 C
Water/0il

respectively,The samples were tben ~-i~guencned and

tempered . Two different soaking temperatures were

used to study their effect, 1if any, on the as

qguenched hardness and subsequent tempering
Water 0

treatment. The sarapies®quenched from 1100 C were

tempered isochronal ly for one hour at temperatures



ranging flE)Oiml 200=C to 800=C at intervals of 100=C
The samples™quenched from 950<=C were also tempered
isochronally in the identical manner. In addition,
these samples were also tercpered isothermally at
300=C and 600=C respectively for periods of 15
minutes and 1 hour.

(©) Austenitisation period at 9%0=C was varied for
A series alloys for period*tanging from 1 hour to 5
hours,and it was followed by oil quenching. This
was done to optimise the time of soaking required
to develop the maximum as quenched hardness.

(D) After the initial trials, heat treatment schedule
finally adopted for hardening the wear test samples
was soaking at 950<=C for 2 hours followed by oil
quenching and tempering at 200=C for 1 hour.

Phase - 11

The heattreatroent of B and C series samples (Table 3.1)
was carried out in Phase Il. These samples were used both as
cutting tools as well as for abrasive wear tests. Initial
exploratory trials indicated that forced air quenching from a
soaking temperature of 900=C was adequate to harden the
nitrogen bearing samples. By reducing the soaking temperature
from 950<=C to 900=C and by substituting oil quenching by
forced air draft quenching, the incidence of quench crack
formation was totally eliminated. The  following heat
treatment schedules were tried:

(i) Soaking at 850<C for 1 hour, forced air draft
quenching and tempering at 200 C.

(i1) Soaking at 900=C for 1 hour, forced air draft



quenching and "tempering at. 200 C.

(iii) Soaking at 900=C for 2 hours for B series samples
and upto 8 hours for C series samples, forced air
draft quenching and tempering at 200=C for 1
hour. Some of the B series samples were also
cryotreated in liquid nitrogen (-196<C) after air
qguenching from 900=C and then tempered at 200<C.

The cutting tool and abrasion test samples were finally heat

treated according to schedule (iii) only. w”s oil quenched

Adequate hardness could not be developed after quenching from
850=C and hence this heat treatment schedule was not Tfinally

tried.

The microstructures of the heattreated samples were
also examined.

Microhardness readings on the matrix and the carbide
phases were determined separately on a few as cast and heat
treated samples. A LECO Hardness Tester (Model DM400) was
used. For most of the samples loads of 25 gm». for carbides
and 10 gm for the matrix respectively were selected.

Photomicrographs of selected as cast and heat treated

samples were also taken.

3.3 Theme Mechanical Analysis (TMA)

To study thft transformations taking place on heating
and cooling, samples of A series alloys, were subjected to
Thermo Mechanical Analysis (TMA) using a Shiroadzu Therrral
Analyzer DT-30. The heating rate employed was; 3Q0<C/iran
Holding time was 5 hours at 950=C.The .samples were cooled

in-situ using a forced draft by a snail fan. Some samples
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were refrigerated in liquid nitrogen, and observed for any
transformation taking place at the subzero temperatures.For
this purpose, the alumina tube containing the experimental
sample was dipped in liquid nitrogen kept 1in a polystyrene
container. The graphical plots, gave information about the
type of transformation (pearlitic,bainitic or martensitic)
taking place during cooling. However, this was further
confirmed by examination of the microstructures of the
samples after conclusion of the tests.
3.4 X-ray Diffraction Analysis

The selected as cast, as quenched, quenched and
tempered, and quenched cryotreated and tempered samples were
studied on Philips X-ray Diffractometer. Molybdenum K
radiation was used for diffraction. The samples were scanned
from 5= to 46 at a speed of 1.2=/min. The X-ray diffraction
patterns were used to calculate retained austenite contents,
using integrated intensities at 32.5<, (220) for austenite
and 3.7 (112) for ferrite as at these angles, there was no
interference of carbides.Carbides and other phases present in

the samples were also identified by X-ray diffraction.

3.5 Transmission Electron Microscopy

A few heat treated samples were further examined under
a Transmission Electron Microscope(Philips CM12) by
replication technique. Since direct carbon extraction
replicas of chromium cast irons could not be stripped even
after persistent efforts by different techniques, it was
decided to adopt two stage replicating technique. First a

plastic replica of the etched surface was prepared using a

78



standard replicating tape. Next, carbon deposition was done
on the plastic replica surface. The plastic base was next
dissolved in acetone, the graphite replica was fished out,

washed in water and examined in TEM.

3.6 Wear Studies

The wear tests were carried out using modified
pin-on-disc machine. A [laboratory polishing wheel was
modified for the purpose, by fixing a 15 cm. dia alumina
grinding wheel (grade A.60 QV) on the polishing wheel. The
sample 15nro x 15nm x 50rem was clamped in a holder and was
held against the rotating wheel wunder load rigidly. Three
different loads were applied for the test : 0.5 fog, 1 Kg, and
1.5 fe [4.9N, 9.8N and 14.7N respectively]

Vo 7 = The spindle speed was 250 RFM, which
at an average distance of 8 cm from the centre gave a linear
speed of 120m/min (2ra/sec). (Fig.3.1). [Photograph 2]

The loss in weight was measured at intervals of 10
minutes.The test was continued for 60 minutes. Cumulative
weight loss per unit arecwas plotted against time. The
weight loss . per unit Load per unit distance travelled
( wt. loss/N/m) gave a measure of the wear rate.

The abraded surfaces of the samples were studied
under SEM for the probable wear mechanism. The wear behaviour

of samples of A, B and C series were studied.

3.7 Machining Trials

To evaluate the usefulness of CWCI as a cutting

tool material in turning, the 15mm x 15mm blanks were cut to
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Photograph No.2 : Modified pin-on-disc machine for .the
abrasive wear tests.



a length of 70 nmm. These blanks were shaped in a grinding
wheel and then finish ground for desired geometry on a tool
and cutter grinder to a geometry as shown in Fig. 3.2. Then
tools thus made were tested for tool life (flank wear - 0.3
mm) at speeds of 40m/min and 50 m/min and feeds of 0.12
rim/revolution and 0.16 rrm/revolution. The work piece material
used was steel grade C . having the following composition C
0.25, Si 0.05, Mn 0.73, Cr and Ni 0.03 each, S and P < 0.03.
A HSS tool was taken as a reference cutting tool.

The main or tangential and the axial cutting
forces were measured using a tool force dynamometer in
conjunction with strain measuring instrument [Photograph 3].
During machining, the chips were collected after one minute,
and the chip thickness were measured to calculate the value
of chip reduction coefficient ©) -The
microhardness of the chips formed by different tools at
similar speed-feed combinations was measured. The
heattreatment given to the tool blanks was as follows:
Soaking at 900~C for two hours, forced air draft cooling and
then tempering at 200=C. Some of the tools were also
cryotreated in liquid nitrogen before tempering. In case of
only one tool (A 8,chill cast) the soaking time at 900 C was
varied from 2 hours to 7 hours and the tempering was also
done at 200=C and 150=C respectively. This was done primarily
to study the effect of retained austenite content on the
cutting efficiency.

Chip thickness (a )
£ =Chip reduction coefficient=——--—-—-- -
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FIG.3.2.GEOMETRY OF THE TOOLS TAKEN FOR
INVESTIGATION



Photograph No.3 : Cutting force trial with tool dynamometer
in progress. Strain measuring instrument
is seen in the background.



For a particular feed, at was constant, and thus a2/at gave
chip reduction coefficient values.
The mode of failure of each tool and its life were

noted under the preselected speed-feed conditions.

3.8 Scanning Electron Microscopy

Selected as cast samples were examined under SUM
(Camscan) to study the carbide morphology. These samples were
first deep etched in aqua regia, then treated with dilute HF
solution to remove silica and then finally washed in water.
The etched samples were gold coated by sputtering and then
examined in SEM. For the purpose of determination of chromium
partitioning between the matrix and the eutectic phases by
EDAX, only normal etching was done.

The worn out tools and abrasive wear samples were also
examined in SEM, both in unetched condition as well as after
etching in 25% phosphoric acid to determine the wear pattern.
The undersurface of chips formed during machining with
standard HSS tools and chromium cast 1iron tools were also
examined in SEM, to assess the crack density in the chips and

metal flow pattern.

3.9 Corrosion Tests

The corrosion tests on samples C” , CM and were



carried out ixsing EG and G Princeton Applied Research Model
362 Scanning potentiostate (with Model RE0092 X-Y recorder).
The tests were carried out in both IN HC1 as well as 1 Molar
NaCl solutions. Potentiostatic curves were plotted at 10
mV/sec scan rate, and the current range O0-1A. The curves
plotted gave an idea about the passivation behaviour of these

alloys.
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ANiapter Four

RESULTS
4.1. As Cast Structures and Response to Heatteatmant
4.1.1. Nitrogen addition

Nitrogen addition to tlie experimental chromium cast
irons was made as 3 wt.% potassium ferrocyanide, nitrided
manganese (5-6 wt %N) and nitrided chromium (5-6 wt.%N). The
nitrogen pick up in 12% chromium cast 1irons containing a
minimum of about 1.6% Mn is shown in Table 4.1. K, e(CN)  was
equally effective as a nitrogen source like the nitrided
chromium. However, after the first batch of experiments its
addition was discontinued due to the potential hazards.Nitrided
manganese however, yielded higher nitrogen pick up. Increasing
the quantity of nitrided manganese addition from 2 wt.% to 4
wt.% of the charge vresulted 1in porosity in the castings.
Nitrided chromium addition was also tried at three incremental
doses -2 wth, 4 wt.% and 6 wt.% of the charge. In each case,
tlie chromium percentage was adjusted around 12% and
manganese around 2.0% by adjusting the amount of ferrochromiuro
and ferromanganese additions respectively. The nitrogen pick
up, however, did not increase with higher dose of nitrided
chromium addition.
4.1.2 As cast Microstructure

A oomparision of the as cast structures of 12% Cr.

oast 1irons treated with nitrogen alone and nitrogen and



%

Table 4.1 Nitrogen pick up in trial samples

SI Method of
No. Nitrogen
addition

1. 3% K, Fe(CN)

2. 2% Mn N
3. 2% CrN
4. 4% Cr N

5. 6% Cr N

Nitrogen
pickup
in ppro

300

632
316
294

310

Chemical composition of the alloy

c

3.90

3.90

3.00

2.90

2.90

Cr

10.45

11.50

11.00

10.50

10.65

Si

0.60

1.10

1.30

1.60

1.80

Mn

0.46

2.50

0.45

0.50

0.60

Ti Al
0.040 0.01
0.13 0.01
0.66 0.01
0.22 0.01
0.33 0.01
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titanium together were made by hardness and microhardness
measurements, light microscopy, SEM and X-ray diffraction.

The microstructures of the A series alloys varied
from hypoeutectic to near eutectic and slightly hypereutectic
types due to differences in alloy composition and segregation
of alloying elements. The microstrueture of an alloy varied
from section to section and even across a particular section.
Hence the exact influence of nitrogen and titanium could not be
assessed from the as cast microstructures examined under a
light microscope. A series of photomicrographs of different
alloys in as cast state are presented in Fig. 4.1 (a-f). From
these photomicrographs, however, at least four different modes
of growth of eutectic carbide in 12% Cr cast irons may be
identified The carbide morphology in Fig. 4.la is the usual
plate like. A typical colony structure is present in Fig. 4.1b.
Unlike that in 4.1b the carbide plates in each of the eutectic
colonies in 4.]f*iad grown from a hexagonal carbide in the core.
Fig. 4. Id taken from the same section of the same alloy (A")
shows a typical platelike eutectic carbide growth. An example
of interdendritic eutectic carbide growing in close proximity
of primary carbide is illustrated in Fig. 4.le. Simultaneous
ledeburitic eutectic growth may occur along with other modes of
eutectic growth. This may be noted from Fig. 4.1b. The chill
east sample AB had a completely eutectic structure Fig. A4.If
presents an apparent case of divorced -eutectic growth of
carbide rods. In all these samples the matrix was mainly
pearlitic. The photomicrograph in 4.1b was actually taken from
a quenched and tempered sample of Aa to illustrate that the

eutectic structure is not affected by heattreatrrent.



Fig.4.1

ta)
\b)

(c)
~d)
Ie)
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"e) X 132 Vo X 132

Morphology of eutectics in A-oeriee
alloy® (a-t).

Plate like eutectic (a.")
Colony type and ledeburitic eutectio

Sutectic colony growth from a hexagonal ”* 2)

I"riitary carbide \A")

Plate like eutectic 1in the same «aDiplep ao of
4. lie) {)

interdendritic eutectic in clone proximity of
primary carbide \A

Livorced eutectic carbide in a chill cast

arint>Ta 1 1



The as cast* microstructures of the B-series alloys
were more diverse. There was a gradual transition  from
predominantly pearlitic matrix in as cast Bl&g ,[Fie;
4.2(a-b)] to pearlite + stablised austenite matrix in B (Fig
4.2c) to almost completely austenitic matrix in B4 sample (Fig.
4.2d). In the nitrogen bearing sarrples containing higher
amount of manganese[ and C ]3 the matrix was largely
austenitic (Fig. 4.3). All these alloys were of hypoeutectic
composition. X-ray diffraction data of all the samples,
however, indicate the presence of considerable amount of the
ferrite (or martensite) as well (Table 4.2). The relatively
high microhardness of the matrix of particularly B and Bz
also suggests  partial transformation of austenite to
martensite. The microstructure of the base alloy B shows the
usual type of platelike carbide. In other alloys ?the plate
morphology was less prominent. Apparently, some globularisation
of carbides had occugpd in B, and C, -

The phases present in the as cast and heat treated
alloys of both A and B series were determined by X-ray
diffraction analysis. The microhardness of the bulk phases were
also determined. These data are tabulated in Table 4.2. The
microhardness values of the carbide phases and matrix varies
widely in each of the alloy. Hence™no attempt has been made to
calculate the average microhardness of the carbide phase and
the matrix separately. Instead, the microhardness values have
been presented as such in Table 4.2.

4.1.3 X-ray Diffraction analysis and Microhardness in .s cast
alloys

The presence of FegC type carbide is likely,but some of
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PijE*4«2 s As caet microetructure of B-eeriee alloys

(a) alloy B~"
(b) alloy B2
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\o) alloy B~ Pearlitic + austenitic

(d) alloy B4 Auetenitic
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Fig,4.3 : Ao cast microstructure of alloy C2



Table 4.2 Hardness,

Sample Hardness(R Xx
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Quenched

" tion cast “tempered

52

52

52

95

59

62

64

64
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Cé&rbide

1003
1103
1390
1284
1051

1392

1103
1392
1077
1519

Microhardness
AWPN X
8ns load) _ As

Matrix

509
549
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453
401

358

389
401
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407

Phases Present

cast  tempered
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(Cr,Fe) C
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the d values of F*3C are very close to those of other
carbides. However, lower microhardness values of the order of
950 to 1050 VPN matches with the hardness of FeaC type carbide.
Hence the presence of certain vol.% of such carbide also can
not be ruled out, A scrutiny of the X-ray diffraction analysis
data reveal that the predominant carbide phase in the A series
cast alloys was CriC3 type. Some CrZSC© type carbide was also
present. In the nitrogenated alloys low intensity peaks of a
corrplex nitrides and carbonitrides were also detected. In the B
series alloys >Crz3 C™ type carbide was generally not present
in appreciable quantity in the .s cast state.

The actual volume % of retained austenite in the as
cast and heat treated alloys were calculated from the XRD
patterns and are given in Table 4.3. It may be noted that the
retained austenite percentage increased on alloying with
nitrogen. Increasing the &/£. ratio to 4.0 and above along with
addition of nitrogen and0.2-0.6 % Ti caused a very high degree
of stabilisation of retained austenite. In this respecty the
high retained austenite contents in alloys B3.B, .C; and C» are
particularly noteworthy. Chill casting promoted hardening of
the matrix in Alloy A8Sﬂlthough retained austenite was still
present in it . It had a ranch higher as cast hardness <Rc 62)
than the sand cast alloys. Microhardness data in Table 4.2 show
that the hardness of both the matrix and the carbide phases
were greater in the chill cast alloy. X-ray diffraction
analysis of the chill cast alloy indicated that the carbide

phase was predominantly Cr~C” type.
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Table 4.3. Retaineg/ austenite content in as caet
and heat treated samples matrices

(excluding the primary carbide)

Retained austenite content (vol.>)

Sample
deeignation A® caet Soaked at 95GWC/1 hr, Soaked at 950°G for
oil quenched and 3 hre. oil quenched
tempered at 200°C and tempered at
for 1 hour 200 C for 1 hr.
21 12
Al 20.00
AD 30 14 16.00
a3 23 11 _
Ad 17 10 25.00
A6 20.00 11.00
A7 4.00 44.00
* **
A8 28 55.00 29.00
As cast Soaked at 900uC/2 hour Soaked at 900UC for
. quenched and 2 hre. . quenched 9
tempered at 200°G for cxyotreated in liq.
1 hour. N2 and tempered at
200°C for 1 hour.
2
B1 a 6
16 10 6
6
B4 30 21
Ul 47 39 15
co 53 37 20

homogenised 4 hours at 900°C i
B1 - Oil quenched;
homogenised 7 hours at 900 C B~, B/f

CI" C2 ““A"r



4.1.4 Scanning electron microscopy

The carbide morphology in the A series irons was
examined in greater details under SQi. The matrix surrounding
the carbide phase was removed partially or completely by deep
etching. Consequently” the carbide morphology was revealed in
the secondary electron image. The SEM photograph indicate that
the carbide morphology in chromium cast 1irons was modified
partially by the addition of nitrogen and titanium. In plain
12% Cr cast iron® the eutectic carbide exists in three
dimensions as a continuous phase. In cast irons treated with
nitrogen alone or nitrogen and titanium together® the carbide
morphology was refined at places 1into rods and blades. Two
photographs (Fig. 4.4 & 4/5) of alloys A® and respectively”

rods in two direction are presented

consecutively. The rods"however are observed to be partially
connected among  themselves, and thereby produce a
semidiscontinuous network. Two adjacent rods my be connected
at the tip and intermediate positions to develop a single rod.
In alloy A , where nitrogen and aluminium were added together,
the carbide phase was largely discontinuous (Fig. 4.6a). A higher
magnification view (Fig. 4.6b) shows that the eutectic carbide
in this area consists mainly of rods and blades. The blades
tiiemselves are formed by coalescence of adjacent rods. Tlie rod
morphology was also very prominent in the chill cast alloy hg,
having much lower titanium content than A,,. The cross-sections
of rods and blades are clearly revealed after partial etching
of the matrix (Fig. 4.7). A closer examination of the colony
structure is possible in Fig. 4.8. In each eutectic colony,

plates shot out from a common nucleus. These plates ofcourse



100

Fig. 4.4 Jj* fr2.00
11e. 4.5 Mce X
Fig.-4.4 : ifM photograph of showing carbide rods

Fifi.4«5 : 3EM photograph of A~ showing carbide rods

1607



(b) 950 %

Fi“;*4.6 : 1JBM photograph of alloy.
(a) at lower magnification

~“bJ at higher magnification.
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are interconnected within a colony by dendritic branching. This
growth morphology is very similar to the one visible 1in the
light microscope photograph presented earlier.

In the B series, rod like carbide morphology could
not be detected in any of the alloys. Fig. 4.9a shows a typical
petal like dendritic branching of carbide plates 1in Bg. Each
petal has distinct crystalline facets. These arms are of course
**£« connected to the arms of the adjacent dendrites, so that in
lower magnification (4.9b) a continuous carbide skeleton of
interconnected dendrites 1is clearly observed. Although an
apparent modification of the morphology in B4 and CZ was
indicated by [light micrograph 1in Fig. 4.3, the actual
morphology in these samples turned out to be completely
continuous in deep etched section under 3EM.

The SEM micrographs of B ,B and at an identical
magnification (Fig. 4.10 a-c) are presented together. The
photographs show a tendency towards dendritic to equiaxed

transition on addition of nitrogen and titanium.

4.1.5 Microprobe analysis( EDAX/EPMA)

Chromium segregation in selected samples was
examined by spot analysis in EDAX. Representative data for
chromium distribution in the transferred austenite and 1in the
eutectic carbide are presented in Table 4.4.

Distribution of different phases in as cast alloy Bz
and Bi were investigated separately 1in a JEOL Micropiobe
Analyser. The Secondary Electron Images, Qline profiles and
X-ray ka maps for the different elements are given in Fig.

4.11. for the samples B2 and B4 . In sample Bz. the nitrogen
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Table 4.4 Parti-tioning of alloying eleroerits in
carbide and matrix phases (EDAX)

Sairple % Concentrations in % Concentrations in

N carbide Matrix
%Cr %Mn %Si %Cr %Mn %Si

A 31.013 1.132 0.140 17.928 1.748 0.687
16.628 1.281 0,987 8.259 0.964 1.152
30.085 1.087 0.205 12.059 1.261 1.120
28.947 5.262 0.150 13.225 3.955 0.806

fivd 19.991 5.387 0.294 7.512 3.377 1.027
17.193 4.796 0.461 12.788 3.986 0.898
19.620 0.288 0.378 21.177 11.031 2.518

it} 31.648 0.406 0.169 12.696 0.348 0.794
17.838 7.154 3.709 12.745 2.962 0.827
15.018 3.320 1.708 13.240 3.120 1.503

A 31.216 3.375 0.040 9.843 2.783 1.795

32.354 2.981 0.127 17.851 2.967 1.577



concentration seemed to be more in the matrix than that in the
eu-tectic phase (Fig. 4.11 A (ii)). Manganese distribution also
appeared to be very non uniform (Fig.4.11 A(iii)).

In "the ythe nitrogen and titanium kct map and [line
profiles revealed an identical distribution pattern of the two
elements. The peak positions of Ti tallied exactly with those
of nitrogen. These evidences strongly suggests” precipitation of
a compound of titanium and nitrogen (such as TIN or Ti(C,N).A
typical cellular distribution of nitrogen and titanium
throughout the matrix also suggests segregation of these
elements at grain boundaries or sub grain boundaries
(Fig.4.11B). Manganese was distributed preferentially in the
dendritic regions (Fig. 4.11B).

4.1.6 Quenching and tempering treatment and dilatoroetry

As cast samples contained retained austenite which
was determined by X-ray diffraction analysis. Tlie samples were
heated at 950°C for periods of one hour to Tfive hours to
destablise the retained austenite and to develop maximum
possible hardness on oil quenching. The hardness of the oil
quenched samples (A ,A ,A and A ) are plotted as a function of
time in Fig. 4.12. The hardness plots show that as quenched
hardness increased gradually on increasing the soaking period
to three hours. Thereafter there was no further increase in
hardness. The as quenched samples were also subjected to XRD.
Tlie data in Table 4.3 indicate that retained austenite content
decreased on destabilisation at 95 ~C for 1 hour. Similar
trends were observed in case of all other alloys. The
representative XRD pattern of alloy given iIn Fig. 4.13 (a&)

clearly shows that Cr23C(> type carbide precipitated during
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destabilisation heat treatment. Prolonged soaking at 950"0.
however7increased the retained austenite content in alloy A

which contained both nitrogen and titanium. The XRD patterns of
alloy A? in Fig. 4.14 (a&) illustrates this point. The XRD
patterns of Afl”Nin Fig. 4.15(a-e) indicate that the retained
austenite content first increased on soaking 900"C for 4 hrs
and then it decreased on further soaking upto 7 hours. These
patterns also indicate transition of Cr23C6 carbides into Cr7C3
type.

The B series alloys had lower carbon contents. These
alloys were destabilised at 900"C upto 2 hours only. The data
on retained austenite content in the B series alloys are also
given in Table 4.3. The same table also presents data on the
retained austenite content after cryotreatment in liquid
nitrogen. Appreciable retained austenite remained in the high
manganese samples (C and C even after cryotreatment. The
differences in the areas under tte austenite peaks in the XRD
plots of alloy C2 in as cast and as oil quenclied and tempered
conditions (Fig- 4.16 a,b) illustrat®iifference in the
austenite contents before and after heat treatment. Cr23Crf
carbide precipitation during destabilisation is also indicated
in the XRD pattern.

The effect of soaking temperature and quenching
medium on the response to hardening of alloys ANAN was
investigated by water quenching from 1100 L and oil quenching
from 950"C. As water quenched (from 1100 C) hardness was lower
than the as oil quenched (fron 950 C) samples in ail the
alloys. Table 4-5 provides a comparison of these hardness

values. The same table also compares the hardness of the

lid
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differential thermal analysis samples”subjected to slow heating
within the refractory specimen tube to 950°C. holding at 950&C
for 5 hours followed by rapid cooling”by application of forced
air draft on the specimen tube and cryotreatment. The hardness
of the DTA samples were more or less similar to that of the oil
quenched samples of A2 to A4. The hardness of Ai was lower The
representative DTA plots of A .ad Ag are given in Fig.
4.17 (a-b). The sample of alloy A did not record any
transformation on cryOtreatment. The effect of heat treatment

on the hardness and retained austenite content of the chill

cast alloy AB is summarised below:

Sample Hardness Retained Remarkable phase cliaiigs

History austenite It any
content
(val%)
As cast 62 28.4 Cr23Cd type carbide only
Soaked at 58 33.4 Cr C3,(Cr,Fe),Ct.ype carbide
950°C for appears, "
4 hours, content
forced air increased.
quenched,
tempered at
150 C for
1 hour
Soaked at 64 21.7 Only Cr_ Cg type carbide
950°C for
7 hours. detected.
forced (Fig.4.15 a,b&cj

air quenched
tempered at
150 C for

1 hour

The tempering behaviour of te as cast and as
quenched chromium cast irons was folloned by hardness
measurement and X-ray diffraction analysis. Tempering curves

are given iIn Fig. 4.18-4.20. Both tie as cast and as quenched
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Table 4.5 Comparison of the Hardness Values of
water quenched, oil quenched and air gquenched
and cryotreated samples of Al— 4’_3\

Specimen Hardness (Ro) Remarks

designation— — ————— - ]
W.Q.frora Oil quenched Forced air
1100°C, from 950°C draft quen-
soaking soaking period ched from

period 1 hour 950°C,
1 hour soaking time
5 hrs. cryo-
treatment In
liquid Nz
A 56 58 49 only Cr,Gg
carbide detec-
ted by XRD iIn
the ETA samwple
retained aus-
tenite 3.0%
Az 57 60 63
A3 58 62 62
59 63 62 In addition to
CcN CG3T0r29C
and Ti2N phases
also detected
in the OTA
sample,retained

austenite 5.8%.
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samples containing titanium and aluminium along with nitrogen
N3 “ 75~ showed a secondary hardening peak at 60CTC on
isochronal tempering for 1 hour. The samples , water quenched
from 1100 ¢ (Fig- 4.18(b)) and those oil quenched from 950°C
(Fig. 4.19) stowed an identical response in .this respect. This
type of secondary hardening peak was not observed in other
samples. Slight hardening at lower tengoerature upto 300°C 1IN
the water quenched sairgples and upto 200"°C in the oil quenched
samples could however be noted in all the samles. Alloys Ag
and exhibited characteristic secondary hardening peaks which
appeared only after isothermal tempering for 60 mins. Shorter
tempering periods of 15 mins. did not develop such peaks (Fig-
4.20). Fig. 4.21 fa,b) compares the hardness of samples
tempered at 3000 and 60*'C for 1 hour, fron various starting
states. Air guenched and tempered samples are only marginally
softer than the samples tempered after oil or water quenching.
A comparision of the X-ray diffraction data on cast,
and quenched and tempei“ed sample?as given in Table 4.27suggests

precipitation of AIN and TizN after tempering at 600"C.

4.1.7 Transmission electron microscopy (TBV)

Selected as cast, as quenched and quenched and
tempered samples of the alloys were further examined in TEM by
the two stage replication technique to find out? whether
nitrogen and titanium additions to chromium cast irons produced
any changes iIn thelr microstructures. In the two stage
replication process, some of the smaller particles were
extracted out of the sample, into the final replica. However,

the bigger particles were not usually extracted. Hence
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identification of the precipitate phases could not be done
systematically. The present report will™ thereforey highlight
basically the details of the microstructural features.

The electromicrograph (Fig. 4.22a) of the as
quenched sample of alloy A clearly reveals the distribution of
the secondary carbide precipitated during soaking at 95CIC. I
addition, some extracted particles (dark particles) are also
seen. The martensitic structure is not distinct in this
photograph. In the as quenched and cryotreated structure of A,
(Fig- 4.22b) the secondary carbide particles were not readily
visible. After tempering of this alloy (A4 ) at 2002C, firely
dispersed precipitates formed (Fig- 4.22c). The bright rounded
1inpressions of precipitates are likely to be those of secondary
carbides. Finely dispersed precipitates could be noted iIn the
oil quenched and tempered (at 200 C) sample of A as well.
(4.22d) . 1t was found difficult to characterise the martensite
morphology clearly from two stage replica electron micrographs.
The high magnification micrograph (Fig- 4.22e) of the oil
quenched and tempered (at 200 C) samples of A reveal certain
morphology which apparently does not look like one of tempered
martensite.

Fig. 4.23(a-e) show details of the microstruetures
of samples oil quenched from 950*0 and tempered at 600°C. Fig.
4_.23a shows the morphology of carbide particles In A™ at
various stages of growth. The impressions of secondary carbides
(right “founded spots) which are distinctly visible iIn Fig.
4.23a indicate that the carbides were ruch larger In sise than
the pricipitates formed on tempering. In  the higher

magnification view In Fig. 4.23b, it may be further noted that
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the secondary carbide particles had a duplex structure. A layer
of a second phase with different contrast my be seen around
the bright carbide phase, In addition, some rod shaped
precipitates which extended over both the austenite and carbide
phases could be seen in this sample (Fig. 4.23b) as well as in
all staples containing titanium. The oil quenched and tempered
at 600°C structure of (Fig.-4.23c) however did not skjw any
such rod shaped precipitate.

Numerous fFine precipitate particles were observed in
the as cast sample of B , particularly in tlie transformed
austenite phase (Fig. 4.24 aé&b). In Bi however, such
precipitates were not visible (Fig 4.24 c&d). But in both these
samples, the primary carbide appeared to be of duplex
composition. This is suspected from the presence of a layer of
another phase of different contrast around the primary carbide
phase. Comparatively the chill cast sample of AB contained few
precipitate particles. The rod shaped particles, as reported
earlier was visible in plenty (4.24e). Martensite Ilathis were
also visible. The oil quenched, cryotreated and tempered (at
20fTC) structures of B and differed considerably. In ,
coarse precipitates of definite geometric configurations, which
were mostly extracted into the replicas could be seen <Fig.

4.25a). In B , the precipitates were finer, of irregular

configuration and more evenly dispersed (Fig- 4.25b).

4.1.8 Corrosion tests

Corrosion tests were carried out by the

potentiostatie technique in both IN NaCl as well as 1 molar HCl

solutions relative to tungsten cathode* The corrosion cehaviour



Tranamiseion Electron Micrographs of
(@2 ae quenched, 23r000X
Vb) TMA - ae quenched, 30,00 X

1 Y A n a n x 6 n 9 = 1 n o Oft o«

0



@

ie)

Nig-4.22 : Transmieeion Electron Micrographs of samples
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Fi&.4,23 ; Transmiaoion Electron Micrographs of
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**ig#4.24 s Transmission Electron Micrographs of
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Fig.4.25 j Transmission Electron Micrographs of samples

oil quenched and tempered at 200 C
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of the base alloy A+ was corrpared with that of theaustenitic
alloys C and C2.The applied potential (&) versus current(md)
plots are given iIn Figs. 4.26 (@,b). The exposed area of all
samples was Icm x 1.5cm .The plots indicate that the corrosion

resistance of the chromium cast irons deteriorated In the order

4.2 Wear Tests

Wear tests were conducted on alloys A 2, A., A",
B.-B” and c£. The experimental specimens abraded against a
rotating bonded alumina wheel at a uniform speed of 120KVmin.
The test specimens were pressed against the wheel under loed.
Thie test condition was one of high stress abrasion. The
cumulative wear data are presented in Figs. 4.27 - 4.33. \Wear
rates (@QofVHT) were computed fron the cunulative wear data
corresponding to a particular load and mei(o‘ljils\)t%nce at
such constant load (Fig- 4.34 - 4.40). The wear behaviour
varied appreciably from alloy to alloy. InA the total wear
increased consistently with increase in lced. In A , however,
total wear iIncreased initially on increasing the load from 4.9\
to 9.8\N. Thereafter it decreased again. InA the total wear
under 4.9N and 9.8N loads were nearly equal. It increased
appreciably under 14.7N lcad. In A, the total wear actually
dropped slightly on increasing the load fron 4.9N to 9.8N. On
increasing the load to 14.7N, the total wear increased sharply.
In fact, the wear in A,) under 14.7N load was highest among the
A series alloys.

Alloys B to B3 were tested at only 14.7N load. In
both quenched and tempered condition as well as in oil

guenched, CryOtreated and tempered condition total wear
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decreased in the order B¥" B* Bg. Anong the cryotreated and
noncryotreated samples, the total wear was less in the fomjar.
In C2, a drop in total wear occurred on enhancement of load
from 4.9N to 9.8\.* It increased again under 14.7N load. Among
all the sanmples tested, the highest total wear was noted in
case of C2. The cumulative wear curves show the usual trend of
running in and equilibrium wear although complete equilibrium
wear state was not attained within the experimental period iIn
several cases.

The wear rate (QwN/M) plots differentiates the wear
behaviour of the experimental alloys more explicity. The wear
rate In most cases decreased appreciably in the initial period
of sliding. Thereafter the wear rate decreased either slowly or
became constant. The effect of load on wear rate however varied
from alloy to alloy. While in and A? wear rate increased
consistently with increasing load, In A2 It decreased. In Atf,
Cl ang C wear rate dropped initially tut it rose again on
increasing the load to 14.MN. Cryotreatment of alloys B4-B3
resulted in a drop in wear rate (Fig. 4.38 a,b).

The abraded samples of the B series alloys were
examined in SEM after etching. A conparison of the wear tracks
in samples of B -B tested under 14.7N was nade In SEM. The
differences iIn the depth of abrasion marks between the base
alloy B and the other alloys can be noted in Fig. 4.41 (a<).
The wear tracks were still shalloner in the cryotreated
samples. During wear tests bulging and cracking of the weal
surface could be noted (Fig.- 4.42). Such cracks had propagated
both through the matrix as well as through the carbide phase.
Fig. 4.43 shows bending of carbide plates in the sliding
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Pig. 4.43

Pig-4.42 i Bulging and cracking in th« wear eurfaca (SEM)

Fig.4#43 e Deformation and oraclcing in carbide plates

during wear (SBM)
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Fig-4.44 : 3BM photograph illustrating the wear
tracks on both the matrix and the
carbide phase* (ki 15, onh)



direction. Multiple cracks may also be noted in the -carbide
plates. Some of the samples were examined after deep etching.

In these sainples wear tracks were seen to pass through both the

matrix and the carbide phase (Fig. 4.44).
4 .3 Machining trials with chromium cast iron tools

Chromium cast iron cutting tools prepared from the A
series alloys were tested first for turning a mild steel bar in
oil quenched and tendered condition. The tools suffered
catestrophic failures even at low speeds and feeds. The tools
made from the B-series alloys were tested next. The
characteristic chips formed during machining with different
tcujls including the reference HSS(Grade BT4 = C 0.75, Cr 4.0, W
18.0, V 1.0, Co 5.0, Hardness Hv 849 and BS 4659-1971) were
compared by light and scanning electron micrography. A
photograph showing the visual appearance of the chips formed
during machining with the B-series tools are given in Fig.
4.45. Fig. 4.45 demonstrates that the chips were more open type
at 50m/min speed and 0.16 min/rev. feed than those produced at
iower speed feed combinations. Maxirrum curling was observed at
40rn/min speed and 0.12mn/rev. fetid.

SEM photographs of the under surface of the chips
formed at 46m/min. speed and O0.12nm/rev. feed are presented in
Fig. 4.46 (a-i). Typical optical micrographs of chips formed by
chromium cast iron tools and a HSS tool are shown in Fig. 4.47
(a-c). Table 4.6 reports the crack density in the chips
determined from the SEM photographs.lt is apparent from Table
4.6 and Fig. 4.6 (a-i) that crack density in the chips produced
by the B-series tools was higher than that 1in the H.-0 ©&ji

chip. However, the HSS tool chip appeared to be deforrred to a



Fie.4.45 8 Types of chipe produced by different
tools (visual appearance)*



330/ N 330/
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~ig.4.47 1 Optical micrographs of tfa® chips, 2001.
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Tool
sample

B*

BS

Table 4.6 Crack Density in Chips

Heattreatment

900°C/&hrs. .Q.
+ 200 C /1 hr!

—-do-

—-do-

—-do-

AaA~0°C/3,hrs. A.Q.

cryotreatinent in

liquid nitrogen

+200°C/1 hr.
—-do-

—-do-

—-do-

Quenched & tempered

Crack density cms/3U>,0/me"
on photographic plate
(X 366)

13

22

24

26

24

26 -
30

37

10
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greater extent under the microscope. Among the B-series tools,
cryotreated tools induced greater cracking in the chips.

The tools life data in Table 4.7 show that the tools
made of Bg and alloys recorded reasonable life at a low
speed of 40 xa/min and a feed of 0.12 mm/rev At such
speed-feed combination, the life of 83 and B4 tools were 160and
200 minutes respectively against 300 minutes life of the HSS
tool. With the speed-feed combination of 40ra/min and 0.16
ran/rev. the tool life "decreased in both HSS and experimental
tools. In both Bg and B4 the tool life was 30 mins. against 60
mins of the HSS tool. After cryotreatnoant in liquid
nitrogen, the life of Bg tool increased to 43mins 1i.e.
approximately 75% of the life of a HSS tool. At 50 m/min:
speed and O.12rara/rev. feed, the best tool life (B ) was only of
the order of 25% of that of the HSS tool. The B series tools
suffered catastrophic failure at 50nm speed with 0.16nro/rev.
feed. Chips produced by the HSS tool had undergone more plastic
deformation and had suffered less cracking than the chips
produced by the B-series tools.

A worn out tool of alloy Bg was examined iIn SEM
before complete failure had occured. Fig- 4.48 1is an SEM
photograph of cutting edge of the tool B”. In addition to the
wear marks the figure shows ~ big cracks nucleated from an
interdendritic poreS, Complete fracture occured through
propagation of such cracks.

The data on chip reduction coefficient 2 are
presented in Table 4.8. Chip reduction coefficient in general
increased on increasing the feed rate from O0.12nro/rev. to

0.16mn/rev. at 40m/min. speed. Thereafter, the variation Iin



Table 4.7 Tool life data for various tool tested

Depth of cut = 2rmm constant Environment = oil

Material :623 steel

Tool Tool life (in rains)
speed 40ro/min speed 50n/rain
Feed Feed Feed Feed
0.2rravrev  0.16nm/rev 0.12nm/rev. 0.16niu/rev.
HSS 300 60 100 25
Bi -Ord 12(F) 44(F) 7 1P
Failed Failed Failed Failed
82 -Ord 140 9 24 1.0
Ba -Ord 160 30 25 1.5
B A -0rd 200 30 27 1.0
B4-cryo Failed 2 2 2
B2-cryo Failed 25 3 3
B —cryo 30 43 10 5
BN-cryo 30 32 5 5
A, chill o a 0
cast
900°C/4hrs

A_TefFI50°/1hr

Aa chill

cast
900°C/7hrs. : : 40
A.QF150°C/1hr.
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Fig. 4 *4« s Cracks appearing on the cutting edge
of a worn out tool (SEM).



Table 4.8 ? (chip reduction coefficient) values of
various tools

Tool Speed
40m/min

0.12nnj/rev. 0.l16nnx/rev.

£=2.60 3.17
0 2.88 3.02
c 2.79 2.52
0 2.79 3.24
c 3.56 3.02
0 2.69 3.,74
c 3.46 3.53
0 2.88 3.09
c 2.50 3.60

0 = ordinary

ORDINARY HEATTREATMENT
Oil/Air quenched from 900°C,
and tempered at 200°C for
one hour

Speed
Sra/min

0.12iwn/rev. 0.l16mn/rev.

3.56 3.31
3.27 3.02
3.17 3.17
3.27 3.81
3.46 3.17
3.85 4.03
3.08 3.24
3.46 2.73
3.85 —-3.74

C = ctyotreated

CRYOTREATMENT 0
Oil/Air quenched from 900:
cyrotreated in liquid N2
and tempered at 200°C

for one hour
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chip reduction coefficient with increase in speed and feed was
minimal. The axial (Px) and tangential (Pz) cutting forces were
measured as a function of feed rate at constant speeds for tte
tools Bt-B4. The data are presented in graphical form in
figures 4.49 - 4.56. The data indicate that the cutting Tforce
required for machining with the HSS tool was lower than that
for any of the chromium cast 1iron tools, at all speed-feed
combinations. Among the B-series tools, no systematic variation
in cutting force with speed and feed could be noted. However,
the difference in the cutting forces required by different
tools at any particular cutting condition was not very high.
Tool life of AS was comparable to that of the
reference HSS +tool. This will be clear from Fig. 4.57.
Initially the tool was heat treated for 4 hours at 900°C and
then air quenched. The maxinum tool life recorded after such
heat treatment at*50m/min. speed and 0.l16nm/rev, feed was only
20 mins. On adopting a cycle of 7 hours soaking at 900 C
followed by air quenching and tempering at 150 C ,the tool life
doubled to 40 mins. at the same speed-feed combination. Under
similar cutting condtion, the tool life of the reference HWS

tool was 35 minutes.
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Chapter five

DISCUSSIONS

5.1 Metallurgical Aspects
The results presented in the previous section may

be discussed under the folowing broad heads

(1) As cast structure and carbide morphology

(@) Response to heat treatment and the associated

transformations.
5.1.1 As cast microstructore and carbide morphology

The basic composition of the A series alloys could
not be controlled within a narrow range. Extensive
segregation of alloying elements, particularly chromium,
contributed to further variation of microstructures in the
test samples. It is, therefore difficult to characterise the
various modes of eutectic solidification reported in Section
4.1.2, in terras of alloy composition. The matrix 1in each
of the alloy in this series was however predominantly
pearlitic.

The variety of eutectic morphologies observed in *
irons of hypoeutectic and near eutectic compositions (Fig.
4.1 (a-F) appears to be a consequence of severe
macrosegregation. Representative microanalysis data in Table
4.4 also provide an idea of the severity of macrosegregation
possible even in small test pieces (15cm x 15cm cross
section). The Tformation of eutectic colonies have been
studied in details by Matsubara et al. The morphological

features of the two types of eutectic colonies reported in



l«r

Fig. 4.1 generally tallies with those described by Matsubara
(25&26) . However unlike that in Matsubara®s unidirectionally
solidified sSaples, siicultaneous occurence of two or more
types of eutectic carbides have been observed in the samples
examined in the present investigation.

The effects of the alloying elements on the phases
present in as cast state may be discussed in relation to Cr/C
ratio. The A series alloys had a much lower Cr/C ratio than
the B series alloys. The retained austenite content in the A

series alloys were naturally lower. This 1is in conformity
with the observation of other investigations (47). However,

the large vol.% of austenite present in Bg»B~,C and C2 may
be attributed directly to the known influence of manganese
and nitrogen as austenite stabilisers. The results Tfurther
suggest that retained austenite contents iIn nitrogenated
samples of A series alloys was influenced by the level of
titanium present. Alloys A ,A and had titanium levels
less that 0.1%. When the titanium content was low (0.03%) as
in alloy A1 and A2” the retained austenite content increased
on addition of nitrided manganese from 21% - 30%. On
increasing the titanium level to 0.08% it decreased
again to 23%. However, when the titanium levels were higher
(0.66% in A?). the austenite stabilisation on combined
addition of nitrogen and titanium was found to be even less.
In fact, the retained austenite content decreased from 20% in
alloy A6 to only 4% in alloy A,, on raising the titanium level
from 0.08 to 0.66%. This trend 1is only to be expected,
because titanium forms refractory carbides and carbonitrides

which precipitate out long before the onset of
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solidification. The rod like precipitates of cubic cross
%

section observed in the electron micrographs (Fig. 4.24e for
example) indeed appear to be a refractory carbide or
carbonitride. These precipitates extended over both the
dendritic and interdendritic phases confirming that their
precipitation occired before other phases began to form. In
XRD also occasionally TiC and Ti“N cculd be detected even in
cast samples (Table 4.2). The consequence of such
precipitation 1is to deplete the matrix 1iIn carbon “and “
nitrogen. Hence retained austenite content naturally
decreased. In the B-series alloys, apparently an opposite
trend was noted. Retained austenite content increased from 8%
in alloy B2 (0.01% Ti) to 16% in alloy Bg (0.21% Ti) to 3%
in alloy B (0.39% Ti). The manganese contents in all the
alloys referred to above were more or less same. Apart from
the influence of a higher Cr/C ratio, no other explicit cause
of such difference is available from the present set of data.
This aspect shall require further investigation.

A coroparision of the Fig. 4.24b with Fig. 4.24d
however clearly illustrates the presence of very fine
precipitates in the matrix of sample B9. From a combined
scrutiny of this information with the data available in Table
4.2, it is likely that these precipitates are various
carbides and carbonitndes formed due to alloying with
nitrogen and titanium. Electron microjjpbe analysis results
on B (Fig- 4.11b) also reveal precipitation of Ti-N
compound. The EFWA photographs however confirms that
sufficient nitrogen and titanium remain in solid solution as

well.
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Titanium has been used as a grain refiner in

austenitic stainless steels. It was reported that the
addition of titanium and nitrogen together promotes columnar
to equiaxed transition in austenitic stainless steels (136).
Titanium addition has been quoted to be responsible for grain
refinement in cast irons as well (1,48). This aspect has been
verified in the present investigation, particularly in the
case of B-series alloys. A comparison of the SEM photographs
of as cast alloys B* - Bg (Fig- 4.10 (a-c)) reveals a
tendency towards dendritic to equiaxed transition. A similar
evidence was also obtained in respect of and C2.

Claims were made iIn the past that titanium
addition refined carbide morphology (24). Nitrogen addition
has also been observed to be effective in modifying carbide
morphology in vanadium containing cast irons (@3). In the
present investigation, titanium has been added in conjunct™
with nitrogen. Carbide morphology became partially
discontinuous with rod like growth pattern in some of the A
series alloys (Fig- 4.4). Previously such rod like growth of
eutectic carbide were observed in hypereutectic alloys of
higher ( 15% Cr) chromium iron only (120). In the B series
alloys a typical pattern of dendrite branching with the
dendrite arms having well defined crystalline facets have
been observed (Fig. 4.9). Hence it appears that nitrogen and
titanium do influence carbide morphology, tut the extent of
modification 1is influenced also by Cr/C ratio. Future
experiments may attest to characterise the effect of dose of

addition of N and Ti in greater details.
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5.1.2.1 Destabilisation heattreatfnent

The heat treatment experiments carried out on the
present series of alloys have highlighted the distinctive
characteristics of chromium cast irons. It is well known that
retained austenite in chromium cast irons is destabilised
during homogenisation in the tenperature range 900°C - 1100°0
and the term has been referred to as destabilisation by
Maratray(9). The phenomenon of destabilisation has been
confirmed in the present series.of investigation as well. But
simultaneously some new observation have been made. These
observations may be suitmarised as follows;
1. Destabilisation of austenite results in the precipitation
of Cr23C6 type carbide.
2. In nitrogen containing alloys, the retained austenite
content increases on prolonging the soaking period, although
simq%aneous precipitation of Crégco.type carbide continues.
The net increase iIn hardness initially 1is positive, but
thereafter hardness becctaes constant.
3. There is a gradual transformation of the Cr~C™ type
eutectic carbide into Cr7_C3 carbide in the nitrogen
containing alloys. In one case of prolonged soaking for 7
hours at 950°c (Alloy AO), Cr~C”N type carbide was totally
eliminated. In the nitrogen containing alloys an actual
increase in the retained austenite content occu:éd on
homogenisation at 900°-950 C for 3-4 hours.
4. On cryotreatjnent, tte retained austenite 1is converted
to martensite.
5. Addition of nitrogen or nitrogen plus titanium renders the

alloys air hardenable. The base 12% Cr cast iron however can
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not. be hardened only tjy air quenching. This was established
by TMA and actual quenching experiments.

The points mentioned above have been discussed
further with reference to specific experimental results. A
comparision of the X-ray diffraction patterns of the alloys
in the as cast state and after quenching, or quenching and
tempering suggest that Cr"C" carbide is precipitated during
destabilisation. The diffraction patterns of Afi and C2 (Fig.
4.15 (a-c), 4.16 (a-b) clearly illustrate this point. Cr20<5
peaks became stronger on continued heat treatment. The
electron micrograph of an as quenched sample of Ai (Fig.
4_.22a) clearly show the precipitation of secondary carbide
phase in the matrix. In the sample containing nitrogen and
titanium, the precipitates were much Tfiner Fig. 4.22(c-d).
The retained austenite data sunrnarised in Table 4.3 show that
the retained austenite content in the A series, particularly
in A? and Afl, increased on continued soaking in the
temperature range 900-950°C. The data in Table 4.3 further
report that Cr23C carbide 1iIn A8 gradually transformed to
Cr,,Cg carbide on prolonging the soaking period to 7 hours at
900°C. It is likely that diffusion of carbon and chromium
occurs from the -eutectic carbide into austenite during
homogenisation treatment. As the austenite gets saturated in
these elements, simultaneous precipitation of secondary
chromium carbide also occurs. It is furthei’ likely that the
eutectic Cr23C6 carbide losies chromium and carbon, being

r

depleted and gradually converted into Cr C2 carbide in  12%
75
chromium cast irons. Enrichment of the matrix with respect

to chromium and carbon 1increases its stability, while
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precipitation of secondary carbide decreases 1it. In the
competition between these opposing stabilising and
destabilising factors, the most crucial factor is the time of
soaking. Transmission electron microscopic evidence of Cr’)C3
" Ccr23CH transition in 30% Cr was presented earlier .by
Pearce(70). Several vreplica electron micrographs of the
present series of alloys show the prsence of a second phase
around primary and secondary carbide, as reported in section
4.1.7. The present XRD data however provide evidence of the
reverse Cr23CtP=~ Cr?C3 transition. The initial rise in
hardness due to increase in soaking time noted in Fig. 4.12
is actually due to the hardening effect of well dispersed
secondary carbide particles in the matrix. It is likely that
some of the carbides, nitride and carbonitride particles
redissolve in austenite during homogenisation. Nitrogen and
manganese are strong austenite stabilisers. Dissolution of
nitrogen and manganese in austenite Tfurther stabilises it
which In turn favours further carbon diffusion. As a result,
the retained austenite content rises on continued
homogenisation. The effect of homogenisation time on the
retained austenite contents in B and C series alloys were not
investigated. However, the effect are likely to be identical.
Cryotreatinent after oil quenching reduced retained austenite
content in Ba - B™ (Table 4.3).
5.1.2.2 Tempering

Both isothermal and isochronal tempering
experiments on as cast and as quenched alloys have iIndicated

a secondary hardening peak at 600 C in alloys containing N +

Ti or N + AL. This part of the investigation was of course
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carried out on alloys containing very low levels of Ti or Al.
But the conspickus hardening effect observed in the tempering
curves confirm the influence of N + Al or N + Ti combinations
on tempering behaviour. XRD data (Table 4.2) point out the
possibility of precipitation of AIN or TizN phases dicing
tempering at 600°C. Basak @7) et al. had reported a
hardening peak in their chromium cast iron samples at 50G°C.
They attributed it to decomposition of retained austenite. In
the present series of alloys no such secondary hardening was
observed at 500°C.

The two stage electron replica micrographs of the
as quenched and tempered specimens, though of [limited value
in the context of the present level of knowledge of tempering
characteristics of Fe-C and Fe-C-N alloys, highlight some
basic differences in the tempering behaviour of the base”
chromium cast iron and the nitrogenated alloys. For example,
the martensitic structure in the nitrogenated sample @A)
(Fig. 4.22b) was distinctly different from that of the base
alloy A (Fig- 4.22a). After tempering at 200°C, precipitate
particles in the nitrogenated samples A" and A?) were
observed to be very finer (Fig. 4.22 c-e). The higher
magnification electromicrographs illustrate the differences
in the precipitate morphology further. Compared to te
coarser spheroidal, rod shaped or oblong particles in
(4.25a) the particles in Bg were of irregular shape and finer
dispersion (4.25b). The ecectromicrophs of samples tempered
at 600°C however suggest that chromium cast irons also
conform to certain general tempering characteristics of Fe-C

alloys irrespective of alloy composition. For example, the



188

graytiual glotularisation and coalescence of particles is a
conmon feature of the tempering characteristics of Fe-C
alloys (Fig. 4.23(a-c)). The precipitation of Ti2N or AIN on
tempering at 600°C, as detected by XRD in A and Ai

3
respectively (Table 4.3) could not be identified in two stage

replica electron micrographs.
5.2 Corrosion Characteristics

High chromium cast irons containing 0.5-2.0%C and
20-28% Cr offer a useful compronise between the resistance to
corrosion and abrasion [20]. These irons are cheaper than
Ni-hard irons and are often used as moderate to thin section
casting such as pump volutes and impellors.

The 12% Cr cast 1irons though sufficiently abrasion
resistant are generally not very attractive for application
involving combined erosion and corrosion. Nitrogen addtions
to austenitic stainless steel casting are reported to improve
their corrosion resistance in saline water. In the present
investigation, nitrogen addition (as nitrided manganese) had
rendered as cast 12% Cr cast irons completely austenitic in
the Alloys CMand C2 . Hence it was considered appropriate to
assess the corrosion resistance of these irons in the as cast
condition. Although evaluation of combined erosive-corrosive
wear is essential for potential applications in wet grinding
and in slurry transporation systems, as a first step, It was
decided to test the OCONTOSION and dry abrasive wear
characteristics of these alloys separately. A study of the
passivation characteristics of alloys in specific media by
means of a potentiostat is a quick and reliable method of

evaluation of their corrosion behaviour - particularly
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pitting and crevice corrosion character!sties. Therefore the
passivity of the base 12% chromium cast 1iron A and the
nitrogenated alloys and CE were conpared - all in as cast
condition- in IN HC1 and 1M NaCl solutions wusing a
potentiostat.

In IN HC1 solution, the passive region is found to
be largest for the A and minimum for alloy C (Fig- 4.26a).
Addition of a small amount of titanium in C2 reduced tjxz
current density at which the passive layer formed. The base
chromium cast iron A" developed passivity at lower current
density than C and C2 but the durability of the passive film
was more or less similar (Fig. 4.26b).C*i the balance,
therefore the pitting resistance of the chromium cast irons
AI,F and 62 in 1M Nacl solution are nearly similar.

5.3 Wear Behaviour

The abrasive wear behaviour of chromium cast irons
has been investigated in various ways by different groups of
investigators (3,48,71,78-84). The test procedure adopted in
the present investigation is basically a modification of the
pin-on-disc process. Instead of the conventional hardened
disc, a bonded alumina grinding wheel has been used (142).
The grits in the wheel cut into the wearing surface producing
a micromachining effect. Under the applied load (0.5 Kg - 1.5
Kg. only), the abrasive alumina particles cut into the
specimens producing deep grooves which were clearly
visible.Hence, the test condition may be treated as one of
high stress abrasion. Since no impact force was applied, the
test condition may not be regarded as one of gouging

abrasion.
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An analys;s of the wear test results has clearly
b

established the differences in the behaviour of the plain
chromium cast irons from those containing nitrogen alone or
nitrogen + titanium together. The principal observations may
be grouped as follows:
(D alloying with nitrogen + titanium contributes to improved
wear resistance, when the retained austenite content Iis
maintained at low level (10%). Cryotreatment in liquid
nitrogen is beneficial for improving wear resistance.
(@) retained austenite, in itself, nay not be always harmful.
In certain alloys containing appreciable vol% retained
austenite wear resistance actually inproved at iIntermediate
loads. At a higher load, of course, the wear resistance
deteriorated again. Hence on wear resistance the influence of
retained austenite content liass to be evaulated with reference
to the applied load.
() Alloys of the B-series having higher Cr/C ratio had
undergone lesser wear than the alloys of A-series having
lower Cr/C ratio.

The above observations may be discussed with
reference to specific results. From Fig.4.31(a&b) and 4.38 it
may be noted, that the cryogenic treatment redueedboth total

wear and wear rate in the B-series alloys in the order
Bl__éB - 83. The rostallurgical variables 1in the alloys
under investigation may be classified as follws:

(1) The A series alloys (Ai,.A2 ,Atf and A,,) had higher carbon
contents and consequently greater vol% carbide than those in

B series (B ,B ,B ) and C series (C4,C2) alloys.

(2) The retained austenite contents in A?, C( and C? were
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appreciably higher "than those in other alloys.

(@) Secondary carbide size was Ffiner in alloys containing
nitrogen alone or nitrogen + titanium together than that 1in
the base alloys (A™B ).

(4 X-ray diffraction analysis had provided evidence of
formation of complex carbonitrides and nitrides 1in sows of
the quenched and tempered alloys (Ba, since nitrogen has very
little solubility in ~-irons.it is likely that nitrides and
carbonitride precipitation had occured in all the alloys
containing nitrogen.

The differences in the wear behaviour of the
experimental alloys may be interpreted with reference to the
above metallurgical variables.

Bulges appeared on the sample surface.Occasionally
cracks also formed. (Fig.-4.42 & 4.43). Transformation of
retained austenite to marteniste causes volume change and
cracking. The bulges and cracks are believed to be the
consequence of such martensitic transformation under load.
The presence of micro shrinkage forces facilitated initiation
of cracks.

However, retained austenite in itself may not be a
desirable phase iIn wear resistant material. The wear data on
alloy Atfand C2 clearly supports this premise. The heat
treated wear™ test specimen of both these alloys contained a
very high vol% (37%) retained austenite. Hence, inspite of a
possible martensitic transformation, the total wear as well
as the wear rate were high.. Except for titanium content
(0.09%), both alloys C2 and CA had similar compositions and

high -retained - austenite contents. In spite of such
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similarity, Cl was found to be more wear resistant than C2
In CA and Cz the maximu;-wear under 14.7N load was as widely
different as 11.00 x 10* (gn/nm2) and 34.00 x 104 (gm/nm)2
respectively. The reason is not understood at this stage.On
the other hand; the total wear decrease after cryotreatment
by 20-25% in the B-series alloys due to reduction in retained
austenite content. In Bz nitrogen was added as nitrided
manganese. In Bg nitrided manganese and titanium were added
together. The results demonstrate that such additives may
improve the wear resistance, when the retained austenite
content is not large and the hardness 1is not lowered
significantly. The SEM photographs of the wear cracks in
these alloy (Fig.4.41(a-c)) clearly show the wear marks in B,
and Bzwere deeper than those in B3. This is a direct evidence
of the superior wear resistance of B3 to B and B2.

The exact influence of retained austenite content
on the wear resistance was more explicit in case of A and C
series alloys. In the base alloy A , the total wear iIncreased
with iIncreasing load. In A2 it 1increased initially, on
increasing the load from 4.9N to 9.8\, tut later it dropped
sharply at 14.7N load (Fig.4.35). In A™ & A?, the total wear
under 4.9N and 9.8N loads were nearly equal. But the total
wear increased again under 14_.7N load. In A", the wear rate
also increased at this load tut in A%, the wear rate actually
decreased to some extent (Fig-4.3b). A nearly similar
behaviour was noted in case of alloy 02 (Fig.4.40). These
results suggest that two opposing phenomena are at play
simultaneously. On the one hand the softer austenite matrix

tends to wear out faster, than a tempered raartensite matrix,
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on the other hand, greater work hardening® of the austenite
matrix contributes to improved wear resistance. The hardening
of the austenite is most certainly the effect of its strain
induced transformation to martensite. Direct TEM evidence of
such transformation was reported earlier. Several other
authors have also reported such possibility.

The wear rate plots iIn most cases show a sharp
drop after initial sliding. This is the likely effect of work
hardening of the matrix.The reported instances of such work
hardening was reviewed by Patwardhan (63). In the present
experiment, the wearing surfaces was so severely abraded by
the alumina wheel, that the worn out surface could not be
polished without the risk of removing an appreciable depth of
metal. Hence the extent of workhardening could not be
measured. The SEM photograph in Fig. 4.44 indicate that both
the matrix and the carbide phases had worn out during the
test. In fact Fig.4.43 suggests that the carbide phase had
undergone deformation and fracture as well during the test.
But the fractured carbide particles were still held in
position by the hard tempered martensitic matrix. Similar
instances of bending and fracturing carbide particles during
wear test was observed by Pearce(70). Uniform distribution of
finer secondary chromium - carbide particles and the
precipitation of nitride and carbonitride particles in the
matrix should normally contribute to improved wear
resistance. Except in case of B series of alloys, wear
resistance did not improve on alloying with nitrogen alone or
nitrogen and titanium together. Both nitrogen and manganese

are austenite stabilisers. Possibly the detrimental effect of
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retained austenite prevailed over the beneficial effects of
nitrogen and titanium iIn A and C series alloys. The

interaction between these contradictory effects needs further

indepth study.

5.4 Evaluation of CWCI tools in turning experiments
The results of" machining trials reported in

section 4.3 may be analysed in the light of Tfollowing

metal lurgical factors:
(1) chemical composition and microstructures

(2) heattreatment, retained austenite contents and phases

present
(@) wear and failure machanisras in tools (130)
(4) deformation and cracking in chips (133).

The tools made from A series alloys performed
poorly in machining trials. On careful observations of the
failure modes, it was found that the tools failed by brittle
fracture (Fig.4.48). The cracks initiated from the
microshrinkage pores present in the sand cast samples. The
chill cast sample A on the other hand performed much better
in this case. Very few micropores were present in this tool
because of better feeding and faster solidification. In the A
series alloys, carbon contents were high - as high as 3.9% in
some cases. The Si content also were generally in the higher
side. In order to reduce microporosity in sand oast samples,
the E series alloys were designed to have Jlower carbon and
silicon contents and a higher Cr/C ratio. In fact, the carbon
content iIn the B series alloys did not exceed 3.0/& A minircum
Cr/C ratio of 4.0 was maintained. Si content could not be

reduced much because of the Hliigher Si content 1in the
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%

down the Carbon Equivalent value to about 3.3 (compared to
4.2 in A series alloys).

The effect of this compositional change on the
tool life of B series alloys was favourable. The sand cast
tools prepared from the B-series alloys performed ranch better
than the tools made from A series alloys (Table 4.7). The
shorter tool life of the sand cast B series tools compared to
that of the standard HSS tool can be attributed to

(D the presence of interdendritic micropores and hence lack

of adequate toughness

(@ inadequate hothardness

(@) other possible complex Tactors like BUE  formation
tendency, diffusion wear etc.

The cast tools with interdendritic shrinkage pores
naturally lacked toughness. Fig. 4.48 a shows how cracks were
initiated from micropores. However, chromium cast irons have
certain plus points also as tool materials. The high volume
of hard eutectic carbide (25-30%) in the cast irons
contributed to its wear resistance. In the present
experiment, nitrogen and titanium were added as additional
alloying elements which in turn contributed to the formation
of finely dispersed hard nitride and carbonitride
phases (Table 4.2). The presence of finely dispersed particles-
could be seen even in as cast state on examination under TEM
(Fig. 4.24 a&b) .The influence of these precipitate phases in
improving the abrasive wear resistance of B2 and B3 alloys
have already been reported in section 5.2. In conformity with

the results of abrasive wear tests, the tools made from the
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B3 and B4 performed nuch better than those trade from the
plain chromium cast iron (Bt) during mchining. Cryotreatroent
to reduce the retained austenite contents affected tool life
due possibly to a reduction in shock resistance. A secondary
hardening phenomenon associated with the precipitation of
Ti2N phase during tempering at 6Q0q has been observed in an
alloy containing N and Ti (Fig- 4.19,Table 4.2). However,
rapid shortening of the tool life at higher speeds and Tfeeds
suggest that no benefit of such a hardening phenomenon could
be derived during the cutting trial. The rise iIn temperature
at the cutting tip of the tool therefore merely cafe$ed
overtempering and consequent softening. The evidence of
plastic flow in the cutting edge of tool as revealed in Fig.
4.48 also support such a possibility.

A scrutiny of the tool life data of the A and B
series tools further highlights the role of retained
austenite contents in determining the tool life. The retained
austenite content in tool Ag increased to a very high level
after 4 hours soaking at 900™C. On further extending the
soaking period to 7 hours, the retained austenite content
decreased to 2%. Such differences in the retained austenite
was directly reflected in the service life of the Afi tool
(Fig. 4.57). At 50 m/min. speed and 0.16 ran/rev. Teed, tool
life increased by 100% on reduction of the retained austenite
content. In fact, it superseded the HbS tool in performance.
In the B-series tools on the other hand a reduction of
retained austenite content to very lew levels [2-b/0) again
reduced tool life in most of the trials. Thus, both very high

as well as very low retained austenite contents in chromium
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cast iron tools are undesirable. A high retained austenite
content reduces tool hardness and probably enhances adhesion
and diffusion wear of the tools, while tools having very low
retained austenite content lack necessary toughness.

The SEM photographs in Fig. 4.46 (a-i) enable a
coinparis|fon of the , relative plastic flow and microcrack
formation tendency in the chips formad by different tools.

The influence of microcracks is generally to lower the bulk

flow stress of the work material. In the present experiment, "

the chips formed by the HSS +tool had undergone greater
deformation and lesser cracking than those generated by the
chromium cast iron tools. Among the chromium cast iron tools,

the cracking tendency increased in the order

Bl_}P ——-BS— B4. Cryotreatment to reduce the retained

austenite content further increased the cracking tendency

(Table 4.6). All these tools had shown a varying tendency for
built up edge formation (BUE). Since a detailed study was not
done on the BUE formation, it is difficult to correlate the
severity of BUE formation with the retained austenite content
in the tools.

The adverse effect of BUE formation 1in promoting
attrition wear as investigated by Trent (139). BUE formation
observed in most of the tools including HSS is the result of
localised seizure at the chip/tool interface. The BUE 1iIs a
dynamic structure, being constructed of successive layers
greatly hardened under extreme strain conditions (139). The
BUE are of two types, stable and unstable (140). It liss been

argued that unstable BUE is detrimental to both the life of

the cutting tool and the quality of the machined surface. The
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chromium cast iron tools exhibited the tendency of unstable
BUE formation. Since the "total alloy content in the tools wes.,
very high, it is very likely that the seizure of the chip was
caused by diffusion of carbon and chromium, specially from
the retained austenite. In such a situation it is very likely
that the extent of BUE formation is influenced by the wvolume
fraction of retained austenite in the tool material at a
particular cutting condition.

A correlation of chip crack density data (Table
4.6) with the data on retained austenite content in tools
(Table 4.3)would suggest that the crack density in the chips
increased with decrease in retained austenite content in the
tools at a particular cutting condition. However, Tfurther
investigation will be necessary to establish the complex
relation among retained austenite content in the tool, BUE
formation tendency and microcrack density in carbon steel

chips.
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Chapter six

CONCLUSIONS

1. Nitrogen may be conveniently added to chromium cast irons

as nitrided manganese (5-6% N), nitrided chromium (56-6% N)
and also as K4FefCN)6.

Nitrogen (added as nitrided manganese or nitrided
chromium) and titanium additions to 12% chromium cast
irons partially modifies the eutectic carbide roorptology
to discontinuous rods in sand cast alloys having Cr/C
ratio 1iIn the range of 2.9 to 3.5. A completely
discontinuous mixed rod and blade morpliology 1is obtained
on chill casting a nitrogenated alloy of Cr/C ratio 4.1.

In sand cast 12% chromium cast irons of chromium /carbon
ratio greater than 4.1, the eutectic carbide is primarily
of Cr7C3 type. When the chromium carbon ratio 1is 1iIn the
range of 2.9 to 3.6, both Cr,,C and Cr~"C~ type eutectic
carbides precipitate. In addition to Cr23 and Cr~C"
types of carbides, the presence of complex carbonitrides
have also been detected in as cast nitrogenated samples.
TEM studies on two stage replicas also.,.indicate the-
presence of fine precipitates in the matrix of an alloy
containing nitrogen and titanium together.

On thermal treatment in the temperature range 900 C to
950°C, secondary carbides of Cr2aCtf composition
precipitate due to destabilisation of austenite. In
nitrogenated samples, however, the retained austenite

content may actually increase after quenchingand tempering
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treatment if the soaking period at 900°C to 950°C is

unduly prolonged.

A Cr2aCs" Cr/C3 t>Pe transformation takes place during

soaking at 900 C in a nitrogen bearing chill cast sample

of Cr/C ratio 4.1.

Secondary carbide and otter precipitates are Tinely
dispersed in quenched and tempered fat 200°C> chromium
cast 1irons containing nitrogen alone or nitrogen +
titanium together. On tempering at 600 C, coarsening of
the precipitates occur. A secondary hardening effect
associated with precipitation of TiN or AIN has also been
noted in samples containing N+Ti or N+Al respectively upon
tempering at 600°C.

Plain 12% Cr cast irons do not transform to martensite on
forced air® draft quenching from 9500C. Nitrogenated
chromium cast irons are however air hardenable.

The corrosion resistance of an as cast pearlitic Cr
cast iron in IN HC1 solution and 1M NaCl solution 1is
marginally superior to that of as cast austenitic irons
alloyed with nitrided manganese alone or nitrided
manganese and titanium together.

The abrasive wear resistance of heat treated chromium cast
irons subjected to sliding against a bonded alumina wheel
under load improves upon alloying with nitrogen (added as
nitrided manganese) and titanium together provided the
retained austenite content is maintained around 10% or
less. When addition of nitrided manganese stabilises a
high percentage of retained austenite (around 40%) both

total wear and wear rate increase sharply.
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Workhardening and strain induced transformation of
retained austenite also improves wear resistance. But the
actual benefit of this phenomenon depends upon the
retained austenite content and the applied load.

A chill cast nitrogen bearing chromum cast iron tool may

perform better than a standard HSS tool under identical

condition of turning a 0.25% C steel bar, provided the
retained austenite content in it is maintained around 20%
by appropriate heat treatment.

Sand cast tools of similar composition as above suffer
premature brittle failure during service due to initiation

of cracks from microshrinkage pores.

The hardness and retained austenite content in chromium
cast iron tools directly influence the crack density and
the extent of deformation iIn 0.25% carbon steel chips
machined out under identical condition.

A strong tendency of built-up-edge (BUE) formation has
been observed during machining of 0.25% C steel with
chromium cast iron tools. A HSS tool shows lesser tendency
of BUE formation under identical machining conditions. The
lower hot hardness of chromium cast iron tools is believed
to be partially responsible for their enhanced BUE
formation tendency.

The study has clearly established that nitrogen and
titanium are potentially powerful alloying elements for
chromium cast irons. The service performance of
nitrogenated chromium cast iron components and cutting
tools can be further improved by appropriate control of

casting defects and heat treatment.
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