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ABSTRACT 

A comprehensive review of the literature revealed that corrosion 

resistant alloy cast irons can be broadly classified into three 

categories namely (a) ferritic (high silicon cast irons), (b) 

austenitic (Ni-resist cast irons) and (c) martensitic (high Cr cast 

irons with or without Mo). The first variety has useful applica-

tions where resistance to corrosion under oxidising conditions is 

the essential requirement. The poor mechanical strength and shock 

resistance associated with high silicon irons preclude their gene-

ral engineering applications. Of the remaining two, the Ni-resist 

cast irons, although extensively used in a variety of conditions, 

have a low strength and are unsuitable at operating temperatures 0 

900°C or more. The martensitic variety of cast irons exhibit a 

relatively higher strength and can be employed upto higher service 

temperatures. Their shock resistance can be improved by lowering 

the carbon content. 

A critical analysis of the data on austenitic and martensitic 

cast irons revealed that little information is available on the 

structure-property relations in general. Furthermore, systematic 

information is lacking on the electro-chemical and the deformation 

behaviour of micro-structures commonly encountered in alloy white 

irons namely "martensite + carbide", (M + A), Austenite + Carbide 

(A + MC) and their allied counterparts. Detailed information on 

these aspects is likely to prove useful in ascertaining whether 

microstructures exhibiting good resistance to aqueous corrosion and 

useful mechanical properties could be attained through the 'white 
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iron' route. It would be equally pertinent to investigate whether 

these micro-structures could be generated by utilizing low cost 

alloying elements (Mn, Cu etc.) in preference to the conventionally 

employed alloying elements such as Ni, Mo etc. 

The present investigation was undertaken in response to the 

above queries. It essentially comprised of conceiving/designing 

some new low cost Fe-Mn-Cr-Cu alloys based on fundamental conside-

rations, assessing their heat-treatment response and characterizing 

them on the basis of corrosion behaviour and mechanical properties. 

The alloys, which were air induction melted and sand cast (25 mm 

round cylinders and 120x22x8 mm rectangular strips), were investi-

gated by employing hardness measurements, optical and scanning 

electron microscopy, quantitative metallography, x-ray diffractome-

try, EPM analysis, compression testing and their electrochemical 

behaviour determined by the weight loss and potentio-static 

methods. Computational techniques were extensively employed for 

data analysis. 

The experimental work comprised of subjecting disc and recta-

ngular specimens of the four alloys, containing 06% and 0 8% Mn* 

and 0 4% Cr nominal alloy compositions at two different Cu* levels 

namely 0 1.5 and 0 3%, to heat-treatments comprising of holding for 

2,4,6,8, and 10 hrs at 800,850,900,950,1000 and 1050°C followed by 

oil' quenching. This treatment was preferred over air cooling 

because a more uniform micro-structure was obtained. Optical metal-

lography was extensively used to assess how the alloy content and 

heat-treating schedule influenced the micro-structure which 
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comprised of : 

(i) P/B + M + MC with and without RA in the as-cast state, 

(ii) M + MC + DC with and without retained austenite (RA) on heat-

treating from upto 900°C, 

(iii) A + MC + DC or A + MC with and without M (in traces) on 

heat-treating from upto 1000°C, and 

(iv) A + MC + New phase (bridge type carbide) on heat-treating 

from 1050°C. 

The volume fraction of massive carbides (MC) decreased with 

temperature or with soaking period at a given heat-treating tempe-

rature. The decrease was marked at temperatures > 1000°C. Simulta-

neously, massive carbides were rendered discontinuous from the 

early stages of heat-treatment. The 'rounding-off' tendency set in 

at 1000°C. 

Dispersed carbides (DC) formed corresponding to the 800°C, 10 

hr heat-treatment directly from austenite. They underwent coarse-

ning with an increase in temperature and or soaking period. The 

extent of coarsening which was marked at 900 and 950°C, has been 

represented by the 'coarsening index' (CI). The dispersed carbides 

dissolved on heat-treating from 1000°C. 

X-ray diffractometry was helpful in establishing that four 

types of carbides formed in the experimental alloys namely M 3C, 

M 23C6, M5C2  and M 7C3. At heat-treating temperature > 1000°C only 

the M5C2  and M7C3  carbides existed. 

The new phase [NP] formed on heat-treating from 1050°C was 
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formed by N & G type transformation. Its volume fraction initially 

increased with soaking period upto 4 hrs and decreased thereafter. 

Hardness measurements provided a quick yet reliable 

indication of the mathematical modelling it was possible to 

establish that the hardness is related with the heat-treating 

temperature and time by an equation of the form : 

H = Cl e c2/T  + ( C3 + C4T)t 

where, 	H = VHN30 

• temperature in °K 

• time in seconds 

the four constants were different for the four alloys. 

From the point of view of mechanical properties the marten-

site bearing micro-structures were brittle and were characterized 

by low compressive strength (CS) and % strain. The austenite based 

micro-structures gave high values of compressive strength and % 

strain. The key parameter in influencing the deformation behaviour 

was the amount and stability of austenite. The effect of massive 

carbide (MC) on the deformation behaviour was a function of the 

combatibility, volume fraction and morphology. The behaviour was 

governed by their size, shape and distribution. The new phase 

(bridge carbide), formed on heat-treating from 1050°C, adversely 

affected the deformation behaviour. 

Parameters controlling the deformation behaviour are also the 

key parameters in controlling the overall corrosion behaviour. 

Stress relieving in general proved to be detrimental due to enhan- 
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ced galvanic action. The presence of new phase was also found to be 

detrimental from the corrosion resistance point of view. It was 

further concluded that the austenite-carbide couple proved extreme-

ly satisfactory from the point of view of corrosion resistance 

because the experimental alloys did not undergo any localized 

attack. 

Through mathematical modelling it was possible to establish 

that corrosion rate was related with the volume fraction of MC + DC 

and the number of particles (NOP) through the following equation : 

CR = [C1  + C2  (VCb) + C3  (VCb)2] (NOP)C4  

Where 
	VCb = volume fraction of MC + DC 

CR = corrosion rate in mdd 

C1 to C4 are constants which were different for different alloys. 

The effect of dispersed carbides on the corrosion behaviour 

could be represented by an equation : 

CR = [C1  + C2  (VMc) + C3  (VMc)2] (DF)C4  

Where, 	VMc = volume fraction of Mc 

DF = distribution factor which is defined as : 

defined as 

E 
	

Xi Ni  

i=1 
DF 	 (Ref. section 6.5) 

Ni 

i=1 
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Once again the constants C1  to C4  differed for the four 

alloys. Of the two models developed, the latter was found to be 

more satisfactory. 

Based on a critical appraisal of the data, it was possible to 

draw conclusions regarding the most suitable alloys/micro-

structure(s) from the point of view of corrosion resistance. It was 

further inferred that the CS and % strain were linearly 

interrelated with the corrosion rate in accordance with the 

equation : 

Y = Cl + C2 (CR) 

Where, 	Y = the property being measured 

CR = corrosion rate in mdd 

Cl  and C2  are constants. 

Based on a reappraisal of the preceding sections, it was 

evident that the data contained in this report is of considerable 

applied and theoretical significance. 



PREFACE 

The first chapter deals with the microstructure-corrosion resistance 

interrelation in plain carbon and alloyed cast irons. This is 

followed by a discussion on the composition, properties and applica-

tions of the three types of corrosion resistant alloy cast-irons 

currently in use. 

The second chapter, on fundamental considerations in the design 

of corrosion resistant microstructures, critically examines the 

different forms of corrosion, factors affecting corrosion and the 

effect of metallurgical factors (crystal structure, microstructure 

and defect structure) in controlling corrosion. 

Major deductions arising from a critical appraisal of the 

information contained in the second chapter lead to the design of 

experimental alloys. This aspect along with a phase-wise planning of 

experiments have been included in chapter III. 

Chapter IV deals with the experimental techniques and 

procedures employed. 

Results summarized in chapter V include the effect of heat-

treatment schedule(s) on hardness, microstructural examination by 

optical metallography, structural investigations by X-ray diffracto-

metry, EPM analysis to assess the partitioning of Mn, Cr, Si and Cu 

into the massive carbide and the new phase formed on heat-treating 

from 1050°C, assessment of the deformation behaviour in the as-cast 

and heat-treated conditions by compression testing, corrosion chara-

cterization by the weight loss and potentiostatic methods and a 
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study of the corroded specimen surfaces by scanning electron micros-

copy. The data have been critically analysed and interpreted in 

chapter VI. 

Based on the above findings, conclusions have been drawn with 

regard to the suitability of different micro-structures from the 

point of view of corrosion resistance and the deformation behaviour. 

They are enumerated in the chapter VII. 
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Wt.% 	Weight percent 
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For mathematical modelling and otherwise 
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For compression studies 

CS values rounded off to the nearest MPa 

% strain values rounded off to the 1st place of decimal. 

Unless otherwise stated, permissible experimental error for all 

measurements is + 2.5%. 
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For compression studies 

CS values rounded off to the nearest MPa 

% strain values rounded off to the 1st place of decimal. 

Unless otherwise stated, permissible experimental error for all 

measurements is + 2.5%. 
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CHAPTER I 

CORROSION RESISTANT ALLOY CAST IRONS 

1.1 Introduction 

Cast irons are extensively employed for diverse applications, in-

cluding those where resistance to corrosion is an essential requi-

rement. Both the types of cast irons namely grey and white irons 

are in use. The corrosion behaviour of cast irons in general is 

controlled by (i) the form and distribution of carbon, (ii) the 

nature of the matrix and (iii) the impurities present. Taking all 

possibilities into consideration, the phases most likely to be 

present are graphite, Fe3C and its alloyed versions, Fe3P, MnS, 

FeS, Ferrite, martensite and austenite. Alloy additions and the 

heat treatment employed are the controlling parameters in deciding 

which of the aforesaid microconstituents would be present in a 

given alloy (1,2). 

Although information is available on the corrosion response of 

different matrices in the presence or absence of graphite, the main 

question is which region is attacked. This can be answered depen-

ding upon the (a) placing of the different phases in the electro-

chemical series, (b) possible effects of alloying, (c) nature of 

the corroding medium and (d) nature of the corrosion product (1,2). 

The following sections are devoted to a discussion on the 

influence of micro-structure on the corrosion resistance of cast 

irons. Finally information on the three prominent grades of alloy 

cast irons has been discussed at length. Wherever data on the 

corrosion response of different constituents present in the cast 



irons is not readily available, information on the corrosion resis-

tant steels has been suitably included in the discussion. 

1.2 Structural parameters 

1.2.1 Graphite morphology and matrix microstructure 

Corrosion of cast irons in any environment produces an attack (31 

the iron matrix leaving behind a residue of corrosion resistant 

micro-constituents. Prominent amongst them is graphite. Graphite 

residue, due to being cathodic, may indirectly accelerate the 

attack. It (the attack) can however be stifled if the solid corro-

sion products are retained within the graphite skeleton. Fin( 

interlocked flakes of graphite are most effective in this regard 

Accordingly cast irons with (a) coarse graphite flakes (i.e. witi 

more open and permeable structure) and (b) nodular graphite aggre-

gates are less likely to show stifling of the attack (1). 

Retention of the corrosion residue, besides being a functioi 

of the physical state of graphite, also depends upon the nature o: 

the corrosion products. Pearlitic irons produce carbonaceous debris 

helpful in plugging and strengthening graphite skeleton. Ferriti( 

irons produce no such residue. The graphite residue produced from i 

ferritic matrix is thus more permeable and therefore less effective 

than that produced from a pearlitic matrix with a similar graphit( 

distribution (1). 

Solubility of the corrosion products in a given environment is 

equally pertinent in assessing whether the attack will be stifled 

In highly acidic environments, it is difficult to produce a corro- 



sion product that will inhibit further corrosion irrespective of 

the nature of the graphite distribution and that of the matrix. 

Under neutral conditions, a protective layer would form independent 

of the graphite form or the type of matrix. These parameters (grap-

hite morphology and the matrix) however assume significance under 

intermediate conditions (1-3). For example, in a 0.5% H2So4  solu-

tion, the flake graphite irons show an increase in the corrosion 

rate to start with because the 

Thereafter, there is a decrease 

graphite residue is .plugged with 

graphite residue is unplugged. 

in the corrosion rate when the 

insoluble corrosion products and 

carbonaceous debris. Nodular irons however show a steady increase 

in the corrosion rate because the nodular graphite residue is in a 

form incapable of retaining the insoluble corrosion products or 

debris (1,2). 

Graphite morphology and the nature of the matrix, besides 

being the key parameters in controlling the corrosion behaviour, 

are equally important in influencing the high temperature perfor-

mance of cast irons. At temperatures J,425°C, the combined carbon 

changes to graphite with a consequent increase in volume producing 

'growth' of castings. The effect is principally observed in pearli-

tic irons and to a much lesser extent in the ferritic irons. These 

growth effects, although not strictly classified as corrosion, 

indirectly affect the results of high temperature oxidation tests. 

The graphite morphology has a more direct bearing on the oxidation 

of cast irons with the S.G. irons, showing much less oxide penetra-

tion than the flake graphite irons (1). 



1.2.2 Size and distribution of carbides 

The size and distribution of carbides also affect the corrosion 

rate. For a given volume fraction, it (corrosion rate) increases as 

the size of iron carbide particles decreases (3). The degree of 

dispersion of the carbides is quantitatively characterized by the 

total interfacial contact area between the cementite phase and the 

matrix. The relevance of this parameter in influencing the corro-

sion behaviour was first suggested by Uhlig (4). 

1.2.3 Effect of alloying 

Effect of alloying elements will depend upon their amount and na-

ture. Alloying elements may be added (i) in small amounts to enhan-

ce resistance to corrosion in a specific environment e.g. additions 

of 0.25 to 1.0% Cu increase the corrosion resistance in dilute 

acetic, sulphuric and hydrochloric acids (5) and (ii) to alter the 

matrix microstructure e.g. converting pearlite into bainite, marte-

nsite or austenite. Their presence will also influence the relative 

stability of the micro-constituents and hence their electro-chemi-

cal behaviour e.g. element(s) which partition predominantly to Fe3C 

will not only increase its hardness but render it more stable and 

,thereby change its electro-chemical character. In addition to these 

effects, a film which inhibits corrosion may also form provided the 

amount of film forming element(s) exceeds a critical concentration 

e.g. the film formed in the presence of Cr, Si and Al (6). 

The usefulness of the ferritic, austenitic and martensitic 

matrices in imparting corrosion resistance is now well established 

and has formed the basis of developing high alloyed cast irons 

discussed in the next section. Their usefulness, along with the 



effect of alloying elements in general and that of the alloyed 

carbides, graphite and passivity in particular, in resisting cor-

rosion has been discussed in detail in the next chapter. 

1.3 Alloy cast irons 

Addition of alloying elements in smaller proportions has a limited 

effect on the corrosion resistance of cast irons. Therefore, larger 

additions have been made to develop cast irons with improved mecha-

nical properties and corrosion resistance. They include (i) the 

high Si irons containing upto 18% Si, (ii) the high Cr irons with 

12 to 35% Cr and (iii) the austenitic irons of the Ni-resist type 

essentially containing Ni from 14% to 36% (2). 

1.3.1 High Si (ferritic) irons 

1.3.1.1 Micro-structure 

The micro-structure of the high Si irons containing less than 15.2% 

Si consists of a matrix of a-silico-ferrite containing a distribu-

tion of fine graphite flakes (7). In irons containing more than 

15.2% Si some ri phase is also present (6). The high hardness and 

brittleness of the silicon irons is due to the nature of the sili-

co-ferrite. An attempt has been made to produce high Si irons with 

a nodular graphite structure for improving the mechanical proper-

ties (8). However, since the low strength is due to the brittle 

matrix rather than the graphite form, the nodular graphite irons 

have not proved very popular. Composition of the high Si irons is 

given in the table 1.1 (9). 



1.3.1.2 Mechanical properties 

Representative mechanical properties are given in the table 1.2. As 

is evident, the alloys are characterized by a high hardness and a 

low resistance to impact. Machining is therefore limited to grin-

ding. Fabrication by welding is very difficult, although simple 

shapes like pipes can be welded if proper precautions are taken (6, 

9). Mechanical strength and shock resistance can be improved by 

lowering Si to 0 12%. This however reduces resistance to corrosion. 

1.3.1.3 General corrosion behaviour 

The excellent corrosion resistance of high Si irons is due to the 

formation of an inert Si02  surface film which forms during exposure 

to the environment. The full protective value of the film does not 

develop until at least 14.25% Si is present in the alloy (6,9). 

These irons are extremely resistant to H2So4, HNo3  and organic 

acids, and least resistant to hydrofluoric and sulphurous acids. 

High Siirons offer excellent resistance to attack by all concen-

trations of nitric-sulphuric acid mixtures. The additions of 3- 

3.5% Mo to an Fe-14.5 Si alloy results in the formation of extreme-

ly stable complex carbides with the consequent elimination of 

graphite (7). This is perhaps responsible for an improved resistan-

ce to HC1 (7). Cr additions are similarly found to be useful. The 

high inherent hardness associated with high Si irons is responsible 

for their good corrosion-erosion behaviour. 

High Si irons are inferior to the unalloyed grey when irons 

exposed to alkalies e.g. even to a weak base such as ammonium 

hydroxide, at liquid temperatures > 20°C (6). 



1.3.1.4 Applications 

These alloys are employed as castings for pumps, valves and other 

process equipments and have also found extensive use as anodes for 

impressed current cathodic protection. They are used for tubes and 

fittings for concentrated sulphuric and nitric acids. They are used 

for mixing nozzles, tanks, outlets and steam jets and for handling 

severe corrodants such as chromic acid, sulphuric acid, slurries, 

bleach solutions and acid chloride slurries which are frequently 

encountered in plants that manufacture paper pigments, dyestuffs or 

those using electroplating solutions (9). 

1.3.2 High Cr irons 

1.3.2.1 Micro-structure 

As stated earlier the alloys contain Cr from 12 - 35% and C from 

1.2 to 4% and some Mo. Accordingly the microstructure consists of a 

uniform dispersion of chromium-iron complex carbides in a matrix of 

chromium containing ferrite. The true nature of the matrix micro- 
-- 

structure would depend upon the Cr/C ratio; it may vary from a-

ferrite to martensite and austenite. The exact Cr content of the 

matrix is not known although it is assumed to be about 10 - 13%. 

The carbides are probably mixtures of the types Cr7C3  and Cr23C6  in 

which some of the Cr has been replaced by iron (10). Addition of Si 

refines the eutectic carbides in the iron and produces a more uni-

form structure (11). It also raises the temperature at which the 

matrix transforms from ferrite to austenite with consequent dimen-

sional changes (11). 



1.3.2.2 Mechanical properties 

The high Cr irons are hard but not completely unmachinable. Shock 

resistances can be improved by lowering the carbon content to 0 

1.2% (12). Table 1.2 gives the mechanical properties of high Cr 

irons. 

1.3.2.3 General corrosion behaviour 

The high Cr irons owe their excellent corrosion resistance to the 

presence of an impervious and highly tenacious surface film, pro-

bably consisting of a complex mixture of Cr and iron oxides. An in-

crease in the Si content further increases the corrosion resistance 

of the iron by refining carbides (6,11). This leads to the develop-

ment of a more continuous oxide film over the metal surface. It 

seems likely that the addition of Mo has a similar effect, although 

it may alternatively enhance corrosion resistance by displacing 

some Cr by combining with the carbon, thereby increasing the Cr 

content of ferrite (6). 

The data available suggest that high Cr irons have no useful 

resistance to sulphuric acid at concentrations > 10% at any tempe-

rature (13). It is doubtful whether these irons' have any useful 

resistance to HC1 solutions at any concentration or temperature. 

Aqua-regia corrodes the alloys, although Kuttner has reported that 

an increase in the Cr content based on the formula % Cr = (% Cx5) + 

36, may prove effective in inducing resistance to aqua-regia (11). 

Other acids are completely resisted by these irons at room tempera-

ture, although corrosion rate can at times increase at elevated 

temperatures. 



Like the high Si irons, the high Cr irons are no better than 

the unalloyed grey irons in resisting alkalies (6). These alloys 

give good service in the presence of oxidising acids (both strong 

and weak) but are unsuitable under reducing conditions. They are 

also useful in salt solutions, organic acid solutions and in ma-

rine/industrial atmospheres (9). 

1.3.2.4 Applications 

These irons are most usefully employed in environments containing a 

plentiful supply of oxygen or oxidising agents. Anaerobic or redu-

cing conditions would lead to rapid corrosion. Low 'C' versions are 

useful for annealing pots, Pb, Zn, or Al melting pots, conveyer 

links and other parts exposed to corrosion at high temperature (9). 

An important area of application is when high temperatures (upto 

1000°C) are encountered. 

1.3.3 Ni-resist (austenitic) irons 

1.3.3.1 Micro-structure 

The alloys contain Ni ranging from 0 13.5 to 36%, Cr ranging from 

1.6 to 6% and Mo upto 1%. Occasionally Cu may also be present 

[table 1.3] (9,14). The micro-structure consists of graphite flakes 

in a matrix of austenite and some carbide if Cr and/or Mo are 

present. 

1.3.3.2 Mechanical properties 

Flake graphite Ni-resist cast irons do not exhibit high strength. 

Machinability is satisfactory due to the presence'of graphite. 

Toughness/shock resistance is the best amongst all the alloyed cast 

irons due to the austenitic matrix. Strength and toughness can be 



improved upon by converting flakes into nodules. Representative 

mechanical properties are given in the table 1.4 (14). 

1.3.3.3 General corrosion behaviour 

Ni-resist irons can withstand a wide range of corrosive media and 

give highly economical service in marine environment [Table 

1.5](10. They can resist (i) all concentrations of sulphuric acid 

at room temperature and (ii) HC1 and H3PO4  even at elevated tempe-

ratures. Their resistance to nitric acid is similar to that of the 

unalloyed irons. Ni-resist irons are resistant to organic acids 

such as acetic, oleic and stearic. They are immune to the effects 

of strong and weak alkalies, although they are subjected to strees 

corrosion cracking (SCC) at stresses over 70 MPa in boiling alkali 

solutions (9). 

The excellent corrosion resistance exhibited by Ni-resist cast 

irons is mainly due to the presence of an austenitic matrix (9,14). 

Unlike the high Si and high Cr alloys, the excellent corrosion 

resistance exhibited by Ni resist irons is not due to the formation 

of a passive film. Potentiodynamic studies have also revealed that 

these alloys exhibit active behaviour only under marine conditions 

(15). 

Ni-resist irons do not remain rust free when exposed to the 

atmosphere although their corrosion resistance is considerably 

greater than that of the unalloyed and low alloy cast irons and 

steels. The rust film which develops over the first few years res-

tricts further corrosion with the result that the corrosion rate 

becomes low (9). 
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The difference in electro-chemical potential between the grap-

hite and the matrix in Ni-resist irons is less than in the ordinary 

grey irons. Therefore, in environment in which graphitic corrosion 

is a problem, Ni-resist iron will perform much better than the 

ordinary or low alloy cast irons (14). 

1.3.4 S.G. Ni-resist irons 

S.G. irons are commonly produced by adding Mg to liquid iron in 

sufficient quantity to enable graphite to separate as spheroids 

rather than as flakes. 

1.3.4.1 Mechanical properties 

Mechanical properties of the S.G. Ni-resist irons are better than 

the flake graphite irons [Table 1.6] (14). 

To distinguish the spheroidal graphite irons from the flake 

ones, the prefix 'D' has been used. The composition ranges are 

given in table 1.3b(14). 

1.3.4.2 Corrosion behaviour 

It has been established that the corrosion resistance of any S.G. 

grade is similar to that of the corresponding flake graphite 

material. 

1.3.4.3 Applications 

They have very useful applications in all environments and also at 

elevated temperatures (700-800°C). Their most useful applications 

are in marine conditions, and also where cyclically-varying loads 

are experienced (9,14). 



1.4 Conclusion 

A comprehensive review of the literature reveals that plain carbon 

cast irons are extensively employed for applications under mildly 

corrosive conditions because of their relatively low cost. However 

under strongly corrosive conditions only the alloyed cast irons are 

used. Of the three types of alloy cast irons discussed, the ferri-

tic grades have most useful applications where resistance to 

corrosion under oxidising conditions is an essential requirement. 

Their poor mechanical strength and shock resistance preclude their 

general engineering applications. Of the remaining two, the Ni-

resist cast irons, although extensively used in a variety of condi-

tions, have a low strength and are unsuitable at operating 

temperature 0 800°C or more. The high Cr irons exhibit a relatively 

higher strength and can be employed upto higher service tempera-

tures (0 1000°C). Their shock resistance can be improved by 

lowering the carbon content. 



CHAPTER - II 

FUNDAMENTAL CONSIDERATIONS IN THE DESIGN 

OF CORROSION RESISTANT ALLOYS 

2.1 Introduction 

The term metallic corrosion embraces all interactions of a metal or 

an alloy (solid or liquid), with its environment (liquid or gas), 

at any temperature, irrespective of whether this is deliberate and 

beneficial or adventitious and deleterious (16-18). Corrosion has 

also been defined as 'the undesirable deterioration' of a metal or 

an alloy i.e. an interaction of the metal with its environment that 

adversely affects those properties of the metal that are to be 

preserved (19-21). The scope of the term corrosion is continually 

being extended and Fontana and Stachle (22) have defined corrosion 

as a process that would include the reaction of metals, glasses, 

ionic solids, polymeric solids and composites with environments 

that embrace liquid metals, gases, non-aqueous electrolytes and 

other non aqueous solutions. Evans (23) has considered corrosion as 

a branch of chemical thermodynamics or kinetics, as an outcome of 

electron affinities of metals and nonmetals, as short circuited 

electro-chemical cells or as the demolition of the crystal struc-

ture of a metal. Webster (24) defines corrosion as "the action or 

process of corrosive chemical change, 	 a gradual wearing away 

or alteration by a chemical or electro-chemical oxidising process 

as in the atmospheric rusting of iron". Thus in a way corrosion is 

a spontaneous process, electro-chemical in nature where electricity 

is generated. 



Corrosion in its simplest form occurs by the formation of 

anode(s) and cathode(s). The manner in which anode(s) and cat-

hode(s) are formed basically gives rise to different forms/types of 

corrosion. The extent to which it may occur is governed by (i) the 

process related, (ii) the materials related (metallurgical parame-

ters) and (iii) the design related parameters. 

Design is dictated by service requirements and incorporates 

features so as to ensure that corrosion in any form is at a mini-

mum. Thus the important parameters needing consideration, for an 

optimum selection of materials, are the process related and the 

materials related parameters. 

This chapter is accordingly devoted to a critical analysis of 

the (a) forms of corrosion, (b) process related parameters and (c) 

materials related or metallurgical parameters with the main empha-

sis on the last mentioned parameter. The discussion has been mainly 

confined to aqueous corrosion. Wherever data on the corrosion 

behaviour of cast irons is not available, data on corrosion aspects 

of plain carbon and alloyed steels has been appropriately incorpo-

rated to make the discussion more meaningful. 

2.2 Forms of corrosion 

Important forms of corrosion, their appearance, causes and possible 

methods of prevention are listed in the table 2.1. 

2.3 Process related parameters 

The different parameters along with their effect on corrosion have 

been summarized in the table 2.2. 



2.4 Metallurgical factors 

2.4.1 Introduction 

The discussion so far has centred around an analysis of the diffe-

rent forms of corrosion and how the process related parameters may 

either enhance or stifle the attack. The present section deals with 

the effect of microstructure, crystal-structure and the defect-

structure in controlling corrosion. Whereas the crystal structure 

is a fundamental entity, micro-structure depends upon the (i) 

composition (presence or absence of alloying, inhomogeneity),(ii) 

the heat treatment employed and (iii) whether or not a deformation 

(cold or hot) component is employed while treating. Although de-

fects are inherently present in solids, their density would depend 

upon the processing history (i.e. on both the transformation and 

deformation components). Similarly, certain unintended micro-con-

stituents may form during heat-treatment. Thus the term 'metallur-

gical factors' will encompass a discussion on the possible effects 

of the aforesaid parameters (42). 

The following sections contain an account of how a combination 

of the above mentioned parameters may give rise to conditions 

responsible for inducing one or more of the different forms of 

corrosion already discussed (Table 2.1). It has also been shown 

how the problems thus created could be overcome by a skilful mani-

pulation of alloying and heat-treatment. 

2.4.2 Micro-structure 

Micro-structure has a marked effect on the corrosion rate. It has 

been established by Uhlig that the corrosion rate of any structure 



may not depend on the total amount of second phase. However, its 

distribution may have an important bearing on the corrosion beha-

viour (4). 

Thus a micro-structure exposes a very complex front to acorro-

ding environment and an analysis of the possible interactions that 

may occur is of utmost importance in predicting the final outcome. 

Different parameters related with micro-structure have been discus-

sed below. 

2.4.2.1 Single phase micro-structure 

A single phase micro-structure is most useful in resisting corro-

sion. Pure metals and solid solution type of alloys fall into this 

category. The preferred crystal structure is either fcc or hcp (c/a 

closest to the ideal value) because of their high packing factor. 

However, in the presence of a passive film, crystal structures 

with both higher (fcc and hcp) and lower (bcc) packing factors 

would prove equally effective (y and a stainless steels). From 

the point of view of formability and notch toughness, however, the 

former (fcc) would still be the preferred crystal structure (42). 

Thus, while the lesser close packed crystal structures could 

be usefully employed only in the presence of a passive film, its 

presence would further enhance the usefulness of the more close 

packed crystal structures. 

The main drawback with single phase micro-structures is that 

they exhibit limited strength. Therefore, in actual practice, eit-

her a two phase or multiphase micro-structure are employed. The 

following sections are devoted to a discussion on their relative 
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merits and demerits vis-a-vis resistance to corrosion. 

2.4.2.2 Two phase micro-structures 

A large no. of possobilities arise and only the more relevant ones 

have been discussed. 

2.4.2.2.1 Soft matrix containing a soft phase 

Such instances are not common and are likely to be adopted under 

special circumstances for a specific beneficial effect of the 

second phase e.g. utilization of controlled quantities of 6-ferrite 

in an austenitic matrix for improving the susceptibility of the 

matrix to SCC (43). It is produced in 18-8 steel by cold-rolling 

(deformation induced transformation to the more stable phase) or by 

prolonged soaking at high temperatures. As long as the rolling 

temperature is low, ferrite and austenite are of the same composi-

tion and corrosion resistance is not appreciably altered. However, 

if for some reason a composition variation/gradient, gets created, 

corrosion resistance will be adversely affected (44). Similarly, if 

the amount of 6-ferrite exceeds a critical value, the notch toug-

hness and formability are adversely affected (43). 

A more common example is the presence of graphite in a ferrite 

matrix. As has been discussed earlier (section 1.2.1), this combi-

nation is most unfavourable from the corrosion stand point as the 

two constituents are farthest apart in the electro-chemical series 

[starting from the most noble graphite and followed by Fe3C, Fe3P, 

MnS, FeS, to ferrite] (1). For optimum condition's (corrosion) 

graphite should be in the flake form (1). 



Corrosion resistance can be improved by replacing ferrite 

matrix by pearlite (1). A costlier option which has also been used 

in practice (Ni-resist cast irons) is to convert ferrite into 

austenite. By doing so the matrix is made more noble (42). 

Graphite bearing micro-structures suffer from graphitic corro-

sion, its adverse effect being maximum when the matrix is ferritic 

(1). The problem is however minimized in the presence of either a 

pearlitic or an austenitic matrix. Another option could be to 

convert flakes into nodules. However, by doing so the corrosion 

resistance is somewhat lowered (1). 

2.4.2.2.2 Soft matrix containing a phase mixture 

The most common example is the presence of pearlite in a ferrite 

matrix (a situation commonly encountered in steels). This combina-

tion is favourable from the point of view of corrosion particularly 

when the amount of the matrix phase is predominant e.g. the useful-

ness of mild steels in different environments. Although the 

relative proportion of ferrite and pearlite and the fineness of the 

micro-structure have an important bearing on the corrosion resista-

nce (it decreases with an increase in the pearlite/carbide 

content), the morphology of cementite and the difference in elec-

tro-chemical potentials between ferrite and cementite are equally 

important. This difference is however smaller than the difference 

in electro-chemical potentials between ferrite and graphite (2). 

2.4.2.2.3. Second phase as dispersoid in a soft matrix 
• 

Two possibilities arise (i) second phase is a soft constituent and 

(ii)second phase is a hard constituent. Presence of graphite 



nodules in a ferrite/austenite matrix conforms to the first instan-

ce and that of the spheroidal dispersed carbides in a fer-

rite/austenite matrix corresponds to the second instance. 

When a micro-structure of this type is present, the parameters 

governing the corrosion behaviour are (i) the difference in elec-

tro-chemical potential between the second phase and the matrix, 

(ii) size, shape and distribution of the second phase and (iii) the 

nature of the matrix-particle interface (4). 

Coming to the electro-chemical aspects, their influence on the 

corrosion behaviour has already been discussed earlier (section 

2.4.2.2.1). The overall corrosion behaviour will depend upon the 

electro-chemical potentials of the constituents and their volume 

fractions (2). 

As regards the second factor, in addition to the electrochemi-

cal aspect, the optimum in terms of corrosion resistance would 

correspond to (i) a critical size and shape (most preferred being 

spherical) and (ii) a uniform dispersion. It would not be desirable 

to have a large number of very fine/coarse particles as their 

effect, based on interfacial surface area considerations, is likely 

to be analogous (4,45). If the particle size is below a threshold 

level (fine dispersion), the attack may tend to get localized e.g. 

as in pitting (44). It is infact suggested that the second phase 

particles may be graded, based on their effect on corrosion beha-

viour (42), on similar lines as the flake/nodular graphite classi-

fication in cast irons as proposed by AFS-ASTM (9). 

The nature of the matrix-particle interface would depend upon 
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whether the second phase particles are coherent, semi-coherent or 

incoherent. Coherent shearable particles have a soft interface and 

should,therefore, be regarded as useful (46). To what extent they 

may improve corrosion resistance would, however be governed by the 

size, distribution and the heat-treatment [effect of stress relie-

ving on the interface] (42). If the difference in hardness between 

the localized regions and the matrix is large, locally formed cells 

may accelerate corrosion. Under these conditions, the extent of 

acceleration/stifling would be decided by the crystal structure of 

the matrix. 

Incoherent/semicoherent particles are by themselves hard and 

• are not sheared (46). However, partial coherency is associated with 

strains and in this turn may set up local cells of the type men-

tioned above. This state would be altered by the heat-treatment 

(stress relieving) employed. 

The discussion so far has been restricted to second phase 

particles in the form of spheres. All other factors being identi-

cal, the morphology of the second phase will have a bearing on the 

corrosion behaviour e.g. second phase in the form of platelet-

s/plate or a massive region (with or without sharp edges) will mean 

a higher rate of corrosion in comparison to a sphere or a polygon 

because of a higher interfacial contact/surface area (45) and an 

unfavourable morphology from the point of view of crack propagation 

behaviour (42). 

2.4.2.3 Single phase with high hardness 

Martensites and bainites, which are formed partly or wholly by 
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shear transformations, fall into this category. Their effect on the 

corrosion behaviour would depend upon the (i) nature of the enviro-

nment especially with regard to the possibility of inducing SCC, 

(ii) possibility of gas assisted cracking primarily due to the 

known susceptibility of shear microstructures to this type of 

attack e.g. susceptibility of twinned martensites to hydrogen 

embrittlement (47-49), (iii) the possible effect of surface stres-

ses induced during transformation and (iv) the possible role of 

defect structure, (v) other features (if any) and a high hardness 

(42). 

The role of a specific environment in bringing about SCC in a 

material has already been discussed and needs no further elabora-

tion. This is a relevant parameter in the present context since 

micro-structures formed by shear transformations are metastable, 

contain deformation induced sub-structure and are in a state of 

high internal and surface stresses. The presence of twining (as in 

high carbon and high carbon alloy martensites) helps in entrapping 

evolved hydrogen leading to hydrogen embrittlement (47). This 

tendency is further enhanced by the presence of micro-cracks along 

the (i) periphery of the plates, (ii) midribs and at the plate 

junctions-a feature associated with high carbon martensites (50). 

The above analysis suggests that based on the mechanism of 

formation and because of certain features (discussed above) asso-

ciated with its micro-structure, martensite may not prove useful in 

imparting good corrosion resistance. However, far from being so, 

the formation of martensite with a distorted tetragonal lattice 

results in 1/5 the corrosion rate of the same steel subsequently 
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tempered at 300-400°C [producing a second phase of finely dispersed 

iron carbides] (44). This observation clearly implies that the 

higher corrosion resistance of homogeneous single phase alloys 

holds even if the alloys are thermodynamically unstable and which 

can subsequently transform into an equilibrium multiphase micros-

tructure (44). Infact , the high hardness associated with marten-

site may lead to lesser rates of dissolution and hence to an 

improvement in corrosion resistance (50). Based on the above consi-

derations, bainites (particularly lower bainite) may also prove 

useful due to (i) their high hardness and (ii) a crack resistant 

micro-structure (42). 

2.4.2.3.1 Second phase with a high hardness in a hard matrix 

Second phases with a high hardness are usually compounds (car-

bides,nitrides,borides etc) which are inert and stable at high 

temperatures. Their stability both in the as-cast and in the heat-

treated conditions is further improved by adding elements which 

primarily partition to them (e.g. addition of Cr, Mo, V, Ti etc in 

case of carbides). This would improve their inertness still further 

(42). The usefulness of martensites in improving corrosion resista-

nce has already been discussed in the preceding section (2.4.2.3). 

The overall corrosion behaviour of the aforesaid combination (M + a 

compound) would depend upon the potential difference between these 

two, the state of stress and the crack propagation behaviour. Data 

on the behaviour of martensite a hard phase couple, vis-a-vis 

their corrosion behaviour, is not readily available. However, based 

on fundamental considerations, the 'couple' is likely to perform 

satisfactorily, the high hardness of the matrix not withstanding 
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(42). 

2.4.2.3.2 Multi-phase microstructures 

In this category only those examples would be considered where a 

third phase has been deliberately introduced. Its presence would 

prove useful in resisting crack propagation if the phase is ductile 

and tough (e.g. the presence of y along with M + C). The improved 

crack propagation behaviour will indirectly improve the corrosion 

and stress-corrosion resistance (42). In such micro-structures the 

location, amount and stability of the tough phase is equally impor-

tant e.g. austenite around carbides would be the most useful confi-

guration. Similarly a favourable carbide morphology would be an 

added advantage (51). 

2.4.2.4 Unintended microconstituents 

2.4.2.4.1 Grain boundary precipitation/segregation 

While heat treating, it is possible that unintended micro - consti-

tuents may form either during soaking or during cooling after heat-

treatment. Their location, electrochemical behaviour and the struc-

tural changes accompanying their formation will greatly influence 

the corrosion behaviour of the final microstructure. One such 

change is the grain boundary precipitation of a constituent e.g. 

precipitation of Cr23C6  type carbide in austenitic stainless 

steels while cooling in the temperature range 550-950°C. It occurs 

when 'C' content in the austenitic steels exceeds ,P0.03%. The 

mechanism suggested is that carbon atoms rapidly diffuse to the 

grain boundary regions and react with the chromium to form the 

aforesaid carbide. The high proportion of Cr in the carbide 
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depletes the adjacent alloy of Crto a point where its concentra-

tion falls below the 12% limit required for stable passivity. On 

exposure to a corrosive environmen-V, the depleted zone sets up an 

active-passive zone with the larger area alloy grain acting as 

cathodes in contact with grain boundaries and the adjoining areas 

acting as anodes (44). Although creation of Cr depleted regions is 

the major cause of the accelerated attack, it has been suggested 

that setting up of pronounced compositional gradients may be equal-

ly damaging (23). 

The problem created by the grain boundary precipitation can be 

overcome by elevated temperature .heat-treatment (1050°C), which 

disperses carbon uniformly throughdilt the alloy, followed by fast 

cooling. Grain boundary corrosion.can also be avoided by stabiliza- 

tion (adding Ti or Nb to the 	Their carbides have a lower 

free energy of formation i.e. are more stable than chromium 

carbides (6,44). An equally useful option is to keep the carbon low 

i.e.<o.o3% (6). 

2.4.2.4.2 Formation of sigma and chi phases 

The formation of the so-called 'si'gma' and 'chi' phases (topologi-

cally close packed phases) is yet.1.,another example of unintended 

structural changes occuring while -flat treating. They are usually 

formed in alloys with high allolOcontent e.g. stainless steels 

(44,52),28Cr-4Mo (53), 28Cr-4Mo-4Nicand 48% Cr (atomic) iron based 

alloys (54). These phases'have a:complex structure and one of them 

namely the sigma phase has a structure related to the intermetallic 

compound FeCr (44). 
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There are conflicting opinions on the effect of sigma and chi 

phases on corrosion resistance and mechanical properties. Some 

workers find them to be harmful while others have not observed any 

adverse effect. An important observation is that the phases themse-

lves exert no detrimental effect and that the concentration 

gradient set up in the proximity of the adjoining phase may cause a 

reduction in the corrosion resistance (52). 

2.4.2.5 Minor factors 

2.4.2.5.1 Effect of grain structure 

The grain structure of alloys, like intergranular precopitation, 

can also influence the corrosion behaviour e.g. corrosion resistan-

ce of certain wrought micro-structures may be less on the surface 

perpendicular to the hot or cold working direction than on the 

surfaces parallel to this direction. There may be severe localized 

corrosion starting on the faces perpendicular to the working direc-

tion and proceeding into the metal in the working direction, while 

the surfaces parallel to the working direction remain relatively 

unattacked. Such end-grained attack, which is basically the result 

of the grain structure being elongated in the working direction, 

has been observed in austenitic stainless steels, Ti alloys and 

mild steels (6). 

2.4.2.5.2 Effect of grain orientation 

Grain orientation as a practical factor in aqueous corrosion is at 

best of minor importance. This is due to the fact that polycrystal-

line metals corrode more or less uniformly. Nevertheless there is a 

fundamental difference in tendency for one crystal face to corrode 
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compared to another. In general, however, the more reactive crystal 

planes corrode first, leaving a particular crystal face, which 

corrodes least in any given environment, as the residual face. For 

example the residual faces for iron in nitric acid and copper in 

copper sulphate are (100) and (111) respectively. The corrosion 

rate continues to vary slightly with crystal orientation. The 

preferred attack of all faces except the least corrodible one 

leads to roughening of the surface, depending upon the grain 

orientation, as has been shown by Gwathmey in the measurements of 

friction and wear. For example the (110) face of copper exposed to 

stearic acid at 185°C became very rough, whereas the (111) face 

remained smooth; it is least corroded (44). 

For intermediate compounds or semi-conductors, the surface 

free energy of different crystal faces may differ more than for 

metal. Hence reactivities of different crystal faces may show 

large differences. Intermetallic compounds e.g. may form faces 

differing in composition with relatively a large potential differe-

nce. A 75 my difference was found between (111) surfaces of indium 

antimonide which have indium atoms on one face and antimony atoms 

on the other. Conversely in another study a maximum difference of 5 

mV was observed between the (111) face and either the (110),(100), 

and (210) faces of copper (44). 

2.4.2.5.3 Inhomogeneity 

This refers to a variation in chemical composition within a grain 

e.g. as encountered during coring. This type of micro-structure can 

be considered as consisting of an inbuilt electro-chemical cell. 

Hence corrosion resistance will be adversely affected. Homogenise 
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anneal is recommended to overcome this problem (54). 

2.4.2.6 Impurities 

Impurities generally found in iron and steel are S, P and inclu-

sions. Both S and P have a detrimental effect and therefore have to 

be maintained at a low level. The level of impurities that can be 

tolerated in a material is a function of the strenght level (6). S 

has been shown to accelerate corrosion in acidic environments (6). 

The detrimental influence of P increases as the purity of the alloy 

decreases (55). An important reason put forward to explain the 

adverse effect of S and P is that compounds between Fe and S or Fe 

and P are of low hydrogen overvoltage type (44). P also adversely 

affects the stress corrosion resistance in the range of lower 

applied stresses and markedly changes the polarization resistance 

of the alloys in the plastically deformed state (55). 

Inclusions are also detrimental e.g. it has been observed that 

a relatively pure iron but containing sulphide inclusions has a 

marked tendency to react even in mildly corrosive environment (54). 

Inclusion size, shape, distribution and volume fraction will have 

an important bearing on the corrosion behaviour (56). Inclusions 

enhance corrosion by initiating pitting and in some instances even 

crevice corrosion (57). It has been shown that addition of chro-

mium is useful in altering the electro-chemical behaviour of the 

sulphide inclusions by combining to form CrS. Consequently, the 

resistance to pitting and crevice corrosion improves (57). The 

adverse effect of inclusions is enhanced if the material is in the 

deformed state (54). This may in some way be related to directiona- 



lity imparted to the inclusions due to deformation. 

The adverse effect of impurities can be minimized by restric-

ting them to a desired low level. Use of suitable melting and 

refining techniques e.g. vacuum melting and casting techniques 

would greatly help in achieving this objective. The other possible 

option is to resort to alloying. 

2.4.3 Defect structure 

Mainly three types of defects are encountered in solids namely line 

defects, point defects and surface defects. Since defects are 

faulted regions,their presence is associated with a high energy and 

this will have a definite bearing on the corrosion behaviour. In 

the present context, the defects being considered are vacancies, 

interstitial atoms and dislocations, and more specifically the last 

mentioned. Each of these imperfections produce highly localized 

differences in the electro-chemical behaviour due to distortions 

associated with them. These areas act as anodic sites in compari-

son with the surrounding matrix (6). Pits are formed at the inter-

section of dislocations with the surface. Triangular etch pits 

around a dislocation are a result of selective chemical attack due 

to stress field around it (dislocation). The shape of the etch pit 

is related with the orientation of the grain to the etched surface 

(54). 

Although the equilibrium concentration of defects in a solid 

is fixed, their density may be increased through heat-treatmen-

t/processing e.g. quenching from a high temperature will increase 

the concentration of vacancies; similarly cold working increases 
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the dislocation density. Therefore it is necessary to examine, in 

some detail, the possible effect of an increase in the defect 

density on the corrosion behaviour. 

2.4.3.1 Effect of cold work 

When an annealed material (t = 105  lines/cm2) is heavily cold 

worked, the stored energy of cold work increases the dislocation 

density to around 1013  lines/cm2. It is therefore expected that 

this increased energy, together with the large distortion/state of 

stress that is generated, will enhance corrosion. However, there 

are differences of opinion about this observation as also the 

mechanism (s) by which corrosion resistance is adversely affected 

e.g. it has been suggested that the increase in the stored energy 

which is of the order of 8-80 kJ/kg mole is only equivalent to a 

potential difference of a few mV between the annealed and cold 

worked states (6). The difference in the driving force is not large 

enough to make any appreciable difference in the corrosion beha-

viour in the two states(6). However, since it has been experimen-

taly established that corrosion is enhanced by cold working, a 

possible mechanism that has been suggested is that anodic and 

cathodic processes could be quite different on annealed and cold 

worked surfaces (6). Cold working increases the corrosion rate 

probably because of an increase in the dislocation density per 

second, possibly as a result of an increase in the no. of kink 

sites on the surface thereby increasing the anodic exchange cur-

rent density. On the other hand Foroulis and Uhlig (58) suggest 

that the increased corrosion rate is due to the regregation of 

carbon and nitrogen atoms to dislocations, and that the cathodic 
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(hydrogen evolution) reaction is kinetically easier at these sites. 

This is supported by their observation that cold work does not 

increase the corrosion rate of high purity iron. 

In addition to an increase in the dislocation density, grains 

get aligned in the direction of working and the boundaries may be 

fragmented as a consequence of cold working. Such areas are subjec-

ted to pitting (54). Impurities or alloying element atoms migrate 

to these imperfections thereby causing an even greater change in 

the electro-chemical character of these defects (54). 

Another aspect of cold working is that it may create anodic 

and cathodic sites due to differential stress distribution from the 

periphery to the centre of a bar e.g. as in 'tor' steel (reinfor-

cing material made by controlled cold torsion twisting mild steel 

bars). The increase in the corrosion rate is not so much a conse-

quence of an increase in the dislocation density as much to a 

difference in stress distribution leading to galvanic action (41). 

To overcome the problem associated with cold working, stored 

energy of cold work has to be effectively released. Heat treatment 

helps in doing so (54). 

2.4.4 Heat treatment 

Functionally, heat treatments are employed to bring about one or 

more of the following effects (i) strengthen, (ii) homogenise, 

(iii) soften, (iv) stress releive, (v) removal of extraneous 

phase(s), (vi) other than those listed before (54). 

Strengthening through heat treatment may involve either produ- 



cing meta-stable micro-structures by inducing shear transformation 

or by affecting precipitation. Both the transformations are to 

affected in the solid state. The effect of the resultant transfor-

mation products in influencing corrosion behaviour has already been 

discussed (section 2.4.2). 

Homogenising is employed to bring about uniformity in compo-

sition and will therefore improve corrosion resistance. 

Softening, which is brought about by annealing,leads to the 

attainment of micro-structures with low energy. Hence an improvement 

in corrosion resistance is expected provided no adverse micro-

structural changes are taking place either during soaking or while 

cooling (42). 

Stress releiving is useful in releiving residual stresses and 

is expected to neqd to an improvement in corrosion and stress 

corrosion resistance. 

An important function of a heat-treating schedule is to help 

eliminate/counteract the formation of extraneous phases/miro-con-

stituents. Their effect on the corrosion behaviour has already been 

discussed in detail. Through carefully designed heat-treating 

cycles, it would to be possible to overcome conditions leading to 

the formation of extraneous micro-constieetuents, e.g. cooling 

rapidly to supress grain boundary precipitation or avoiding exces- 

sive soaking at high temperatures to prevent 	6-ferrite or sigma 

phase formation in stainless steels. 

Lastly, heat-treatment may prove helpful in improving corro- 



sion resistance by altering the surface dharacteristics e.g. heat. 

treatment of the surface to increase its hardness is useful 

improving fretting and erosion-corrosion resistance (6,19-21). 

2.4.5 Alloying 

Alloying elements form the basis of micro-structure control throwf 

heat-treatment. Accordingly, it is useful in controlling the corro 

sion behaviour. Alloy additions may also influence corrosion beha 

viour by forming solid solutions, by forming passive films (appli 

cable when Cr, Si and Al are added in requisite amounts) and b.  

altering the electro-chemical behaviour of the phases and th 

impurities. present. 

The effect of alloying elements, generally added to cas 

irons, has been summarized in the table 2.3. 

2.5 Passivity 

Passivity refers to the useful corrosion resistance of many struc 

tural materials (metals and alloys). Some of them can be mad 

passive by exposure to certain environments e.g. iron in chromate 

nitrite and concentrated nitric acid solutions (25,54). 

A metal or an alloy active in the e.m.f. series is considere 

passive when its electro-chemical behaviour approaches that of a 

appreciably less active or noble metal i.e. as a consequence o 

passivity the electrode potential shifts in the noble directior 

Alternatively a metal or an alloy is deemed as passive if it sub 

stantially resists corrosion in an environments where thermodynami 

cally there is a large free energy decrease associated with it 

passage from the metallic state to appropriate corrosion product 
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(25). 

A material can be rendered passive either chemically or meac-

hanically. Chemical passivity involves treating metal surfaces with 

oxidising agents without physiscaly altering their characteristics. 

It occurs either due to the formation of an invisible thin but 

tenacious and dense semi-conducting oxide film on the metal surface 

or by the formation of a chemisorbed layer of oxygen on to the 

metal surface, whose thickness, in principle, can be less than a 

monolayer. The mechanism of oxide film formation involves (a) 

formation of a salt layer (b) subsequent removal of the layer by 

evolution of oxygen and (c) evolved oxygen forming an adherent 

Of the two possibilities indicated above, the former is more() 

effective in imparting passivity besause a chemisorbed layer will 

not be as effective as an oxide film in acting as a diffusion 

barrier in general and particularly when the thickness of the 

chemisorbed layer is small. 

Mechanical passivity is produced by precipitation of a solid 

salt on the metal surface. Corrosion is resisted by the formation 

of a thick but more or less porous non-conducting layer. 

Metals which can be passivated have been clssified into three 

groups (25) (i) Ti, Cr and Sn which can be passivated even in the 

absence of oxidising agents (ii) iron which can be passivated by 

weak oxidising action between pH 9 and 13 and by strong oxidising 

action at all other pH values and (iii) Mn, Pb and Ag which can be 

passivated only by strong oxidising action. Transition elements 
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(Cr, Ni, Co, Fe, Mo) develop passivity due to a chemisorbed layer 

of oxygen. This has been attributed to the unfilled 3-d shell and 

to a high heat of sublimation (63). 

The discussion regarding passivity has uptill now been 

confined to metals alone. However, several alloys such as Fe-Cr, 

Fe-Mo, Ni-Cu, Ni-Mo, Co-Cu also exhibit passivity. Certain general 

observation regarding passivity in alloys are (a) their major 

components are transition metals (b) a metal normally passive in 

air can often passivate another metal if the two form solid solu-

tions over a range of composition (c) multiphase alloys can be 

made passive if the electrochemical potential of the participating 

phases is nearly similar and (d) a critical concentration is a must 

to induce passivity, the amount required being a function of the 

environment (63). 

Elements which induce passivity in the Fe-base alloys are 

Cr, Si and Al. Critical concentrations of the elements required to 
• 

induce passivity are idicated in the table 2.3. Although passivity 

ensures a high resistance to corrosion, not all the alloys employed 

in corrosive environments exhibit passivity in the classical sense. 

Under such circumstances the resistance to corrosion can only be 

attributed to a reduced galvanic action amongst the participating 

phases. Alloying and heat treatment would be the key elements in 

imparting corrosion resistance based on this principle. 

The conditions under which passivity may be induced can be 

ascertained with the help of potential- pH diagrams. Chemical 

passivation can be studied by means of potential vs current density 
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curves also called as polarization curves. For metals and alloys 

exhibiting passivity, the diagram (S-shaped curve) consists of 

three regions; the active, the passive and the transpassive. For an 

easily passivable alloy the important attributes are (25) (i) a 

small primary passive potential (Epp) and (ii) a large passive 

voltage range (current density independent potential range). 

2.6 Conclusion 

The key parameters in corrosion control are (i) the material of 

construction, (ii) design, and (iii) forms of corrosion and the 

different parameters affecting the extent of corrosion. Incorpora-

tion of these parameters into a single unit is termed as integrated 

corrosion control (26). 

The control involving materials of construction ensures that 

they are suitable for their function for the required length of 

time at a reasonable cost. Their resistance to corrosion in the 

given environment, the tendency to specific forms of corrosion, 

requirement of different treatments and joining methods and adjus-

tability of material to a producible form that gives the best 

chance to the product (structure) to resist corrosion are appraised 

(26). 

The objective of the control of design is to include in the 

product (structure), a selection of such shapes and component forms 

that will keep it free from destructive forms of corrosion during 

all the stages of fabrication, assembly and operation without 

excessive effort (26). 

The relevance of information on forms of corrosion anathe 
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parameters affecting it (corrosion) becomes evident from a critical 

appraisal of the preceeding paragraphs. 

Major conclusions arrived at from a critical analysis of the 

contents of this chapter are summarized in the chapter-III. They 

formed the basis of designing alloys investigated in the present 

study. 



CHAPTER - III 

FORMULATION OF THE PROBLEM 

3.1 Introduction 

Certain factors of design interest emerge from a critical appraisal 

of the previous chapters (42): 

(1) Corrosion control essentially centres around three parameters, 

the material of construction, process/design parameters, and forms 

of corrosion. Not much flexibility exists with regard to the latter 

two since they are primarily dictated by service conditions which 

can not be altered. The design would incorporate features so as to 

minimise corrosion damage. Thus the primary factor is the optimal 

selection of the material of construction. 

(2) A single phase microstructure although exhibiting low strength 

is most useful in resisting corrosion. A more close packed crystal 

structure (e.g. fcc) is preferred. Its effectiveness is enhanced in 

the presence of a passive film. 

(3) The effectiveness of a two phase/microconstituent microstruc-

ture in resisting corrosion depends upon (a) morphology, size, 

location and distribution of the 2nd phase (b) its volume fraction 

and (c) difference in the electrochemical potentials of the two 

constituents (i.e. between the matrix and the second phase). 

(4) Presence of a hard metastable constituent (martensite) may 

prove helpful in reducing dissolution/corrosion rates. 

(5) Alloying elements prove helpful in resisting corrosion firstly 

by being in the dissolved state, secondly by bringing about a 

change in the matrix microstructure (e.g. by converting pearlite 

into bainite, martensite or austenite) and thirdly by forming a 



passive film. 

(6) Impurities (inclusions) enhance corrosion rates by providing 

small anodic areas surrounded by large cathodic areas. Alloying is 

also effective in altering the behaviour of inclusions by altering 

their electrochemical character. 

(7) Compositional/concentration gradients are more effective than 

micro-structural variations in enhancing the attack. 

(8) Topologically close packed phases (sigma and chi phases), 

formed during prolonged soaking (while heat-treating), may either 

favourably or adversely affect corrosion behaviour. Another opinion 

is that the 'sigma phase' effect is more related with the concen-

tration gradient it sets up. 

(9) Thermal (heat treating) and processing (e.g. cold working vs 

hot working) histories and defect structure influence the corrosion 

rate. 

(10) Corrosion resistant alloy cast irons have been based on 

austenitic (high Ni), ferritic (high Si) and martensitic/austeni 

tic (high Cr + Mo) matrices. Second phase is graphite (both flake 

and nodular morphology) in the first two types and carbide in the 

third. Presence of a passive film resists corrosion in the ferritic 

and also in the martensitic/austenitic grades but not in the aus-

tenitic irons. Bulk of the literature on corrosion resistant cast 

irons is confined to the austenitic Ni-resist cast irons. 

(11) Most graphite bearing corrosion resistant cast irons suffer 

from graphitic corrosion- a phenomenon considered as undesirable. 

3.2 The approach 

Based on the above, it clearly emerges that there are two possible 



routes for developing corrosion resistant cast irons, namely the 

'grey-iron' and the 'white-iron' routes. Considering the latter, 

little information is available on the electro-chemical behaviour 

of the different microstructures encountered in white irons namely 

the martensite + carbide (M + C). Martensite + austenite + carbide 

(M + A + C) and austenite + carbide (A+C) microstructures. 

Patwardhan (42) opined that detailed information on this 

aspect will prove useful in deciding whether microstructures resis-

tant to corrosion could be generated through the 'white iron' 

route. Further-more, such a study would become additionally meanin-

gful if it were possible to attain the said microstructures at a 

minimum of cost i.e. by employing low cost indigeneously available 

alloying elements (42). 

The present investigation was accordingly undertaken in respo-

nse to the above queries and consisted of conceiving certain low 

cost compositions incorporating Mn, Cr, and Cu as the main alloying 

elements. The compositions were to be so designed that the micro-

structures of interest could be attained with a minimum of alloying 

either in the as-cast condition or through simple heat treatment 

(s). It was decided to concentrate on (i) M + C (ii) M + A + C 

(iii) A + C microstructures and their allied counterparts. Thus the 

key element of alloy design was to ascertain the compositional 

limits for different elements so to obtain the (M + C) microstruc-

ture with relative ease. Once this was established, what was 

further required to be done was to raise the concentration of 

austenite stabilizing elements so as to retain austenite either 

completely or in large proportions at room temperature. Its propor- 
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tion and the morphology of carbides could then be further altered 

through suitably devised heat-treatments (42). 

3.3 Design of alloys 

The Fe-Cr-Mn-Cu system was chosen for the present investigation. 

Its selection can be justified as follows (42): 

(i) Mn improves hardenability significantly at a low cost, 

helps in retaining y, stabilizes carbide, and does not adversely 

affect fluidity. 

(ii) Cu is a useful graphitizer (helpful in rendering carbides 

discontinuous and in altering carbide morphology during heat-treat-

ment), solution hardens and improves resistance to corrosion in the 

presence of dilute acids (acetic, sulphuric, hydrochloric) and acid 

mine water (64,65). 

(iii) Cr stabilizes carbide (not as strongly as Mo, V, W or 

Nb), is helpful in attaining a uniform microstructure (i.e. with a 

minimum of segregation) and may prove useful in attaining marten-

site/austenite even if present singly in large proportions. 

The first stage in the planning was to decide upon the minimum 

Cr content to ensure that a base composition containing 0 3% C and 

1.5-2% Si (normally acceptable limits in cast irons) is cast white 

during sand moulding over a range of section sizes. This amount is 

likely to be 3-4% (53). It was decided to restrict Cr to 0 4-5% and 

to depend upon Mn to make up for any deficiency in the carbide 

stabilizing tendency because (i) the carbide forming tendency of Cr 

and Mn is not much different and (ii) Singh (66) had shown that 

nearly 0 55% of the Mn added partitions to the carbide phase (42). 



Two Mn levels namely s  6% and 0 8% Mn were selected. The 06% 

Mn level was based on the study by Singh (66) in which it had been 

demonstrated that a Mn content 0 5-6% facilitated retention of 

austenite on heat-treating from temperature > 900°C at s 6% and 0 

9% Cr cibtebts (65). Since the Cr content in the present instance 

was intended to be 0 4-5%, 6% Mn content was considered as a 

reasonable level for attaining the microstructures of interest. 

Prsence of Cu, to be further incorporated in the composition, would 

additionally facilitate austenite retention thereby overcoming 

possible deficiency, if any, in the austenite retaining ability. 

Cu was added in two distinct amounts s  1.5% and 3%. Besides 

aiding the formation of austenite, its presence will also improve 

corrosion resistance. A silicon content 1.5-2% ensured that the 

alloys had good fluidity (67). Thus, in all 4 alloys were designed 

with the same base composition i.e. 3% C, s 4-5% Cr and s 1.5-2% Si 

but with different Mn and Cu contents (42): 

6Mn 
	

8M n 

Bl (0 1.5 Cu) 
	

B2 (0 1.5 cu) 

B3 	3.0 Cu) 
	

B4 (0 3.0 Cu) 

3.4 Planning of experiments 

The experiments were planned as follows: 

Phase I 

A study of the structure- property relation by subjecting the 

alloys to different heat-treatments, assessing their hardness and 

conducting structural investigations by optical metallography. 



Phase II 

Electrochemical characterization of the alloys by the weight 

loss method and further detailed structural examination by x-ray 

diffractometry and by quantitative optical metallography. 

Phase III 

Deformation behaviour of different microstructures by compres-

sion testing, structural investigation by EPMA and electrochemical 

characterization by the potentiostatic method. 



CHAPTER IV 

EXPERIMENTAL TECHNIQUES AND PROCEDURE 

4.1 Alloy preparation 

Raw materials used for preparing different alloys were pig iron, 

low carbon ferro-alloys (ferro-chromium, ferro-manganese and ferro-

silicon), graphite powder, electrolytic copper and mild steel 

scrap. Compositions of the pig iron and the ferro-alloys are repor-

ted in the table 4.1. 

The charge consisted of the aforesaid raw materials in the 

requisite proportions so as to ensure that the desired compositions 

are attained. Due consideration was given to the metal content of 

the ferro-alloys and to the melt losses while making charge calcu-

lations. Alloys were air melted in clay bonded graphite crucibles 

in a medium frequency induction furnace. 

Initially two base alloys, each weighing 65 kgs and containing 

0 4-5% Cr and 1.5% Cu and 3% copper respectively, were prepared by 

first melting requisite proportions of pig iron, mild steel scrap 

and graphite to a super-heat followed by deslagging and subsequent 

addition of ferro-chromium, ferro-silicon and copper. After ensu-

ring complete dissolution of alloy additions, small samples were 

taken out of the melt for estimation of carbon by the LECO analy-

ser. In the intervening period the melt temperature was lowered to 

reduce losses. After ensuring that the carbon content had reached 

the desired level, the liquid metal temperature was raised to about 

1400°C and slag removed. Each of the molten alloy was then cast 



into two cylindrical blocks of approximately equal weight at the 

two Cu levels. Thus in all four castings were poured. 

Finally, the Mn content was adjusted to the desired level 

(i.e.0 6% and 8%) by adding requisite amount of ferro-manganese to 

each of the four base alloy castings in the molten condition. 

Carbon content was rechecked even at this stage to ensure that it 

was maintained at the desired level. After deslagging, temperature 

of the molten metal was measured with an optical pyrometer. The 

alloys were poured at about 1425°C into ir 25 mm diameter X 250 mm 

long cylindrical ingots and 8x22x120 mm rectangular strips in sand 

moulds. 

Alloys were analysed for C, S, P and Si on a vacuum quantometer 

and for Mn,Cr,Cu,P and Si on x-Ray fluorescence spectrometer. 

Detailed chemical analysis is reported in table 4.2. 

4.2 Specimen preparation 

Alloys were very hard and could not be cut either with a power saw 

or with highspeed steel tools. Disc samples (height 14 to 18 mm) 

were sliced off from the cylindrical ingots by making a 2 to 3 mm 

deep cut all along the circumference on a silicon carbide cut-off 

wheel followed by hammering. Heating of the specimens during 

slitting was kept to a minimum through water cooling. Specimens 

thus obtained were ground to have parallel faces and paper polished 

in the usual manner. 

• 

For corrosion studies by the weight loss method, specimens of 

the size s 8x6x4 mm were employed. They were cut from rectangular 

strips by a procedure outlined above. As before they were ground to 
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have parallel faces and paper polished to the 4/0 stage to obtain 

mirror finish. 

4.3 Heat-treatment 
Heat-treatments primarily comprised of soaking at 800, 850, 900, 

950, 1000 and 1050°C for 2, 4, 6, 8 and 10 hours followed by oil 

quenching. They were carried out in muffle furnaces whose tempera-

ture was measured with a Pt-Pt/Rh thermocouple and controlled to + 

5°C. 

4.4 Hardness measurement 

Hardness testing was extensively employed because it provides a 

quick yet reliable indication of the effect of heat-treatment on 

properties. 

Heat treated specimens were initially ground to a uniform 

depth of about 1 mm to remove any decarburized layer. Thereafter 

they were paper polished upto 3/0 stage in the usual manner. Har-

dness measurements were carried out on both the faces of a specimen 

on a Vickers hardness testing machine employing a 30 kg load. A 

minimum of 20 impressions were taken on each specimen. The permis-

sible scatter in the hardness values was + 17 VPN (68). In the 

event of the variation exceeding this limit, the hardness has been 

represented as a band denoting both the maximum and the minimum 

values. 

As the alloy system under investigation is heterogeneous in 

character, both the representative hardness readings as well as the 

average values have been reported. 



4.5 Compression testing 

Deformation behaviour of the different microstructures was asses-

sed by carrying out compression tests. They were carried out on 

cylindrical specimens (size approx. 10 mm diexl0 mm height) on a 60 

ton capacity West German made MFL microprocessor based universal 

testing machine, at a cross-head speed of 1.0 mm/min. Compressive 

strength and the percent deformation (height strain) were calcu-

lated from the stress-strain curves in the usual manner. 

4.6 Metallography 

4.6.1 Optical microscopy 

This has been extensively employed to study how heat-treatment 

influenced microstructure. Specimens were paper polished in the 

usual manner (section 4.2). The final (wheel) polishing was carried 

out using 1 and 0.1 micron alumina as the abrasives. After proper 

cleaning, specimen surfaces were etched in freshly prepared 2% 

nital. Metallographic examination was carried out on a REICHERT 

METAVERT-368 microscope. 

4.6.2 Quantitative metallography 

It was carried out on LEITZ image analyser (Auto-scan) at a magni-

fication of 2500X. Specimen size was the same as that employed 

during optical metallography. Ten different fields of view were 

examined on each specimen. Quantitative estimations including plot-

ting of hystograms were carried out with the help of computational 

techniques. 



4.6.3 Scanning electron microscopy 

Scanning microscopy was also extensively employed on specimens, 

that had been subjected to corrosion studies in different environ-

ments, to ascertain the nature of the attack. 

To ensure good electrical contact, specimens were glued to the 

specimen holder using a silver base paint. They were allowed to dry 

before being examined on a Phillips 501 scanning electron micros-

cope at an operating voltage of 15 KV. 

4.7 Electron probe micro-analysis 

This study was carried out for assessing the partitioning behaviour 

of different alloying elements, particularly Mn,Cr,Cu,C and Si, as 

influenced by heat- treatment. This was carried out on CAMEBAX 

EPMA/SEM at 15 KV and = 60 01 beam current using the crystals LiF 

(for Fe,Cr,Ni and Cu), TAP (for Mn and Si) and ODPb (for carbon). 

The three different modes of analysis usually available are 

the fixed-probe technique, the line-scan technique and the area-

scan technique. All the three methods were employed in the present 

investigation. Details concerning them have been reviewed elsewhere 

(66). 

Specimens for electron probe micro-analysis were cut from 

rectangular strips, heat treated, and after removing approximately 

1 mm thick layer from all the faces were cold mounted (mount size: 

25 mm dia x 7 mm height). The samples, prepared for metallographic 

examination in the usual manner, were etched just enough to reveal 

the microstructure. This way it was ensured that the composition 



of different phases/micro-constituents was practically unaltered. 

4.8 X-ray diffractometry 
As-cast and the heat-treated bulk specimens of the different alloys 

were subjected to structural investigations on a Phillips diffrac-

tometer PW 1140/90, employing an iron target and a manganese 

filter, at a voltage of 35 KV and a current of 12 mA. 

Specimens, which were polished and lightly etched, were scan-

ned from 35 to 135°. In most instances time constant and scanning 

speed were kept at 2 seconds and 2° per minute respectively. Dif-

fractograms were analysed/indexed by adopting the following 

procedure: 

i) 1 d1  values were obtained discernable reflections/peaks; 

ii) assuming the height of the most prominent reflection as 100, 

the relative intensities of all the other peaks were calculated. 

iii) indices were assigned to different I ds  spacings based on the 

standard 'd' and I/Io values available from x-ray data/ASTM diffra-

ction data cards. While doing so, peaks with relative intensities 

less than 3 were not considered. 

4.9 Corrosion studies 

Corrosion studies were carried out by the weight loss and the 

potentiostatic methods. 

4.9.1 Weight loss method 

These tests were carried out in accordance with the relevant ASTM 

standards (69). Specimens were prepared by adopting a procedure 

outlined in the section 4.2 and cleaned as per the standard proce-

dure laid down(68). A specimen was tied on to a glass rod by a 



nylon thread/cord. It was then suspended in a 100 ml capacity 

corning beaker containing 5% NaC1 solution upto a preset leVel. 

Each specimem was weighed and its surface area determined prior to 

being subjected to the test. Tests were conducted for 7,15,30 and 

45 days. After the completion of a test, the specimen was cleaned 

by scrubbing followed by washing in double distilled water, degrea-

sing in acetone and finally air drying (70). It was then weighed 

again and the loss in weight calculated. Corrosion rates were 

calculated by using the formula (70): 

Corrosion rate -  K.W  
A.T.D 

K = Constant (3.45 x 10`) for ipy 

K = Constant (2.40 x 106) for mdd 

T = exposure time in hrs. to the nearest 0.01h 

A = Area in cm 2  to the nearest 0.01 cm 2 

W = weight loss in gms. nearest to 1 mg 

D = Density in g/cm3  

Corrosion rates have been reported in inches per year (ipy) 

and in mdd (milligrams per square decimeter per day). The latter 

unit is more reliable since density does not figure in the final 

calculations. 

4.9.2 Anodic polarization technique 

This technique is useful in determining whether the alloy under 

investigation exhibits the active-passive transition. 

The experimental set up, shown in Figure 4.1, consists of a 

polarization cell which is' connected to a standard potentiostat 



(WENKING ST 72), a voltage scan generator, and a recorder. 

The polarization cell consisted of a one litre flat-bottom 

pyrex flask which was modified by the addition of various necks to 

introduce the test and the counter electrodes, thermometer, and a 

luggin capillary salt bridge which separated the bulk solution from 

the reference electrode. This cell and its components have been 

described in detail by Greene (71). 

The test electrode, also known as the working electrode, was 

made of the test material of approximately 0.5 cm2  cross-sectional 

area. It was cold mounted in , a manner that it was leak proof and 

was provided with a solderless electrical contact insulated from 

the electrolyte. The entire assembly is shown in Figure 4.2. The 

surface of the test electrode was prepared within one hour of the 

experimental measurements in accordance with the recommended prac-

tice (70). The specimens were cleaned in acetone five minutes 

before immersion, then rinsed in double distilled water and finally 

air dried. 

The counter electrode was a 2.5 x 2.5 cm platinum sheet con-

nected with-a thin platinum wire. The cleaning of this electrode 

was carried out in hot aqua-regia. The reference electrode was a 

saturated calomel electrode (SCE) and was throughout dipped in salt 

solution. The potential of the calomel electrode was checked at 

periodic intervals to ensure its stability. 

The potentiostat has a range of 1 to 104  my and a current out 

put range from 1 to 3 x 106  ILA. It is also possible to maintain an 

electrode potential within 1 mV over a wide range of current 
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values. 

The voltage scan generator has a scanning range from 0.01 to 

10 mV/second in eight calibrated coarse positions with overlapping 

fine adjustments and a scan range that covers upto 10 volts from 

every potential to another within the limit + 10v. 

A potential change of 50 mV was imposed after every 5 minutes 

and the current density noted at the end of each 5 minute interval. 

From the data it was possible to plot the potential vs current 

density curves and calculate the critical parameters. 

4.10 Data analysis 

Analysis of the data obtained was carried out with the help of 

computational techniques using a DEC 2050 computer. Programmes were 

developed for analysing hardness, corrosion rate, x-ray diffraction 

and quantitative metallography data. Programmes were also developed 

for establishing structure property correlations (72-73). 



CHAPTER - V 

EXPERIMENTAL RESULTS 

5.1 General 

The experimentation in the present study involved assessing (i) the 

heat-treatment response of the alloys Bl to B4 with the help of 

hardness measurements, optical metallography (including quantita-

tive estimations), scanning microscopy, X-ray diffractometry and to 

a limited extent by the EPMA techniques, (ii) the deformation 

behaviour by compression testing and (iii) the corrosion behaviour 

by the weight loss and the potentiostatic methods. The data thus 

generated has been discussed in the following sections. 

5.2 Results 

5.2.1 Effect of heat-treatment on hardness 

Disc specimens (J.25mm dia x18 mm height) of the different alloys 

were heat-treated by austenitizing them at 800,850,900,950,1000 and 

1050°C for periods ranging from 2 to 10 hrs followed by air cooling 

and oil quenching. Preliminary studies suggested that oil quenching 

lead to the attainment of a more uniform distribution of dispersed 

carbides. Hence, the alloys were primarily investigated in the oil 

quenched condition. Accordingly, the data contained in this report 

pertains to this state only. 

The heat-treating experiments were primarily designed to 

assess the feasibility of attaining the microstructures of interest 

in the experimental alloys and to characterize them 

(microstructures) initially on the basis of hardness. 



Effect of time and temperature on the hardness is summarized 

in the tables 5.1 to 5.44 and in the figures 5.1 to 5.4 (the base 

curves). The data points contained in the figures represent the 

experimentally determined values whereas the actual plots 

correspond to the best fit data. A perusal of the tables and the 

figures revealed that : 

1. The overall transformation behaviour of the alloys could be 

classified into five parts 

(a) A general increase in the hardness with time on heat-treating 

from 800°C (valid for all the alloys). 

(b) A general increase in the hardness with time on heat-treating 

fiom 850°C (valid for Bl and B3). 

(c) Hardness remaining independent of the soaking period on heat-

treating from 850°C (valid for B2 and B4). 

(d) Hardness remaining independent of the soaking period on heat-

treating from 900°C and 950°C (valid for all the alloys). 

(e) Hardness decreasing with time on heat-treating from 1000 and 

1050°C (valid for all the alloys). 

(f) The hardness (H), in general, decreasing with heat treating 

temperature in the order 

H800 > H850 > H900 > H950 > H1000 > H1050 

2. On heat treating from 800°C, the hardness of the alloys was 

higher than the corresponding as-Cast hardness. (Figs. 5.1 to 

5.4). 

3. However, heat-treating from a temperature between 850 to 

1050°C lead to a decrease in the hardness compared with as-cast 



state; the exception being when Bl was oil quenched from 850°C 

(Figs. 5.1-5.4). 

Although the data summarized in the figures 5.1 to 5.4 pro-

vided useful information, it was still not sufficient enough to 

arrive at a comprehensive understanding of the transformation beha-

viour of the alloys. The additional information sought for was 

obtained by replotting the data contained in the tables 5.1 to 5.44 

in the following manner: 

(i) Effect of soaking period on the hardness for all the four 

alloys as influenced by each of the six heat-treating 

temperatures (Figs. 5.5 a-f). 

(ii) Effect of temperature on the hardness as influenced by 

the soaking period for each alloy (Figs 5.6 a-d). 

(iii) Effect of temperature on the hardness for all the four 

alloys at each of the five soaking periods (Figs.5.7 a-

e). 

The following deductions would reveal how the figures 5.5-5.7, 

along with the figs. 5.1-5.4, provided further useful information 

on the (a) individual and (b) comparative behaviour of the al-

loy(s). 

4. The comparative hardness vs time curves for the four alloys, as 

influenced by temperature, further confirmed the similarity 

between B1 and B3 and that between. B2 and B4 upon heat treating 

from upto 850°C (Figs. 5.5 a and b). 

5. On oil quenching from 900°C, variation in the hardness with 

time was similar for all the alloys. However, B1 attained a 
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higher level of hardness compared with the rest thereby revea-

ling its ability to sustain hardness to a higher level (Fig. 

5.5 c). 

6. On oil quenching from 950°C, the differences in the hardness 

levels of the four alloys evened out and for all practical 

purposes their overall behaviour might be regarded as similar 

(Fig. 5.5 d). 

7. On oil quenching from 1000°C, once again the alloy B1 had the 

maximum overall hardness followed by B2, B3 and B4, except that 

the overall hardness of B4 was now appreciably lower than that 

of B1,B2 and B3 (Fig. 5.5 e). 

8. On oil quenching from 1050°C the trend in the hardness varia-

tion was similar to that observed on heat-treating from 1000°C 

(Fig. 5.5 f). 

9.(a) The hardnessys temperature curves as influenced by time 

(Figs. 5.6 a-d) represented how effectively each alloy sus-

tained its hardness on heat-treating. 

(b) These curves had a horizontal S-shape. 

(c) The slope of the curves altered around a threshold temperature 

or over a narrow range of temperature termed as the cross over 

point (COP). 

(d) To its left, the higher the soaking period the higher was 

the level of hardness. To its right the situation was just the 

reverse. This was valid for all the alloys. 

10. The profiles of the hardness vs temperature curves for the 
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alloys Bl and B3 were steep (Figs. 5.6 a and c) whereas 

those of the alloys B2 and B4 tended to be flat (less 

steep; Figs. 5.6 b,d). Further, the hardness band (variation in 

the hardness as influenced by the soaking period) at 1050°C was 

the maximum for the alloy Bl followed by B3,B4 and B2 in that 

order. 

Based on these observations the similarity in the behaviour of 

the alloys Bl and B3 and that of the alloys B2 and B4 was reaffir-

med. Thus Bl and B3 and B2 and B4 could be grouped together. 

11. The COP of the alloys Bl and B3 was approximately in the range 

of 915°C to 950°C (Figs. 5.6' a,c) whereas that for B2 and B4 

was around 860°C (Figs. 5.6 b,d). 

12. The maximum decrease in the hardness in the four alloys, as 

influenced by the soaking period, occurred on heat treating 

from 1050°C (Figs. 5.6 a-d). 

13. The comparative hardness vs temperature curves for the four 

alloys, as influenced by the soaking period (Figs. 5.7 a-e), 

further reinforced the deduction regarding the similarity in 

behaviour between Bl and B3 and that. between B2 and B4. At the 

lowest soaking period (2 hrs), the curves tended to be flat 

(Fig. 5.7a). The profiles of the curves became steeper with an 

increase in the soaking period (Figs. 5.7b-d), the steepest 

profile being attaind at the 10 hr soaking period (Fig. 5.7e). 

14. The aforesaid curves (Fig. 5.7a-e) might also be hardness 

sustenability of the different interpreted as indicating the 
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relative alloys sustained its hardness on heat-treating. 

15. An important inference from the data summarized in the figures 

5.1-5.7 was that it was easily possible to deduce (a) the heat 

treating temperature(s) at which the hardness was independent 

of the soaking period or (b) the different time and temperature 

combinations to arrive at any desired hardness value in all the 

four alloys. 

5.2.2 Microstructure 

Effect of heat-treatment on the hardness was substantiated by 

carrying out micro-structural examination. Initially the experi-

ments were confined to assessing qualitative changes in the micros-

tructure and these are summarized in the Figs. 5.8-5.35. Subsequen-

tly, quantitative estimations involving massive and dispersed 

carbides were also carried out. This data has been dealt with 

separately. 

Considering the former to start with, the micro-structure of 

the four alloys in the as-cast condition consisted of : 

1. (a) P/B + M + Carbide (B1) Fig. 5.8 

(b) B/M + Carbide + RA (B2) Fig. 5.9 

(c) B/M + Carbide + RA (?) (B3) Fig. 5.10 

(d) B/M + Carbide + RA (B4) Fig. 5.11 

2. On heat treating from 800°C, the as-cast microstructure tran-

sformed to martensite + carbide in all the four alloys (Figs. 

5.12-5.15). Additionally, the massive carbides were rendered 

discontinuous. The 800°C heat-treatment also lead to the forma- 



tion of dispersed carbides, whose presence could be detected in 

the micro-structure clearly corresponding to the 800°C,10 hrs 

heat treatment (Figs. 5.12C,5.13C,5.14C,5.15C). 

3. On heat-treating from 850°C, austenite was retained clearly in 

the micro-structure at 2 hrs soaking period although its amount 

differed from alloy to alloys (Figs. 5.16a,5.17a,5.18a,5.19a) 

on raising the soaking period to 10 hrs, the amount of retained 

austenite had decreased. The size and volume fraction of the 

dispersed carbides increased with an increase in the soaking 

period. Massive carbides were mostly discontinuous and their 

volume fraction was comparable with that observed on heat-

treating from 800°C (Figs. 5.16e and f, 5.17c and d,5.18c and 

d, 5.19c and d). 

4. On heat-treating from 900°C, the micro-structure was predomina-

ntly austenitic and contaning both the massive as well as the 

dispersed carbides. The uneven nature of the matrix suggested 

that it was perhaps not totally free of martensite. The size of 

the dispersed carbides increased whereas its volume fraction 

decreased with time. Further,the volume fraction of the massive 

carbides also decreased somewhat with time (Figs. 5.20-5.23). 

5. On heat-treating from 950°C, a similar situation as above 

existed (Figs. 5.24-5.27). The presence of obtuse plates was 

not fully understood but might indicate the possible presence 

of some martensite (Figs. 5.25e, 5.26e, 5.27c and e). 

6. On heat-treating from 1000°C, the matrix was plane and comple-

tely austenitic (Figs. 5.28-5.31). The volume fraction of both 
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the massive and the dispersed carbides markedly reduced with 

time. Low magnification observations revealed possible interli-

nking or bridging together amongst different massive carbide 

regions (Figs. 5.28d, 5.29b and f, 5.30d and f, 5.31d). In some 

of the alloys massive carbides showed cracking (Fig. 5.30e). 

At the end of the 10 hrs. soaking period, the micro-structure 

was practically free of dispersed carbides. A general "rounding 

off" of the massive carbides was also observed. 

7. On heat-treating from 1050°C, a new phase formed which resem-

bled the sigma phase when observed at lower magnifications 

(Figs. 5.32-5.35; 5.32d and f,5.33d, 5.34d, 5.35b and d).Higher 

magnification observations revealed that it resembled plate-

like carbides. The volume fraction of the new phase initially 

increased upto 4-6hrs soaking period and decreased thereafter 

(Figs. 5.32-5.35). Volume fraction of the massive carbides 

steeply reduced with the time. At the end of the l0hrs soaking 

period, the new phase was still present (Figs. 5.32h, 5.33f, 

5.34f, 5.35f) along with the massive carbide (now present as 

particles or platelets), although its amount was very small 

(Figs. 5.32j, 5.33f, 5.34f and 5.35f). 

5.2.3 Quantitative estimations 

5.2.3.1 Massive carbides 

Effect of heat-treatment on the volume fraction of the massive 

carbides was investigated by a LEITZ image analyser. The data thus 

obtained has been summarized in the tables 5.45-5.48. Table 5.49 

gives an overall summary of the data contained in the tables 5.45- 
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5.48. 

A perusal of the above tables revealed that : 

1. Volume fraction in the as-cast state ranged from 22-27%. 

2. An increase in temperature lead to a decrease in the amount of 

massive carbides. 

3. For heat-treating temperatures upto 950°C, an increase in the 

soaking period resulted in a gradual decrease in the amount of 

massive carbides (valid for all the alloys). 

4. On raising the temperature to 1000°C, there was a steep fall in 

the volume fraction with soaking period (valid for all the 

alloys). A similar response was qualitatively observed on heat 

treating from 1050°C (Figs. 5.32-5.35). The 1050°C,10hrs heat-

treatment was characterized by the presence of lowest volume 

fractions of the massive carbides (Figs. 5.32j, 5.33f, 5.34f 

and 5.35f). 

5. Taking an overall view, volume fraction of massive carbides was 

approximately of a similar order. However in absolute terms, Bl 

exhibited a slightly larger volume fraction compared with B3. A 

similar situation existed for the alloys B2 and B4, the latter 

exhibiting a slightly smaller volume fraction. 

5.2.3.2 Dispersed carbides 

Dispersed carbides were characterized on the basis of the following 

parameters: 

(a) Average particle size 



(b) Total no. of particles 

(c) Total volume fraction of particles 

(d) Percentage no. of particles in different classes 

(e) Percent area occupied by the particles in different classes 

In the present study there were a total of six classes sepa-

rated from one another by = 0.58 micron. 

The data thus generated is summarized in the tables 5.50-5.59 

and in the hystograms 5.36-5.78. Each hystogram is a composite of 

ten hystograms representing ten different fields of observation for 

a given heat-treatment. The aforesaid data was analysed in two ways 

(a) by assessing whether any general trends existed and (b) by 

laying down a detailed account of how the heat-treating temperature 

and time affected the parameters employed to characterize dispersed 

carbides. 

Considering to start with the former, the following general 

trends were observed for all the alloys: 

1. Dispersed carbides predominantly belonged to class I and II 

(size upto 1.16 microns; Figs. 5.36-5.78 and Tables 5.57-5.58). 

2. Maximum no. of particles were present corresponding to the 

800°C,10 hrs. heat-treatment (Table 5.55). 

3, On increasing the heat-treating temperature upto 950°C, the 

average particle diameter increased (Table 5.54) whereas the 

carbide volume fraction decreased or remained unaltered (Table 

5.56). 



4. For a given heat-treating temperature, the volume fraction 

increased with an increase in the soaking period in a majority 

of instances (Table 5.56). A similar trend was observed for the 

average particle size (Table 5.54). 

5. By and large the number of particles decreased on increasing the 

temperature at a given soaking period or by increasing the 

soaking period at a given heat treating temperature (Table 

5.55). 

'6. At a given soaking period, the no. of particles and the percent 

area occupied by the particles in classes I and II decreased 

with an increase in temperature. A similar trend was observed on 

increasing the soaking period at a given heat-treating tempera-

ture (Tables 5.57 and 5.58 and Figs. 5.36-5.78). 

7. The changes described in (6) above were simultaneously supplime-

nted by changes in the classes III to VI, the nature of the 

changes being just the opposite of those described in (6) above. 

8. The hystograms (Figs. 5.36-5.78) proved extremely helpful in 

understanding how the distribution of the particles varied with 

temperature and time at the ten different locations that were 

scanned to arrive at the quantitative data. 

5.2.4 Structural analysis by x-ray diffraction 

Thews-cast and heat-treated specimens of the different alloys were 

extensively examined by x-ray diffractometry to help identify (i) 

the matrix microstructure in marginal cases (heat-treating tempera-

ture 900-950°C), (ii) the nature of the carbides as influenced by 
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heat-treating parameters and ,(iii) any other phase/constituent if 

formed, during heat-treatment. In the event of a doubt or difficul-

ty in identifying a reflection, a question mark has been put. With 

the help of the diffraction data, it was possible to interpret the 

structures more or less fully as would be evident from the follo-

wing deductions (Tables 5.60-5.100): 

1. Martensite was present as the matrix constituent along with P/B 

in the as-cast condition in all the alloys (Table 5.100 a). 

2. Ambiguity concerning the identity of the matrix microstructure 

was satisfactorily resolved in most instances particularly in 

the marginal cases i.e. the possible presence of martensite is 

indicated in alloys B1,B2 and B3 upto 900-10 hrs heat-treatment 

and in the B4 possile upto possible 950°C-4hrs. heat-treatment. 

3. Retention of y was confirmed in the as-cast condition in the 

alloys B2,B3 and B4. 

4. M3C was the predominant carbide in the as-cast condition. While 

B1 additionally contained some M23C6  and B2 and B3 contained 

only traces of M23C6,B4  did not contain any M23C6  type carbide. 

M5C2  carbide was present in traces in B1,B2&B3 and in slightly 

higher proportion in B4. 

5. On heat-treating, the M3C and M 3C6  were successively replaced 

by M5C2  and M7C3  type carbides. The temperature upto which M3  

and M23  type carbides persisted on heat-treating=differed from 

alloy to alloy (was a function of the total concentration of Mn 

and Mn/Cu ratio, ( the Cr content being identical in all the 
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alloys). 

6. M 5C2  and M7C3  were the predominant carbides corresponding to the 

1000°C,10hrs. and other higher temperature heat-treatments. 

7. On increasing the soaking period from 4 to 10 hrs at 1050°C, the 

M 5C2  carbide was replaced by M 7C3  in the alloys B1 and B2. At 

1050°C, 10 hrs h/t, M7C3  was the predominant carbide. 

8. Under identical conditions the situation was somewhat different 

in 83 and B4. Whereas in B3, both M 5  and M 7  type of carbides 

were present corresponding to the 10500°C,10 hrs. h/t, B4 consi-

sted mostly of M5C2  and some M7C3  type carbides. 

9. The combined effect of alloy content and heat-treatment on the 

nature of carbide transformation revealed that (Table 5.100 b): 

(a) Based on the disappearance of M 23  carbide, 

B2(better) >B4>B1,B3 

(b) Based on the disappearance of M3C, 

B2>B3,B4>B1 

(c) Based on the extent of M7C3  

B3>B1,B2>B4 

(d) Based on the stability of M7C3  at 1050°C, 

B1,B2,B3 (comparable)>B4 

(e) Based on the stability/extent of M5C2, 

B4,B3>B2>B1 

(f) Taking an overall view, a high Mn content and a high 

Mn/Cu ratio appeared helpful in accelerating the carbide tran-

sformation (i.e. in converting the carbides present in the as- 
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cast state into M5 and M7 type carbides)..  

5.2.5 Effect of heat-treatment on the deformation behaviour 

Compression testing was employed for assessing the deformation 

behaviour in the as-cast and in the heat-treated conditions. The 

usual stress-strain curves were obtained from which the compressive 

strength and percent strain were calculated (Tables 5.101-5.106). 

Representative stress-strain curves are shown in the Figs. 5.79-

5.83. The effect of heat-treatment on the deformation behaviour is 

further summarized in the fig. 5.84 and in the tables 5.107-5.108. 

On the basis of the above it can be inferred that: 

1. The compressive strengths (CS) were 1972, 2116, 2253 and 2352 

MN/m2  and percent strain values were 7.34, 11.79, 7.47 and 

12.01% in the as-cast state for the alloys 81, B2, B3 and B4 

respectively (Tables 5.105-5.106). 

2. Heat-treating in general lead to an improvement in the 

properties. 

3. On heat-treating from 900 and 950°c, raising the soaking period 

from 4 to 10 hrs had no effect on the mechanical properties 

(valid for all the alloys). 

4. At 1000°c, raising the soaking period from 4 to 10 hrs. lead to 

an increase in CS and % deformation in all the alloys. 

5. At 1050°c, raising the soaking period from 4 to 10 hrs lead to 

an improvement in CS which was maximum in B2 followed by B3, B4 

and Bl. 



For the same heat-treating temperature and at 4 hrs soaking 

period, the % deformation was maximum in B2, comparable in B3 and 

B4 and minimum in B1. On raising the soaking period to 10 hrs, the 

increase in % deformation was maximum in B1 followed by B2 and B3 

and negligible in B4. However, at the end of 10 hrs soaking period, 

the situation with regard to the level of percent deformation was 

similar to that observed at 4 hrs soaking period (Tables 5.105-

5.106). 

6. At 4 hrs soaking period, raising the temperature from 900 to 

1000°C lead to an increase in the CS followed by either a tape-

ring off or a small decrease in it on further raising the tempe-

rature to 1050°C (Fig.5.84). 

7. At 4 hrs soaking period, the % deformation in Bl, B3 and B4 was 

practically unaltered or showed a slight increasing trend (ex-

cept in B1) on raising the soaking temperature from 900 to 

950°C. It increased thereafter on increasing the temperature 

upto 1050°c. The extent of increase was maximum in B3 followed 

by B4 and Bl. 

In B2, however, % deformation increased steeply with an in-

crease in the soaking temperature from 900 to 950°c, remained 

unaltered/slightly increased upto 1000°C and increased steeply 

again on raising the temperature upto 1050°C. 

8. At 10 hrs soaking period, raising the temperature from 900 to 

950°C had little effect on the CS in Bl, B3 and- B4. This was 

followed by a sharp increase upto 1000°C and levelling off 

thereafter on raising the temperature to 1050°C. In B2, however, 
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CS increased steeply and continuously as the temperature was 

raised from 900 to 1050°C. 

9. At 10 hrs soaking period, the % deformation was unchanged on 

raising the temperature from 900 to 950°C and increased steeply 

thereafter on raising the temperature upto 1050°C. The steepest 

rise was observed in B2 (Fig. 5.84). 

Representative stress-strain curves (Figs. 5.79-5.83) in the 

as-cast and in the heat-treated conditions revealed that: 

(a) A linear behaviour between stress and strain existed in the as-

cast state. The compressive strength and % deformation were 

low. However, in B2 and B4 some flattening of the curves was 

also observed. 

(b) Raising the temperature (from 900 to 1050°C) and time (from 4 

to 10 hrs) lead to strengthening (strain-hardening) simulta-

neously accompanied by flattening of the curves (implying an 

improvement in the % strain). 

(c) An important feature is that there was a similarity in the 

deformation behaviour between Bl and B3 and between B2 and B4 

(valid both in the as-cast and in the heat-treated conditions). 

5.2.6. Corrosion behaviour 

5.2.6.1. Weight loss studies 

Corrosion behaviour was studied by the weight loss method. Experi-

ments were conducted on the four experimental alloys in the as-cast 

and in the heat-treated conditions. The effect of stress relieving 

(600°C, 1/2 hrs followed by air cooling) was also critically exa- 
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mined. Although three test solutions namely 5% NaC1, 10% NH4C1 and 

10% (NH4)2SO4 were employed, bulk of the investigations were con-

fined to the corrosion studies in 5% NaC1 solution. Two standard 

(Ni-resist) irons were also examined for their corrosion response 

in the above mentioned solutions mainly for the purpose of compari-

son. The results thus obtained are summarized in the tables 5.109-

5.130 and in the figures 5.85-5.88. It emerged that: 

1. The corrosion rates (CR) for BI to B4 in 5% NaCl solution were 

in the range of 30-32 mdd and 22-27 mdd, when tested for 168 and 

720 hrs respectively. 

2. Heat-treatment improved the corrosion resistance over that obse-

rved in the as-cast state. 

3. The CR in general decreased with an increase in the test dura-

tion (valid for all the alloys, in the as-cast and in the heat-

treated conditions). 

4. Stress relieving in general was not found to be beneficial 

barring (i) a few instances in general and (ii), the 1050°C, 10 

hrs heat-treatment in particular. 

5. For a given heat-treating temperature, raising the soaking 

period from 4 to 10 hrs lead to a decrease in CR except on heat- 

 treating from 950°C, wherein an increase in the CR was observed 

(valid for all the alloys; Tables 5.109 to 5.112). 

6. At 4 hrs soaking period and a test duration of 168 hrs, the CR 

decreased with an increase in the soaking temperature from 900 
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to 950°C (valid for all the alloys in SR and NSR conditions). 

Thereafter it (CR) decreased gradually or remained unaltered on 

raising the temperature to 1050°C (valid for Bl to B3 in both SR 

and NSR conditions). However, the nature of the decrease in CR 

in B4, beyond 950°C, was sharp but less steep than that observed 

between 900 and 950°C (Fig. 5.85). 

The above observation was. also true for 720 hrs test duration 

(Fig. 5.87). 

7. At 10 hrs soaking period and for a test duration of 168 hrs, the 

CR increased sharply with an increase in temperature from 900 to 

950°c followed by a sharp decrease upto 1050°c (valid for all 

the alloys in both SR and NSR condition; Fig. 5.86). 

The adverse effect of the 950°C heat-treating temperature was 

considerably minimized in B1,B2 and B4 on raising the test duration 

to 720 hrs (Fig. 5.88). 

8. The most useful micro-structures from the point of view of 

corrosion resistance corresponded to the following heat-treat-

ment(s) (valid for all the alloys): 

(a) 1050410,0Q, (b) 1050,4,0Q and (c) 1000,10,0Q 

Similarly, micro-structures corresponding to 900,4,0Q and 950,10,0Q 

heat-treatment were most detrimental from the corrosion point of 

view. 

5.2.6.2 Potentiostatic studies 

These studies were carried out to a limited extent for the higher 



Cu (= 3%) alloys B3 and B4 to assess their corrosion behaviour in 

10% (NH4)2SO4 solution. The potentiostatic behaviour of two stan-

dard Ni-resist alloys was also studied in 10% (NH4)2SO4  for the 

purpose of comparison. The data thus generated has been summarized 

in the Figs. 5.89-5.96. It was observed that: 

1. The experimental and the standard alloys in general exhibited 

active passive behaviour. 

2. In the as-cast condition, B4 appeared better than B3 based on 

the values of Ipp and Icr (Figs. 5.89 and 5.92). 

3. The 900°C,4 hrs,OQ heat-treatment lead to an improvement in the 

corrosion behaviour of B3 and B4 compared with the as-cast 

state. The value of Ipp reduced considerably while Icr was more 

or less unaltered. Once again B4 was found to be better than B3 

(Figs. 5.90 and 5.93.). 

4. Stress relieving lead to a small increase in the Ipp and to a 

substantial decrease in the Icr (Figs. 5.91 and 5.94). 

5. Comparing the behaviour of the two standard alloys, KC was found 

to be better than KC1, since Ipp and Icr were lower (Figs. 5.95 

and 5.96). 

5.2.7. Scanning metallography of corroded specimen surfaces 

This study was carried out on those selected specimens of the 

experimental alloys and of the two standard Ni-resist compositions 

on whom weight loss studies had been carried out in 5% NaC1 solu-

tion. The study was undertaken to ascertain the nature of corrosion 

in the experimental alloys and to find out whether it was different 
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from that observed in the standard alloys. Representative microg-

raphs, summarized in the Figs. 5.97-5.105, revealed that: 

1. In the standard Ni-resist compositions, the attack tended to be 

localized (Figs. 5.97a,d,e, and f). The matrix in general showed 

moderate cracking (Figs. 5.97c and f). In one of the instances 

extensive cracking was also observed (Fig. 5.97b). 

2. The experimental alloys did not undergo localized attack (Figs. 

5.98-5.105). 

3. Matrix cracking was also observed in the experimental alloys, 

its extent varying with alloy composition and heat-treatment 

(Figs. 5.98 - 5.105) 

4. Extensive cracking within the matrix as in the standard alloys, 

was also observed (Figs. 5.98b, 5.101, 5.103d, 5.104c.) 

5.2.8. EPMA studies 

They were carried out on the four experimental alloys to ascertain 

the distribution of Mn, Cr, Si, Cu, C and Fe into the matrix and 

the carbide phases as influenced by heat-treatment and or alloy 

content. Additionally, concentration profiles (line scans) for the 

aforesaid elements were also determined within the massive carbides 

and the bridge type new phase. This data alongwith the correspon-

ding x-ray images was recorded for the 1050°c heat-treatment. A 

careful analysis revealed that the concentration profiles were 

nearly similar. To avoid repetition only the repre6entative data 

has been included in this report and is summarized in the figs. 

5.106 and 5.107 respectively. 
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A perusal of these figures revealed that the element distribu-

tion within the massive carbides and in the new phase was similar. 



CHAPTER-VI 

DISCUSSION OF THE RESULTS 

6.1 General 

The present investigation was aimed at establishing (i) the tran-

sformation behaviour of the newely designed Fe-Mn-Cu white irons 

and (ii) an interrelation between the microstructure and the prope-

rties. Data on the electrochemical behaviour would be of major 

interest as it would help optimize the microstructure from the 

corrosion resistance point of view. It would be equally pertinent 

to ascertain whether the microstructure thus optimized is also 

optimum from the point of view of mechanical properties i.e. whet-

her an interrelation existed between the electrochemical and the 

deformation behaviour of the alloys. The possible clues to all this 

would be provided by the microstructure. 

The nature of the microstructure would be governed by allo-

ying, heat-treatment, and the basis on which the alloys have been 

designed. The following sections are devoted to a critical apprai-

sal of the microstructures attained, through intensive structural 

examination (Chapter V). The volume fraction, size, shape and 

distribution of the second phase have been determined by quantita-

tive metallography. Microstructures have been further characterized 

on the basis of their electrochemical response and the deformation 

behaviour so as to'arrive at a comprehensive interrelation between 

structure and properties. 

6.2 Structural considerations 

The general microstructure of white irons consists of pearlite + 

carbide. In the presence of Mn, Cr, and Cu, the structural changes 
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that may occur would be governed by the (i) partitioning of the 

elements into different microconstituents namely y and carbide, 

(ii) effect of heat-treating parameters on the partitioning beha-

viour and the alterations in the high temperature microstructure 

there off, (iii) effect of the elements present in austenite on its 

transformation behaviour and (iv) possible retention of high tempe-

rature 'microstructure at room temperature. 

The alloy design (Section 3.3) has been based on the (i) EPMA 

studies on Fe-Mn-Cr-Cu alloys containing Mn in the range of 03 to 

6%, Cr 06 and 9% and Cu 01 and 1.5%, investigated in the aircooled 

condition by Singh (66), (ii) effect of Mn content on the transfor-

mation behaviour of austenite in general (74,75) (iii) amount of Mn 

required to render an Fe 00.8C austenite air hardening (74,76) and 

(iv) minimum Cr content required to render a given composition 

white (53,77). Assuming the trend of element distribution in the 

experimental alloys to be similar to the one observed in the afore-

said study (66) namely that (a) nearly 45% of the Mn added parti- 

- tions to y and the balance to the carbide phase, (b) bulk of the Cr 

partitions to the carbide phase (c) bulk of the Cu partitions to y, 

the likely structural changes that may occur on heat-treating may 

be summarized as follows. 

6.2.1 Changes in the high temperature microstructure 

They would comprise of the following (i) reduction in the volume 

fraction of the massive carbides due to the presenc.e of Si and Cu 

(attributed to their graphitizing tendency) (ii) availability of an 

additional amount of interstitial and substitutional elements, as a 



consequence of the above change, dissolving in the y already pre-

sent thereby leading to an increase in its stability (iii) massive 

carbides being rendered discontinuous due to (i) and, (iv) possible 

precipitation of carbides directly from y on prolonged soaking, 

(78,79) represented by the reaction 

y ---> y + DC 

As the carbides are formed by a diffusion controlled transfor-

mation, the temperature and time of soaking would be the control-

ling parameters. Their (carbides) nature would be different from 

M3C since their formation would require possible participation of a 

relatively larger amount of substitutional elements. Evidently, a 

higher activation (temperature) is required for such a change to 

occur. The likely structural changes that may occur can thus be 

summarized with the help of the following equations: 

y ---> y (less alloy content) + DC 	.... (6.1) 

MC--->MC (discontinuous with reduced vf) 

+ Interstitial and substitutional solutes 	....(6.2) 

Interstitial + substitutional solutes + y->q (with increased 

stability) 	 .... (6.3) 

y (with higher stability)  increase in SP at a ST  
Increase in ST at a SP 

-> y (lower stability) + DC 	.... (6.4) 

DC  Increase in ST at  given SP 	 .—. (6.5) 
Increase in SP at given ST 	-> DC (coarse) 

6.2.2 Changes during cooling to room temperature 

They will be governed by the cooling rate and the alloy content and 

would primarily be confined to y . Some changes may also occur in 

the DC that have formed. The possible changes in y would depend 
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upon the temperature and time as they govern the relative stability 

of y in accordance with the equations (6.1), (6.3) and (6.4). If 

aircooling is done, y may reject excess solute in the form of 

dispersed carbides and would subsequently transform to either B/M 

and or remain untransformed. Since the minimum Mn content in the 

alloys (6%) ensures that martensite can form on air cooling from 

800 and 850°C and y is partly retained on aircooling from 

900°C(66), it is evident that the transformation product of y, 

would be predominantly martensite on quenching from upto 850°C and 

predominantly y on quenching from 0900°C. The relative proportions 

of y/M will be governed by the extent to which the reactions (6.1) 

and (6.4) proceed. 

Carbide precipitation during cooling mainly occurs because of 

a decrease in the solid solubility of 'C' in the y iron with 

temperature. If y is supersaturated after heat-treatment, it would 

reject out excess solute as carbides. However, if the y is not 

supersaturated and is in a state wherein the solutes are fully 

dissolved (requiring a higher heat-treating temperature), it will 

be retained as such on cooling. Since oil quenching has been 

employed, the possibility of DC being rejected from y during coo-

ling is rather small. 

Taking an overall view, the possible structural changes on 

cooling can be summarized with the help of the following equations: 

Slow cooling (as during casting) 

y ---> P/B + M 	 .... (6.6) 

(relative proportion of P/B & M depending on alloy content) 
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Carbide ---> Unchanged 	 .... (6.7) 

Retention of y ---> [depends upon y stabilizing tendency (Mn+Cu)] 
.... (6.8) 

Final likely structure : P/B + M + MC + RA (?) 

Heat-treated condition 

(a) Lower temperatures 800 and 850°C 

y* + DC 	 .... (6.4) 

y*  ---> M 	 .... (6.9) 

(extent of M depends upon soaking period i.e. less at lower SP and 

more at higher SP) 

---> y (depending upon alloy content) 	.... (6.10) 

Carbide ---> M3C + other variants 	 .... (6.11) 

DC ---> DC (Coarse) 	 .... (6.5) 

Final likely structure : M + y + MC + DC 

(b) Temperatures 900 & 950°C 

y* ---> y (most probable) 	 .... (6.12) 

y ---> M (possible to a minor extent on h/t from 900°C) 
.... (6.13) 

DC ---> DC (coarse) 	 .... (6.5) 

MC ---> M3C + other variants (vf reduced) 
	.... (6.11) 

Likely final structure : y + DC + MC + trace M (?) 

(c) 1000 and 1050°C 

y*  ---> y (matrix completely y) 	 .... (6.14) 

DC ---> DC (coarse) and possible dissolution at high SP/ST 
.... (6.5) 

MC ---> M 3C + other variants (Vf low, possible rounding off 
may be observed). 	.... (6.11) 

Final likely structure : y + MC + some DC or y + MC 
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6.2.3 Strengthening response of different transformations 

Before analysing the structure-property relations it would be 

appropriate to consider the strengthening response of the different 

transformations. 

The austenite to martensite transformation leads to hardening 

and to simultaneous embrittlement. The attainment of austenitic 

matrices would lead to an improvement in the ease of deformation. 

In such instances, the stacking fault energy (SFE) of the matrix 

would determine the strength-ductility interrelation as it (SFE) 

controls the extent of work-hardening. It is relevent to record 

that Mn-austenites have a low SFE and hence exhibit a high rate of 

work-hardening (80). 

Massive carbides have a high hardness and the strengthening 

response would be directly related to its volume fraction. Its 

morphology and compatibility with the matrix are equally important. 

The latter would also be governed by the crystal structure. 

The effect of dispersed carbides would be governed by the 

volume fraction, compatibility with the matrix, size, shape and 

distribution (81,82). 

6.3 Interrelation between microstructure and hardness 

The general microstructural changes that may occur in the experime-

ntal alloys, highlighted in the earlier section, facilitate inter-

pretation of the structural changes that would occur in B1,B2,B3 

and B4. As hardness is governed by the microstructure, the two have 

been discussed together. 

78 



6.3.1 As-cast state 

The microstructure of the alloys in the as-cast condition namely, 

P/B + M + MC, B/M + RA + MC, B/M + RA (?) + MC and B/M + RA + MC 

respectively (Figs. 5.8-5.11), is in accordance with the analysis 

outlined in the section 6.2 (equations 6.6 to 6.8). In the as-cast 

condition Mn alone is controlling the matrix microstructure because 

Cu separates out on slow cooling and has a negligible effect on the 

transformation behaviour (83,84). This can be attributed to its 

solubility in y and a irons and to a further decrease in its solid 

solubility with temperature in ferrite (85,86). Accordingly, the 

matrix microstructures in the alloys B1 and B3 are not likely to be 

fully martensitic (Figs. 5.8, 5.10). Although this is clearly 

rejected in the microstructure of Bl (Figs. 5.8a,b), the same is 

not clearly evident from the microstructure of B3 (Fig. 5.10). 

The matrix microstructures of the higher Mn alloys B2 and B4 

would have an appreciably higher proportion of martensite (Figs. 

5.9, 5.11) with some austenite retention a distinct possibility at 

least in B4 (Fig. 5.11). Accordingly, the hardness values of Bl and 

B3 and that of B2 and B4 are expected to be nearly similar. Furthe-

rmore, B4 is likely to be less harder than 82 due to possible 

retention of y. However B3 is harder than Bl and B4 is harder than 

B2. This may be attributed to a higher P content in B3 and B4 

(Table 4.2). 

6.3.2 Heat-treated condition 

As already stated, the alloys particularly those with lower Mn 

content, are so designed that they readily transform to martensite 
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and that the retention of y is not ruled out on aircooling from 

900°C. In the present context, since oil quenching alone has been 

employed, the y retaining tendency is still further enhanced (rete-

ntion will be possible even on heat-treating from temperatures 

lower than 900°C). This tendency would be further enhanced in the 

higher Mn/Cu alloys. When this is considered alongwith the general 

structural changes that have been outlined in section 6.2, it 

becomes easy to rationalize how micro-structure would vary on heat-

treating. 

6.3.2.1. Alloy B1 

The changes can be easily explained based on equations (6.1 to 

6.14). 

(a) 800°C : High hardness (Fig. 5.1) at 2 hrs soaking period is 

due to the formation of a martensitic matrix (Fig. 5.12. a and b). 

Hardness increased marginally with time (Fig. 5.1) only at 10 hrs 

soaking period due to the formation of some dispersed carbide (DC) 

(Fig.5.12 c and d). 

(b) 850°C : The lower hardness at 2 hrs soaking period (Fig. 5.1) 

is due to the retention of y in accordance with the equations 6.3 

and 6.10 (Fig. 5.16 a and b). Increase in the hardness with soaking 

period (Fig. 5.1) is due to the formation of martensite and a 

higher volume fraction of dispersed carbide (Fig. 5.16 c,d,e and f) 

in accordance with equations 6.4 and 6.9. The lower overall har-

dness level at 850°C in comparison to that observed at 800°C is due 

to an increase in the y stabilizing tendency and hence to the 

formation of a relatively smaller volume fraction of martensite. 
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An alternative interpretation of the hardness data on heat-

treating from 850°C (shown in dotted line; Fig 5.1) is that the 

initial increase in hardness upto 4 hrs is due to the formation of 

some martensite. The hardness arrest upto 8 hrs, indicating practi-

cally no change in the microstructure, can be explained by stating 

that an increase in the martensite forming tendency is counterbala-

nced by an increase in the y stabilizing tendency in accordance 

with the equations 6.3 and 6.10. However, on soaking for 10 hrs a 

higher activation not only results in a larger volume fraction of 

dispersed carbides but also improves the martensite forming tenden-

cy leading to an increase in hardness by about 50 VPN (Fig. 5.1). 

The decrease in the volume fraction of massive carbides with 

soaking period, which is small (Table 5.45) due to the temperature 

being relatively lower, is not expected to have a major effect on 

the overall hardness. 

(c) 900°C: Low hardness (Fig. 5.1.) at 2/4 hrs soaking period is 

due to the matrix being predominantly austenitic (equation 6.12, 

Fig. 5.20 a & b). The unevenness and the dark etching characteris-

tic of the matrix (Fig. 5.20 b) may indicate the possible presence 

of some martensite [equation 6.13]. Increasing the soaking period 

has practically no effect on the hardness because the microstruc-

ture is practically unalterned except for a limited coarsening of 

the dispersed carbides and some reduction in the volume fraction of 

the massive carbides (Fig. 5.20 c,d & e; Tables 5.45 and 5.54-

5.56). The lower overall hardness at 900°C in comparison to that at 

850°C is largely due to austenite replacing most of the martensite. 



(d) 950°C: The basic structural changes at 950°C are similar to 

those at 900°C except that the coarsening of dispersed carbides is 

enhanced and reduction in the volume fiaction of massive carbide is 

larger (Fig. 5.24 a-d; Tables 5.45 and 5.54-5.56). These changes, 

which promote the retention of relatively larger volume fraction of 

stable austenite, not only result in a lower overall hardness 

compared with that observed at 900°C but are also responsible for a 

slight decrease in hardness with soaking period (Fig.5.1). Volume 

fraction of the massive carbides has decreased to a level so as to 

contribute to the decreasing hardness trend. 

(e) 1000°C: The low hardness at 2 hrs soaking is due to (i) a 

predominantly austenitic matrix rendered even more stable and (ii) 

a further decrease in the amount of massive and dispersed carbides 

(Fig. 5.28 a and b; Table 5.45). The decrease in hardness with 

soaking period (Fig. 5.1) is due to a marked decrease in volume 

fraction of the massive carbides and to a near complete dissolution 

of the dispersed carbides (Figs. 5.28 c and d; Table 5.45). 

(f) 1050°C: Structural changes are similar to those observed at 

1000°C but are still further accelerated due to the temperature 

being higher. This leads to a decrease in hardness with the soaking 

period. This decrease would have been steeper but for the formation 

of a new hard phase having a plate like appearance. Its volume 

fraction initially 'increased with soaking period (upto 4/6 hrs) and 

decreased thereafter on raising the soaking period to 10 hrs (Fig. 

5.32 a-f). At the end of the 10 hrs soaking period-this phase is 

still present alongwith massive carbides whose volume fraction is 

very small and which have attained a globular morphology (Figs. 
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5.32 g-j). The lowest overall hardness at 1050°C is due to the 

presence of a predominantly high stability austenitic matrix con-

taining very small amounts of massive carbide and the new phase 

(NP). 

6.3.2.2 Alloys B2, B3 & B4 

The structural changes occuring in Bl and the corresponding changes 

in hardness have been satisfactorily explained. Transformation in 

B2, B3 and B4 are also expected to proceed on similar lines. It 

would be reasonable to suggest that the changes taking place in 

these alloys may be classified as common with and different from 

those occuring in Bl. The former shall comprise of transformations 

in which the final micro-structure is predominantly austenitic i.e. 

the structural changes occuring on heat treating from temperatures 

>900 C. Under these conditions, B2, B3 and B4 may differ from Bl in 

terms of the (a) volume fractions of massive carbides (Table 5.49), 

dispersed carbides (Table 5.56), and the new phase (Figs 5.32-

5.35), (b) coarsening behaviour of dispersed carbides (Tables 5.54 

& 5.55) and (c) the relative stability of austenite. All these 

parameters are a function of the alloy content and the heat-trea-

ting schedule. 

The aforesaid differences in the microstructure would not only 

lead to differences in the overall hardness between Bl and B2, B3, 

B4 but also amongst B2, B3 and B4. The micro-structure and hardness 

on heat treating B2 (Figs. 5.2, 5.21, 5.25, 5.29, & 5.33), B3 

(Figs. 5.3, 5.22, 5.26, 5.30, 5.34) and B4 (Figs. 5.4, 5.23, 5.27, 

5.31, 5.35) from temperatures ranging from 900-1050°C are consis- 
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tent with the above reasoning. 

B2, B3 and B4 would differ from B1 based on the transforma-

tions occuring at 800 and 850°C. At 800°C, the transformation 

behaviour of B3 will be similar to Bl in view of their similar Mn 

contents. The effect of a higher Cu content in B3, not experienced 

at 800°C due to the temperature being lower, is duly manifested at 

850°C. In view of this the overall level of hardness and the rate 

of increase in hardness in B3 is lower than that in Bl. This can be 

attributed to a higher y stabilizing tendency which does not permit 

the reaction represented by equation 6.9 to go to completion (i.e 

reactions corresponding to equations 6.9 and 6.10 occur only par-

tly). The micro-structural and hardness changes in B3 at 800°C 

(Figs. 5.3 and 5.14 a-d) and 850°C (Figs. 5.3 and 5.18 a-d). are 

consistent with this reasoning. 

In view of a higher Mn content (a higher y stabilizing tenden-

cy), the nature of micro-structural and hardness changes in B2 at 

800°C (Figs. 5.2 & 5.13 a-d) would be similar to those in Bl and at 

850°C. A similar situation would exist in B4 on heat treating from 

800°C (Figs. 5.4 and 5.15 a-d). On heat treating from 850°C, howe-

ver, the aforesaid changes in B2 (Figs. 5.2 & 5.17 a-d) and in B4 

(Figs. 5.4 & 5.19 a-d) would be similar to those generally observed 

on heat-treating from 900°C. This is attributed to an increased y 

stabilizing tendency due to higher Mn/Cu contents and would lead to 

a decreasing trend in hardness with soaking period. The overall 

level of hardness in B4 would be lower than that in B2 (Figs. 5.2 & 

5.4) in view of its higher i-stabilizing tendency attributed to a 

higher Cu content. 
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6.3.2.3 Comparative hardness vs time data 

The analysis put forth in the preceding sections very clearly 

explains the mirco-structural and hardness changes in the experime-

ntal alloys. It would now be appropriate to compare the hardness 

levels in different alloys as influenced by time at different heat-

treating temperatures. The derived curves (Figs. 5.5 a-f), drawn on 

the basis of the data already summarized in the base curves (Figs. 

5.1-5.4), bring out this information unambiguously and at a glance. 

These curves can be interpreated on a similar basis as the base 

curves and reveal that: 

(0 At 800°C the behaviour of Bl and B3 and that of the higher 

Mn alloys B2 and B4 are similar. As already explained, the transfo-

rmation behaviour is controlled by the Mn content alone. The former 

combination attains a higher overall level of hardness (Fig. 5.5) 

due to a lower y stabilizing tendency attributable to a lower Mn 

content (Ji6%). Thus, the reaction corresponding to equation 6.9 

goes to completion. 

(ii) On heat-treating from 850°C the Cu effect comes into play. Bl 

and B3 show an increasing trend in hardness with soaking period 

(equations 6.3, 6.4 and 6.9), the overall level in Bl being higher 

than in B3 due to a lower y stabilizing tendency. The hardness in 

B2 and B4 exibits a decreasing trend with soaking period, because 

the reaction corresponding to equation 6.9 does not go to comple-

tion leading to y retention. The overall level of hardness is 

higher in the former group of alloys (B1 and B3) for reasons alrea-

dy stated. Thus, from the overall hardness point of view 
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B1>B3>B2>B4 [hardness inversely proportional to y stabilizing 

tendency which is direclty proportional to the Mn+Cu contents] 

(Fig. 5.5b). 

(iii) At 900°C, the bunching together of the H vs t curves is due 

to a similarity in the microstructure (Fig. 5.5 c). All the same, 

observation at (ii) regarding the relative hardness levels, holds 

as it is intrinsically related with the alloy content. 

(iv) The situation at 950°C is nearly identical with that observed 

at 900°C due to a similarity in the micro-structure. However, the 

slight decrease in hardness with the soaking period is because the 

transformations inducing a reduction in the, volume fraction of 

massive carbides and a coarsening of dispersed carbides are accele-

rated. A relatively higher (i) heat treating temperature and (ii) 

Mn as well as Cu contents are also contributing to the decreasing 

hardness trend (Figs. 5.5d). 

(v) 1000°C : Reasons for a decrease in the hardness with soaking 

period have already been explained. The hardness levels associated 

with the alloys are (a) directly related to the of of MC and (b) 

inversely proportional to the overall alloy content (Fig. 5.50. 

(vi) 1050°C : A situation similar to that at 1000°C exists, and 

the comparative hardness data can be explained essentially on a 

similar basis as in (v) (Fig. 5.5f). 

6.3.3 Correlation between hardness and time 

In order to arrive at a correlation between hardness and time, the 

data contained in the tables 5.1-5.24 was analysed with the help of 
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a computer programme. Constants for the first, second and third 

order variations were calculated using the least square technique 

(72,73) and are reported at the bottom of each of the tables 5.1-

5.24. Although the variance decreased as the order of equations 

increased, plotting of the data revealed that the variation in 

hardness with time and its subsequent interpretation based on 

micro-structural changes can be best explained on the basis of a 

first order equation. The theoretical values of hardness calculated 

on this basis (also indicated at the bottom of each of the tables) 

were found to be in excellent agreement with the experimental 

values. Thus, the variation in hardness with time at each of the 

heat-treating temperatures can be most appropriately represented by 

an equation: 

H = Cl + C2t 	.... (6.15) 

The values of Cl and C2 for each of the alloys at different 

heat treating temperatures are indicated in the relevent tables 

(i.e. tables 5.1-5.24). 

6.3.4 Effect of temperature on hardness 

6.3.4.1 Nature of variation 

In order to arrive at the aforesaid correlation, the hardness vs 

temperature data for each of the alloys (summarized in the tables 

5.25-5.44) was analysed and the constants for first to 4th order 

variations were calculated (indicated at the bottom of the tables 

5.25-5.44). In order to arrive at the optimal mode bf variation, 

all the possibilities were considered. It emerged that it was not 

reasonable to assume the variation between hardness and temperature 
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to be a linear one especially when changes in the microstructure 

are being brought about by three different transformations. A 

fourth degree variation can similarly be ruled out. of the three 

available options a thir order variation appeared to be the most 

appropriate based on an analysis of the Figs. 5.1-5.4, which re-

veals a hardness plateau at 900 and 950°C, a decrease in hardness 

beyond 950°C and an increase in. hardness below 900°C. A variation 

of this type also appeared to be consistent with the microstructu-

ral changes. Hence, the variation in hardness with temperature at 

each of the soaking periods can be most appropriately represented 

by a third order polynomial: 

H = Cl + C2T + C3T2 + C4T3 
	.... (6.16) 

The values of the constants C1,C2,C3 and C4 have been indi-

cated in the tables 5.25-5.44. This analysis forms the basis of 

arriving at the hardness vs temperature curves (Figs. 5.6 and 5.7) 

which are in the form of a horizontal 'S'-shape. 

6.3.4.2 Effect of temperature on hardness and microstructure 

The data summarized in the figs. 5.6 and 5.7 can essentially be 

interpreted on a basis similar to the one employed for interpreting 

the data contained in the figs. 5.1-5.4. However, in the present 

context, it is the shape of the hardness vs temperature curves that 

needs to be carefully analysed. As already stated (section 

6.3.4.1), the hardness vs temperature plots should have an S-shaped 

configuration because the hardness, while decreasing, shows a pla-

teau. It is nearly constant over a range of temperature 'X'. At 

temperatures lower than the aforesaid range (X), the hardness 

88 



increases because of an increase in the tendency to form martensite 

which is directly proportional to the soaking period and inversely 

related to Mn/Cu contents (sections 6.2, 6.3.1 and 6.3.2). At 

temperatures higher than the temperature range (x), the hardness 

decreases because of (i) an increase in the y stability and (ii) 

the microstructures being predominantly austenitic (due to a reduc-

tion in the of of MC and DC). The two tendencies are directly 

proportional to the soaking period and the Mn/Cu contents (section 

6.2). This analysis satisfactorily explains the general features of 

the hardness vs temperature. curve (Figs. 5.6 a-d). 

The higher Mn alloys B2 and B4 exhibit a flatter profile in 

comparison to the lower Mn alloys Bl and B3 due to a higher y 

stabilizing tendency leading to an early (at relatively lower 

temperatures) formation of the y-based microstructures (Figs. 5.6 b 

and d). The steeper profiles associated with Bl and B3, signifying 

a marked decrease in hardness with temperature in a unit of time, 

can be similarly explained based on a reduced i-stabilizing tenden-

cy (Figs. 5.6 a, c). On the basis of a similar reasoning it is easy 

to deduce that the COP signifying the plateau region of the har-

dness vs temperature curves would set in at early (i.e. at lower 

temperatures) in B2 and B4 (Figs. 5.6 bpd) and later (at higher 

temperatures) in the alloys Bl and B3 (Fig. 5.6 a,c). The maximum 

decrease in hardness (hardness band) in the four alloys has occured 

at 1050°C firstly because this is the highest heat-treating tempe-

rature employed and secondly because at this temperature the diffe-

rent structural changes leading to a decrease in hardness occur the 

fastest. At 1050°C, the higher the soaking period the smaller would 
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be the volume fraction of massive carbides and larger the volume 

fraction of y i.e. lower will be the hardness (Figs. 5.6 a-d). This 

explains the existance of the hardness band (signifying hardness 

variation at 1050°C with soaking period) in each alloy. All other 

factors being identical, the width of the band would be mainly 

related to the y stabilizing tendency (i.e. the soaking period and 

Mn+Cu content) and to the volume fraction of. the massive carbides. 

Ideally the band width would be a maximum for 81 i.e. for the 

composition with the least alloy content to be followed by B2, B3 

and B4. However, experimentally the order is found to be 

Bl>B3>B4>B2. The deviation from the ideal behaviour may be attri-

buted to the differing volume fractions of the new phase (NP). 

6.3.4.3 Comparative hardness vs temperature data 

The comparative curves indicating the effect of temperature on 

hardness (Figs. 5.7 a-f), essentially derived from the data summa-

rized in the Figs. 5.6 a-d, indicate the effect of soaking period 

and can essentially be interpreted on a bssis similar to the one 

employed for interpreting the Figs. 5.6 a-d. The usefulness of the 

figures 5.7 a-f is that they give the comparative data for the 

experimental alloys at a glance. 

6.3.5 Effect of temperature and time on the morphology and volume 
fraction of massive carbides 

Although the effect of massive carbides in controlling the overall 

hardness has been discussed at length in section 6.3.4.2, it would 

be appropriate to comment upon the effect of heat-treating parame-

ters on their morphology and volume fraction. Massive carbides 

present in the as-cast structure (Figs. 5.8-5.11) are partly disco- 
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ntinuous and have been so rendered due to the graphitizing action 

of Cu (section 6.2). The same graphitizing action is also responsi-

ble for a reduction in their volume fraction on heat-treating. It 

will increase with an increase in the Cu content and the heat-

treating temperature and time. Based on physical metallurgical 

considerations associated with malleabilizing (87), it is expected 

that the tendency to render the carbides discontinuous and their 

volume fraction to decrease would be pronounced only at temperature 

around 950°C. Another reason why volume fraction of massive car-

bides may not significantly decrease uptill 950°C is that other 

transformations (highlighted earlier) take precedence over those 

presently under consideration. This is because they require lesser 

activation. An equally important aspect needing consideration is 

that unlike in malleable irons the carbide phase in the experimen-

tal alloys has been rendered stable by Cr additions (section 3.3). 

Therefore as the heat-treating temperature and time are increased 

the massive carbides instead of decomposing into graphite will try 

to acquire a configuration/morphology which would help minimize the 

overall energy of the micro-structure. Such a morphology would 

either be near spherical or hexagonal. The precise nature would be 

governed by the crystal structures of the massive carbides as 

influenced by h/t temperature and time. This analysis explains the 

general rounding off observed in massive carbides on heat-treating 

from higher temperatures (Figs. 5.28-5.35). 

Returning now to the decrese in the of of massive carbides, 

the Cr containing carbides are further rendered stable since nearly 

50 to 55% of the Mn added also partitions to it (66). Therefore, 
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taking an overall view, the decrease in the volume fraction of 

massive carbides will be faster only at temperatures around 950°C 

or higher (i.e. 01000°C) as has been observed in the present inves-

tigation. This process (involving a reduction of massive carbide) 

will be further aided by the presence of a fully austenitic matrix 

and this occurs only at temperatures around 950°C. This clearly 

explains why the volume fraction of massive carbides decreases 

rapidly with soaking period only at temperature > 950°C i.e at 

1000°C (Figs. 5.24-5.31, and tables 5.45-5.49). The least volume 

fraction of massive carbides will accordingly be observed at 1050°C 

and that too at the highest soaking period since the austenitic 

matrix has maximum stability under these conditions (Table 5.49). 

The volume 'fractions of massive carbides in the different 

alloys are directly related with the y stabilizing tendency which 

is proportional to the Mn/Mn + Cu content as well as to the graphi-

tizing tendency (a function of Cu content). The reasons for the 

least volume fraction of the massive carbide in B3 at 1050°C, 10 hr 

heat-treatment can be traced to the least Mn/Cu ratio and hence to 

the maximum graphitizing tendency in this alloy (Table 5.49). 

6.3.6 Effect of time and temperature on dispersed carbides 

Sections 6.2 and 6.2.2 highlight the mechanism of formation of 

dispersed carbides from austenite. The results summarized in the 

tables 5.50-5.59 and in the figures 5.36-5.78 prove helpful in 

characterizing them fully. As can be seen, particles constituting 

the dispersed carbides belong to classes I and II- because they 

exclusively fall into these two classes at the formation stage. 



This is valid for all the alloys. On heat-treating, their distribu-

tion is altered in a manner consistent with the attributes of a 

nucleation and growth type of transformation. Simultaneously, coar-

sening would also set in. This would involve a reduction in the 

number of particles in the first two classes and a simultaneous 

increase in the number of particles in the class III - VI. Additio-

nally the mean diameter would also increase. This is what has been 

observed in a majority of the instances (Tables 5.54-5.58). The 

comparative data given in the table 5.59 reveals that it would be 

difficulat to arrive at a general interelation correlating the 

effect of alloy content and h/t schedule on the extent of coarse-

ning. This parameter is, however, of interest as it would govern 

the overall properties of the alloys. 

Studying the coarsening behaviour based on the equation 

representing Ostwald ripening (89) namely : 

3 ri3  - ro  - K (t1  - to) .... (6.17) 

Where r1 = Particle radius at time t1 

ro  = Particle radius at time t0  

appeared difficult due to in sufficient number of data points (data 

corresponding to only 3-4 soaking periods at a given heat-treating 

temperature are available). For ascertaining the validity of the 

above equation at least 10-12 data points are required. This diffi-

culty was resolved by defining a new parameter called.the DISTRIBU-

TION FACTOR (DF). The basis of its evolution and its mathematical 
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expression have been discussd latter (section 6.5.4) Distribution 

factors for the various alloys, as a function of heat treating 

schedules, are given below 

Distribution factors for different alloys *. 

h/t B1 B2 B3 B4 

800°C, 10h 0.576 0.536 0.616 0.582 
850°C, 2h 0.475 0.516 0.596 0.736 
850°C, 6h 0.425 - - - 
850°C, 10h 0.413 0.443 0.537 0.534 
900°C, 2h 0.339 0.583 0.482 0.479 
900°C, 4h - 0.483 0.388 0.519 
900°C, 6h 0.346 0.417 0.409 - 
900°C, 10h 0.347 0.419 0.442 0.410 
950°C, 2h 0.367 0.418 0.482 0.483 
950°C, 4h 0.402 0.399 0.382 0.461 
950°C, 6h 0.329 0.416 0.374 0.440 
950°C, 10h 0.285 0.447 0.357 0.359 

* Calculated on the basis of particle distribution at each of 
ten fields of observation for a given heat-treatment and then 
averaged.' 

Using this parameter as the basis, the coarsening behaviour 

can be studied based on a parameter termed as the coarsening index 

(CI) which is given by 

CI = 	DF for a given heat treatment 

 

....(6.18) 

 

DF for the h/t with particles in class I&II mainly 

 

The smaller the CI the greater is the coarsening tendency. Based on 

this parameter the coarsening behaviour of the alloys can be com-

pared and is summarized below: 



Relative coarsening behaviour of the alloys 

Coarsening index 

h/t Bl B2 B3 B4 Remarks 

800°C, 10h 1.000 - - - gradation based 
850°C, 2h 0.825 1.000 1.000 - on increasing 
850°C, 6h 0.738 - - - order of coars-

ening. 
850°C, 10h 0.717 0.858 0.901 1.000 B3>B2>B1 
900°C, 2h 0.588 1.130 0.809 0.899 B2>B4>83>B1 
900°C, 4h - 0.936 0.651 0.972 B4>B2>B3 
900°C, 6h 0.601 0.809 0.686 - B2>B3>B1 
900°C, 10h 0.603 0.812 0.740 0.769 B2>B4>B3>Bl 
950°C, 2h 0.638 0.811 0.808 0.903 84>82>B3>B1 
950°C, 4h 0.698 0.773 0.640 0.863 B4>B2>B1>B3 
950°C, 6h 0.571 0.807 0.627 0.825 B4>B2>B3>B1 
950°C, 10h 0.495 0.867 0.599 0.672 B2>B4>B3>B1 

From the table it is inferred that the higher Mn alloys under-

go lesser coarsening i.e. an increase in the Mn content reduces 

coarsening. This appears logical since an increase in the Mn con-

tent retards the transformation of austenite (80). No comment is 

being made on the possible effect of Cu on the extent of coarsening 

because the both the higher Cu alloys B3 and B4 have a higher P 

content than in Bl and B2 (Table 4.2) thereby making any comparison 

untenable. 

The data on the relative coarsening behaviour of the alloys is 

of considerable importance in understanding the deformation and the 

corrosion behaviour of the alloys. This aspect has been elaborated 

upon laterin the sections 6.4 and 6.5.1). • 

A critical analysis reveals that distribution factor for the 

four alloys can be mathematically represented with the help of the 
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following equations: 

81: DF = 0.0097 e T 3358  - (0.058-5.8x10-5)t 	** Olo (6.19) 

B2: DF = 0.0357 	2378 - 	(0.103-10.6x10-5T)t .... 	(6.21 e 	T 

2 B3: DF = 0.0306 	
25
03 5 - 	(0.008-0.03x10-5T)t .... 	(6.21) e 	T 

B4: DF = 0.0156 	3279  - 	(0.147-14.3x10-5T)t (6.22) e  

The basis of arriving at these equations is the same as that 

on which the mathematical modelling of the transformation behaviour 

of the alloys was carried out. This has been elaborated upon in the 

next section. The theoretically calculated values of the DF agree 

well with the experimentally determined values i.e. in a majority 

of the instances the maximum difference between the experimental 

and the theoretical values is 10%. 

Dispersed carbides in all the alloys dissolved at 1000°C on 

soaking for 0 4 hrs (Figs. 5.28-5.31). The data on the relative 

stability of different carbides helps in deducing that the disper-

sed carbides are M23  C6  type (90). 

6.3.7 Mathematical modelling of the transformation behaviour 

Figs. 5.1-5.4 show that time and temperature control the 

transformation behaviour and therefore the hardness in the 

experimental alloys. It was concluded that hardness varies linearly 

with soaking period and can be represented by an equation. 
• 

H = C1  + C2t 
	

(T°K) 	.... (6.23) 



The values of Cl and C2 were found to be different for diffe-

rent temperatures and can be expressed as 

	

Cl = f(T) 	.... (6.24) 

	

C2 = f(T) 	.... (6.25) 

The plots of Cl vs T and C2 vs T revealed that the C2 vs T is 

linear and gives a relationship C2 = A3 + A4 T. However, the Cl vs 

T plots were exponential in nature. A plot between In Cl vs 1/T 

indicated a linear behaviour and hence the relation between Cl and 

T can be expressed as: 

In Cl = In Al + A2.1/t 	.... (6.26) 

	

Cl = Al eA2/T 	.... (6.27) 

Substituting for Cl and C2 in equation (6.17), the final 

relationship is 

H = Al. eA2/T + (A3+A4 T)t 	.... (6.28) 

The constants Al, A2, A3 and A4 were calculated for different 

alloys using the multivariable nonlinear constraint optimization 

technique (72,73). The final equations along with the overall 

standard deviations are reported below: 

81: H = 67.4  e2418.9/T 	(0.0318-2.7x10-5T)t 

overall SD = 25 

B2: H = 61.8 e2442.5/T + (0.0188-1.6x10-5T)t 

overall SD = 21 

33.9 e3171.6/T B3: H = 33 	(0.0239-2.1x10-5T)t 

overall SD = 27 

.... (6.29) 

.... (6.30) 

.... (6.31) 
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B4: H = 65.7 e233 7.4/T .1. (0.0217-1.9x10-5T)t 

overall SD = 18 

Where T = temperature in K 

t = time in seconds 

H = VHN30 

.... (6.32) 

The theoretical hardness values calculated from the above 

equations were plotted against the corresponding experimental 

values and are shown in Fig. A-1. The figure reveals that barring a 

few instances, the calculated values are well within the permissi-

ble error of 5%. 

It is observed that the constants A1,A2, and A3 are positive 

for all the alloys. Hence their effect would be similar and addi-

tive. The constant A4 is negative for all the alloys. Therefore its 

effect needs to be analysed. This calls for an assessment of the 

contribution of second factor of the equation 6.28. At 800°C heat-

treating temperature the contribution of this parameter to the 

hardness, as influenced by the soaking period is positive and given 

below: 

Soaking period Contribution of the factor (A3+A4T)t 

hrs. 81 B2 B3 B4 

2 20 12 10 10 
4 41 24 20 19 
6 61 35 30 28 
8 82 47 39 38 
10 102 59 49 47 

The above table indicates the linear dependance of the contri-

bution of this factor to the overall hardness on the soaking period 
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at a given h/t temperature. From the table it is further inferred 

that an increase in the Mn content appears to reduce the contribu-

tion of the said (second) factor. However a generalization to this 

effect can be made only after investigating a number of alloy 

compositions with varying Mn contents. 

At 1050°C the contribution of the second factor is negative 

and the values for the different alloys as influenced by the 

soabing period are given below. 

Soaking period 	Contribution of the factor (A3+A4T)t 

hrs. Bl B2 B3 B4 

2 -28 -17 -28 -25 
4 -57 -34 -56 -50 
6 -85 -51 -84 -74 
8 -113 -68 -112 -99 
10 -141 -85 -140 -124 

The above data also leads to a similar conclusion regarding 

the effect of Mn on the magnitude of the second factor. 

Because of a difference in the nature of the contribution of 

the second factor as influenced by temperature, further calcula-

tions were made to find out the temperature at which the contribu-

tion of the aforesaid factor became. For Bl the changeover occoured 

at around 904°C which is infact the temperature representing the 

cross over point section (6.3.4.2). This deduction is valid for all 

the alloys, duly remembering that value of the COP differs from 

alloy to alloy. 

The above discussion also reveals that the term (A3+A4T)t has 

a definite impact on the overall hardness. 
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6.3.8 Identity of the new phase 

It now becomes necessary to ascertain the nature of the new phase 

formed. Although it has formed at 1050°C around massive carbides, 

eventually bridging the neighbouring massive carbide regions (Figs. 

5.32-5.35), there are indications that its formation has been 

initiated to some extert even on prolonged soaking at 1000°C (Figs. 

5.28-5.31). The new phase has evidently formed by a process of 

nucleation and growth because its volume fraction increases with 

soaking period upto o4h/6h and decreases thereafter (88). Electron-

probe micro analysis has revealed that the distribution of Mn, C, 

Cr and Fe in the new phase is similar to that observed in the 

massive carbide regions. This clearly identifies the new phase to 

be a carbide with a relatively higher concentration of Mn and Cr 

and a relatively lower concentration of Fe (Fig. 5.106, 5.107). 

The precise nature of the 'bridge' carbide can be identified 

by either subjecting the extracted phase to X-ray diffraction 

studies or else by X-ray diffractometric technique. The latter was 

employed in the present study and the results obtained have been 

presented in the next section. 

The formation of certain special type of carbides having a 

'fibrous' morphology has been reported in certain high alloyed 

white irons (91). It has been further stated that the fibres are 

hexagonal and that the adjascent fibres are frequently joined 

together. . This description agrees well with the nature of the 

'bridge carbide' observed in the experimental alloys. It is there-

fore likely that aforesaid carbide is similar in nature to the 
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hexagonal 3-D carbides formed in the high alloyed white iron (91). 

It may be significant to note that the amount of the bridge 

type carbide is different in different alloys, it being the maximum 

in Bl, and comparable in B2, B3 and B4 (perhaps marginally lower in 

B3). An indirect inference from the observation is that perhaps a 

low Mn/Cu ratio, a relatively lower Mn content and a high Cu con-

tent may prove helpful in restricting/avoiding the formation of 

this type of carbide. Should this be so, the higher graphitizing 

tendency due to the presence of a higher Cu content, may be mainly 

responsible for the observed difference in the tendency to form the 

aforesaid type of carbide. 

6.3.9 Structural analysis by X-ray diffractometry 

This analysis has proved extremely useful in deciding (a) whether 

austenite was retained in the as-cast microstructures, (b) till 

what stage on heat-treating temperature and time martensite existed 

even in traces, (c) the nature of the carbides formed and (d) the 

effect of heat-treating parameters on the nature of the carbides 

(Tables 5.60 to 5.100). 

X-ray analysis has proved useful in ascertaining that there is 

a distinct possibility of y being retained in the as-cast structure 

in B3, a possibility that had been suggested while interpreting 

microstructures (section 6.3.1). Similarly, the possible presence 

of martensite in very small quantities has been confirmed correspo-

nding to the 900°C, 4h, OQ and 900°C, 10h, OQ heat-treatments 

(section 6.3.2.1). It is equally pertinent to record that the X-ray 

analysis has further confirmed the absence of martensite on heat- 
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treating from 950°C except in one instance i.e in the alloy B4 

[Table 5.100 (a)]. Interestingly enough this deduction, although 

unexpected, agrees well with the optical metallographic observa-

tions (observation 5 of section 5.2.2). This may be attributed to 

segregation within the austenitic matrix leading to the formation 

of regions depleted in alloying elements. They may transform to 

martensite on cooling. 

Based on the diffractometric studies it is inferred that 

amongst the four carbides that are formed namely M3C, M 5C2, M7C3  

and M23C6, the M3C is the predominant constituent. At high tempera-

tures (1000 and 1050°C), mostly M5C2  and M7C3  are present. The 

M23C6  and M3C carbides were absent on heat-treating from upwards of 

1000°C. The type of carbide that would form depends upon the effec-

tive Mn, Cr, C and Fe contents. They in turn would depend upon the 

(i) alloy content, (ii) heat-treating temperature and time and 

(iii) partitioning behaviour. In the absence of the quarternary Fe-

Mn-Cr-C phase deiagram, the basis for deciding the nature of the 

carbides would be the relevent ternary sections of the Fe-Cr-C and 

Fe-Mn-C phase diagrams. An analysis of the carbide transformation 

sequence in the experimental alloys [Table 5.100 (b)] reveals that 

the observed sequence is consistent with the information derived on 

the basis of the phase diagrams (92). 

The presence of different types of carbides at different 

stages of heat-treatment would have an important bearing on the 

electrochemical as well as the deformation behaviour of the alloys 

since the compatibility of the carbide phase (be it dispersed or 

massive) with the matrix would influence these properties. Compati- 
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bility is a function of the crystal structure. The aforesaid aspect 

has been critically discussed in the following sections. 

6.4 Effect of microstructure on the deformation behaviour 

Considering now the deformation behaviour, the as-cast state is 

typified by a brittle behaviour (low CS and % strain) consistent 

with a high hardness (Table 5.105 and figure 5.79). Differences in 

the compressive strengths and in the % strain in the as-cast state 

can be explained on the basis of the nature of the matrix micro-

structure and whether it is uniform or nonuniform, morphology and 

the volume fraction of massive carbides, possible retention of 

austenite and the location of y in the microstructure. How these 

aspects differ from one alloy to another, has been clearly discus-

sed in the sections 6.2 and 6.3. The similarity in the behaviour 

between Bl and B3 (lower CS and lower % strain and that between B2 

and B4 (higher CS and higher % strain), highlighted earlier, 

(sections 6.2 and 6.3) is also reflected in their deformation 

behaviour. B2 and B4 have attained higher strength and percent 

strain due to a relatively uniform matrix microstructure, a lower 

volume fraction of Mc and retention of austenite (Figs. 5.8-5.11, 

5.79). 

Heat-treating has lead to an improvement in both the compres-

sive strength (CS) and % strain because the volume fraction of 

massive carbides is reduced, they are rendered discontinuous and 

the matrix either comprises of TA-M or simply y depending upon the 

temperature and time employed. Therefore the extent of improvement 

in properties would depend upon the heat-treating temperature and 
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time (Figs. 5.80-5.83). 

On heat-treating from 900°C at 4hrs soaking period, the prope-

rties of the four alloys are different and consistent with their 

microstructures (Figs. 5.20-5.23, 5.80). On raising the soaking 

period to 10 hrs, the mechanical properties are practically unal-

tered because there are no major changes in the microstructures 

(5.20-5.23). The relatively inferior properties in Bl can be 

attributed to (i) the possible presence of a relatively larger 

proportion of W, (ii) y with the least alloy content, (iii) a 

higher volume fraction of massive carbide and (iv) an unfavourable 

distribution of dispersed carbides. Inspite of favourable micros-

tructural changes occuring at 950°C (section 6.2), the mechanical 

properties are either unaltered or show a decreasing trend on 

raising the soaking period from 4 to 10 hours. This can be attri-

buted to an unfavourable distribution of dispersed carbides (Figs. 

5.24-5.27, 5.44, 5.46, 5.55, 5.57, 5.66, 5.68, 5.76; 5.78). 

If properties corresponding to 900°C, 4 hrs. and 950°C, 4 hrs. 

heat-treatments are compared, it emerges that a definite improve-

ment in compressive strength has occured in all the alloys, 

although the extent of improvement varies. This can be attributed 

to (i) an improvement in- the stability of austenite and (ii) a 

slightly lower volume fraction of massive carbide and (iii) the 

size and distribution of dispersed carbides being favourable. Simi-

larly, barring Bl, an improvement in % strain in B2, B3 and B4 can 

be explained on similar lines. It is important to note that no 

change in % strain is observed in Bl. This can perhaps be attri-

buted to an unfavourable distribution of dispersed carbides (Fig. 
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5.44 and Tables 5.57, 5.58) and to a slightly higher volume frac-

tion of massive carbides (Table 5.49). 

If the properties of the alloys corresponding to the 900°C, 10 

hrs. and 950°C, 10 hrs. heat-treatments are compared, it is seen 

that inspite of decrease in hardness and the volume fraction of 

massive carbides, the expected improvement in properties due to an 

increase in the (i) volume fraction of y and (ii) its stability, 

has not materialized. Infact improvement in compressive strength is 

maximum in 82, followed by B3 and negligible in B4; in 81 there is 

infact a marginal decrease. The same is valid for the % strain 

(Tables 5.105, 5.106). Quite clearly, therefore, the factors men-

tioned above are not the key parameters in controlling the deforma-

tion behaviour. The data can be best explained on the basis of the 

size and distribution of dispersed carbides of particular interest 

would be the coarsening behaviour namely the number of particles 

and volume fraction formed in class III - V. The tendency to form 

oversized fractions (III - V) is the maximum in Bl and minimum in 

B2 in the order B1>B3>B4>B2 (Tables 5.57, 5.58). The importance of 

the size and distribution of the dispersed carbides in controlling 

the deformation behaviour is thus unequivocally demonstrated. 

Based on the above analysis it can be stated that from amongst 

the four heat-treatments namely 900 °C-4hrs., 900 °C-l0hrs, 950°C-

4hrs. and 950°C-10hrs., the overall situation vis-a-vis dspersed 

carbides, and hence properties are most favourable corresponding to 

the 4 hrs. soaking period and in particular corresponding to the 

950°C-4hrs. heat-treatment (Figs. 5.44, 5.55, 5.66, 5.77 and Tables 
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5.57, 5.58). The situation is just the reverse corresponding to the 

l0hrs. soaking period and in particular corresponding to the 950°C, 

l0hrs. heat-treatment. 

On heat-treating from 1000°C (4hrs. heat-treatment) there is a 

general improvement in properties due to (i) an increase in the 

stability of austenite, (ii) a reduction in the volume fraction of 

massive carbide and (iii) a gradual reduction in the volume frac-

tion/dissolution of the dispersed carbides (Fig. 5.81 and tables 

5.105, 5.106). An improvement in the properties on raising the 

soaking period from'4 to 10hrs can be similarly explained. It is 

noteworthy that the dispersed carbides are not present correspon-

ding to 10hrs. heat-treatment. 

The improvement in properties on raising the temperature from 

950°C to 1000°C (10 hrs. soaking period) is more pronounced com-

pared with that observed on moving from 4hrs. to l0hrs. at 1000°C 

(Tables 5.105, 5.106). The former can be attributed to the disap-

pearance of the dispersed carbides (hence to the elimination of the 

adverse effect associated with them) and to other favourable chan-

ges already discussed. As regards the latter, the expected improve-

ment in properties, inspite of favourable microstructural changes, 

has not materialized due to the possible (i) linking of massive 

carbide regions and (ii) formations of the new phase (Figs. 5.28-

5.31). Its formation has already been reported on heat-treating 

from 1050°C at low soaking periods and the possibility of its 

forming on prolonged soaking at 1000°C can not be ruled out. 

On heat-treating from 1050°C,the improvement in properties on 
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raising the soaking period from 4 to 10hrs. is once again due to 

the structure being predominantly austenitic, least volume fraction 

of massive carbide and a minimum of the new phase (Figs. 5.82, 5.83 

and tables 5.105 and 5.106). At this soaking temperature the grada-

tion of the alloys based on the overall properties namely 

B2>B3,B4>B1 needs to be carefully analysed. Based on the stability 

of y and the volume fraction of the massive carbide/new phase 

present as the main criterion, and assuming all other factors to be 

similar, the order should have been in direct proportion to the 

alloy content (y stabilizing tendency) namely B4>B3>B2>B1. In terms 

of microstructural features, the volume fraction of the new phase 

is higher in Bl and nearly similar in B2, B3 and B4. Similarly the 

volume fraction of the massive carbide differs slightly, it being 

the least in B3 (Figs. 5.34 e,f). An equally important factor to be 

considered is the compatibility of massive carbide with the auste-

nite matrix. As has already been stated, this is governed by the 

crystal structure of the carbide; crystal structures having simila-

rity with y leading to better compatibility. This would be a major 

factor in controlling the deformation behaviour at 1050°C. Based on 

this parameter alone (governed by the relative proportions of the 

M5  and M7  carbides, tables 5.100 b), the deformation behaviour of 

the alloys would be in the order B1>B2>B4>B3. Taking an overall 

view and remembering that the B3 and B4 have a higher 'P' content 

compared with Bl and B2, the overall behaviour sequence namely 

B2>B3,B4>Bl appears reasonable. 

Based on the above discussion, the variation in properties as 

a function of the heat-treating time and temperature (Figure 5.84), 
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is easy to comprehend on the basis of the following table. It al 

brings out the adverse effect of the bridge carbide (NP) on t 

deformation behaviour. 

4hrs. soaking period 

Property 
	

Reasons for changes 
	

Remarks 

CS 

1. Increase continuous more stable y, less 
upto 950°C. 	MC, DC distribution 

favourable. 

Increase least i 
Bl due to higher 
'M' and high vf 
MC. 

2. Increase continuous more y (high stabil 	increase in CS i 
upto 1000°C 	lity), less MC, neglig- directly relate 

ible DC. 	to the proportic 
and stability of 

3. Slight increase or 
tapering off in Bl 
up to 1050°C 

4. Decrease in B2,B3 
and B4. 

% Strain 

1. 900°C-maxm  in B4 
followed by B2, Bl 
Bl and 83 
(comparable) 

2. Increase upto to 
950°C marginal in 
B1,B3,B4 and Steep 
in B2 

3. Increase upto 
1050°C contin-
uous in B2,B3&84 

Fine nature of NP. 	Decrease in CS 
was possible due 
to largest vf of 
platy carbide 0 

(a) Coarse nature of NP. Decrease in CS 
nearly identica] 
in B2, B3 and B 4 
due to similar 1 
of platy carbidE 

Least particles in 
	

High % strain di 
in B4 class III followed to more stable 
by B2, B3 and B1 
	

favourable dist] 
bution of DC. 

B4-900°C 4hrs-already 	order is 134>B2> 
high, no further increase B1>B3 consistent 
expected; DC situation 	with coarsning 
favourable. Particles 	behaviour (maxm  
(DC) B1->Max in class 	coarsening in B: 
III &IV B3->No. in 	and B3) lesser. 
class III & IV, 
B2->most favourable distr-
ibution in class III&IV. 

Larger amount of stable Reason for a tai 
y, low MC and least 	ering off in % 
NP 	 strain in B2 be 

eem 950-1000°C 
clear. 



4. Increase in Bl 	Large vf of NP 
negligible. 

10 hrs. soaking period 
CS 

(a) Upto to 950°C 

1. Small increase in 
B1,B3 and B4 

2. Increase in B2 
steep. 

(b) Increase upto 
1000°C steep 
and nearly 
similar 

most adverse distribution 
of DC (particles present) 
upto class V) 

particles mostly in class 

NO DC, minimum MC, 
structure predomin-
antly y 

(c) Increase upto 1050°C 

1. Minimum in Bl 

2. Comparable in 
B3, B4 and 

3. Maxm  in B2 

% Strain 

Upto 950°C 

1. Negligible incr-
ease or no change 
in B1,B3,B4. 

2. Increase in B2 
large 

3. Increase upto 
1050°C continuous, 
minimum in Bl. 

large y stability, low 
vf of new phase, MC 
compatibility good. 

same as those for negl-
igible change in CS. 

same as for CS 

relatively lesser-
stable y, maxm  
platy carbide (NP) 
amongst all the 
alloys. 

precise reason for 
steepest increase 
in B2 is not clear 

data consistant 

with the coarsen-
ing behaviour minm  
in 82&max in B1 in 
the order B2>B4> 
B3>E1 MC compati-
ble; should have 
lead to higher in-
crease (not actua-
lly observed) 

y stability least, maxm  More increase exp-
vf of NP amongst alloys. ected due to good 

MC compatibility 

y stability maxm,vf of 
NP low, reduced compatibility 
between MC and the matrix 
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4. Increase in B2, 	more stable y, less 
	

Difference between 
B3,B4 in the order MC and new phase 

	B2 and B3,B4 due 
B2>B3,B4 
	

to better compa- 
tibility of MC. 

6.5 Corrosion behaviour 

6.5.1 Weight loss data 

The experimental alloys were characterized for their corrosion 

behaviour in the as-cast and in the heat-treated conditions in 

order to assess the electrochemical response of the different 

microstructures observed in the present study. The weight loss 

technique was employed as it is accepted as a reliable and a stan-

dard technique (69,70) and also because bulk of the corrosion data 

on commercial alloys is based on this technique. Of the two units 

employed to represent corrosion rate namely ipy and mdd, the latter 

is more accurate because density of the material does not figure in 

the final calculations (section 4.9.1). Using the weight loss 

method is further justified because the experimental alloys undergo 

uniform corrosion. 

A perusal of the data contained in the tables 5.109-5.124 and 

summarized in the figures 5.85-5.88 (pertaining to 5% NaC1 solu-

tion) reveals that there are certain general trends clearly discer-

nable namely (i) a decrease in CR with test duration (valid for all 

the test solutions) (ii) a decrease in CR with soaking period (for 

a given test duration) on heat-treating from all the temperatures 

between 900-1050°C except 950°C (iii) stress relieving proving 

detrimental barring some instances and the 1050,10hr,OQ h/t. An 

equally important observation to be discussed later is that any 

heat-treatment which improved mechanical properties also improved 
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the corrosion resistance. As such it would be reasonable to infer 

that the corrosion data can in general be interpreted on the same 

basis as the mechanical properties. Therefore to avoid repetition 

only the general trends will be discussed. 

1. The decrease in CR with test duration is consistent with the 

self passivating nature of the Fe-base alloys (93). The maximum 

decrease in CR with test duration is observed in the as-cast 

state due to the faster initial corrosion of the martensite-

associated microstructures attributed to their highly stress 

state and a steep decrease in CR thereafter due to the high 

hardness associated with martensite (50). 

2. Heat-treatment has in general improved the corrosion resistance 

due to the formation of austenitic microstructures. Presence of 

martensite even in small amounts is proving deterimental for 

reasons already stated. This is one of the reasons why higher 

than expected CRs are observed in all the alloys in general and 

B1 in particular corresponding to the 900°C,4hr,OQ h/t. 

The higher the stability and proportion of austenite the 

larger would be the improvement in corrosion resistance. The 

higher the heat treating temperature the larger would be the propo-

rtion and stability of austenite. A similar change would also be 

brought about by increasing the soaking period at a given heat 

treating temperature. Transformations bringing about an increase 

in the proportion and stability of austenite also reduce the of of 

MC. CR would additionally decrease due to this (section 6.3.2.1). 

For a given volume fraction of MC, a rounded morphology is prefer- 
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red over the plate morphology (section 6.3.2.1). The transforma-

tions, bringing about changes in y and MC, favourable to corrosion 

resistance, would occur only at high temperature i.e. at > 950°C. 

Therefore, a marked improvement in corrosion resistance can be 

expected only on heat treating from temperatures higher than 950°C. 

This is what has been observed (Table 5.109-5.124 and figures 5.85-

5.88). The 950°C-10hr. h/t has not proved useful from the corrosion 

resistance point of view because favourable microstructural changes 

are counteracted by the adverse effect associated with dispersed 

carbides. 

3. The effect of dispersed carbides would depend upon their size, 

shape and distribution. For a given temperature, they are 

altered by increasing the soaking period. For a given soaking 

period, a similar change would be brought about by increasing 

the heat-treating temperature. The beneficial effect of increa-

sing the ST or SP would be experienced so long as the size, 

shape and distribution are not unfavourable. This adverse 

effect, which would be mainly characterized by a marked coarse-

ning tendency, is experienced in all the alloys corresponding to 

the 950°C-10hr heat treatment thereby leading to an increase in 

the corrosion rate (42). 
• 

Although there is no clear cut yardstick to conclude whether a 

given particle size or distribution of particles is adverse, the 

relative inferiority/superiority of the alloys based on their coar-

sening behaviour can perhaps be judged on the basis of the distri-

bution of particles in classes III to VI (section 6.3.6). Quantita-

tively, the coarsening index can provide us the required informa- 
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tion. Based on it (section 6.3.6), B2 should be superior to the 

others in the order. 

B2 > B4 > B3 > Bl 

The corrosion data corresponding to the 950°C,10hr,OQ heat• 

treatment agrees reasonably well with this deduction. Based on 

similar reasoning it would be possible to deduce why the advers 

effect related with the size, shape and distribution of DC is no 

experienced in all the alloys at the 950°C-4hr h/t. 

The above reasoning proves useful in examining the role o 

stress-relieving on the CR in the experimental alloys. It is postu 

lated that stress relieving brings about softening at the matrix 

second phase interface. This would lead to enhanced galvanic actio 

and hence to an increase in CR. In the present context the ter:  

second phase signifies both the massive as well as the disperse 

carbides. The extent of softening due to dispersed carbides will b 

governed by the volume fraction, size, shape, distributiOn an 

compatibility with y. Similarly, the extent of softening attribute 

to massive carbides will depend upon their volume fraction, morpho 

logy and compatibility. 

The enhanced galvanic action at 900 and 950°C is due to th 

combined effect of MC and DC. At 1000°C both coarse DC & MC contri 

bute at 4 hrs soaking period whereas MC alone is contributing at 1 

hrs. At 1050°C, the enhanced galvanic action is due to the combine 

effect of MC and NP (platy carbide). In order to understand an 

evaluate the relative contribution of different parameters, percen 
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deterioration in CR due to stress relieving was calculated at 

different heat-treatments. This data is summarized below : 

percent deterioration (168 hrs test duration) 

h/t 	B1 B2 B3 B4 

900,4, 	OQ - 5.3 5.2 	(33) 4.5 	(33) 5.7 	(28) 
900,10, 	OQ 	3.4 	(40) 2.9 	(26) 1.7*(32) 5.3 	(27) 
950,4, 	OQ - 4.6 	(37) 4.0 	(30) 4.7 	(30) 1.1**(29) 
950,10, 	OQ - 2.5 	(38) 1.3 	(26) 2.7 	(29) 1.7 	(31) 
1000,4, 	OQ - 13.7**(17) 13.6**(14) 3.9 	(15) 3.9 	(18) 
1000,10,0Q - 	2.9 	(14) 5.8 	(12) 6.0 	(11) 3.3 	(15) 
1050,4, 	0Q - 12.4 12.8 15.7** 1.3 
1050,6, 	OQ - 	7.6* 4.8* 15.8** 1.2 
1050,10,0Q - 	2.7* 4.9* 7.5 3.9 

* indicates improvement 

** needs further confirmation 

( )values represent MC + DC 

The above table reveals that the extent of deterioration in 

general decreases with soaking period at a given heat-treating 

temperature. However, for a given soaking period (SP), the extent 

of deterioration as infleunced by an increase in heat-treating 

temperature does not conform to a consistant pattern. This reflects 

upon the varied and complex nature of the structural changes that 

occur on increasing the temperature. Not withstanding certain data 

needing confirmation, an effort has been made to interpret the 

overall data qualitatively, as would be evident from the following 

table.. To facilitate interpretation simple rationalizations have 

been made. 



4 hrs. soaking period 

Nature of changes 	Reasons 	Remarks 

Bl 

(1) 900 to 950°C 

(a) No change/marginal 
improvement 

(2) 950 to 1000°C 
deterioration(marked) 

(a) stable y 

(b) less MC 
(c) DC not unfavourable 

coarse DC, interlinking 
of MC 

(3) 1000 to 1050°C 
No change/marginal 
improvement 

B2 

(1) 900 to 950°C 
same as in Bi 

(2) 950 to 1000°C, 
same as in Bl 

larger proportion of 
stable i, 
decrease in MC 

same as in B1 

same as in Bl 
+MC elongated plate 
like and often 
interconnected. 

Improve-
ment coun-
terbala-
nced by 
larger vf 
of NP 

(3) 1000 to 1050°C same as in Bl i) vf of NP 
is less 
than in 
Bl; but 
NP coarse 
and platy, 
hence 
harmful 

ii) benefit 
due 	to 
less vf 
of NP not 
experien-
ced 

B3 

(1) 900-950°C 
	same as in B1 

No change; as in Bl 



(2) 950-1000°C 
improvement 

(3) 1000 to 1500°C, 
deterioration 

No DC, no interlinkin 
of MC, more stable y 
and rounding 'off' of 
MC (discontinuous). 

NP coarse and interli-
nking through elon-
gated thread like con-
stituent(s) 

B4 

(1) 900-950°C 
improvement 

(2) 950-1000°C, 
expected trend should 
have been as in B3 
(some improvement/pract-
ically no change) 

(3) 1000 to 1050°C, 
improvement 

same as in Bl 

same as in B3 

highest alloy con- 	expected 
tent, maximum stable 	trend, no 
y, low NP, low MC. 	change of 

minonr im-
provement 

10 hrs soaking period 

Nature of change 	Reasons 	Remarks 

(1) 900 to 950°C, 	larger proportions 	Expected 
minor imporvement/ 	of more stable y & 	improvement 
no change 	lesser MC 	offset by 

adverse di-
stribution 
of DC 

(2) 950-1000°C 	 -do- 	Expected 
no change 	 improvement 

due 	to 
still hig-
her propor-
tioon of 
stabel 
and reduced 
MC offest 
by forma-
tion of NP 
small+inte-
rlinking 
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same as in B1 

Platy MC, bridging/ 
interlinking of MC, 
formation of NP 

same as in Bl 

DC distri-
buton al-
though 
adverse but 
better than 
in Bl 

Improvement 
marginally 
more than 
in B1 due 
to lesser 
vf of NP 

(3) 1000 to 1050°C 
No deterioration but 
improvement in corrosion 
resistance 

Rounded MC with low Improvement 
vf, MC compatible 	could have 
with the matrix 	been more 

if vf NP 
was smaller 

B2 

(1) 900 to 950°C, 
improvement more 
then in B1 

(2) 950 to 1000°C, 
deterioration 

(3) 1000 to 1050°C, 
same as in Bl 

B3 

(1) 900 to 950°C, 
No change (minor improve-
ment expected) 

same as in Bl 

cracking of MC, inter-
linking and gruping 
together of MC, forma-
tion of NP 

DC adverse 
as in B1 

(2) 950-1000°C, 
minor deterioration 

(3) 1000-1050°C, 
minor deterioration 
or no change 

Fibering, nonuniform 
structure 

same as in B2 

B4 

(1) 950-950°C, 
improvement 

Improvement 
expected 
due to lar-
ge vf of y 
and least 
MC perhaps 
of fest by 
fibering / 
non uniform 
structure 

DC distri- 
' bution bet-

ter than 
Bl, B3 but 
inferrior 
B2 
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(2) 950-1000°C, 
minor deterioration/ 
no change 

NP neglig-
ible 

not apparent; poss-
ibily due to like 
plate MC morphology 
and some bridging 
tendency 

(3) 1000 to 1050°C, 	Maximum stabe y, low 
no change 	MC, low NP 

Improvement 
no occuring 
due to low 
compatibil-
ity between 
MC and the 
matrix. 

The above inferences have been arrived at after duly 

considering the accompanying microstructural changes (Figs.5.20- 

5.35). 

This discussion further reflects upon the large number of 

variables that have to be considered while arriving at a reasonable 

understanding of the corrosion behaviour of the experimental 

alloys. 

The above discussion proves helpful in assessing the effect of 

NEW PHASE on the corrosion resistance. A possible method to arrive 

at the required information is to compare the corrosion rates 

corresponding to 1000°C,10,0Q and 1050°C,4,0Q heat-treatments. The 

latter has been selected because the volume fraction of the NP is 

maximum corresponding to this heat-treatment. On doing so it emer-

ges that the CR has decreased. The possible inference is that the 

new phase has a favourable effect. However, it would be erroreous 

to arrive at such a conclusion because the observed improvement in 

corrosion resistance is small and may have resulted due to favoura-

ble microstructural changes (reduction in of of MC and a further 

increase in the proportion of high stability austenite). A better 
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method to arrive at the required result would be to compare the 

extent of deterioration in corrosion resistance on stress relieving 

corresponding to the 1000°C,10h,00 and 1050°C,4h,0Q heat-treat-

ments. On doing so a marked deterioration in the corrosion resista-

nce is observed in B1,B2 and B3. In B4 the extent of deterioration 

is reduced. Thus it can be categorically stated that NP has an 

adverse effect on corrosion resistance in B1,B2 and B3 but apparen-

tly not in B4. It is likely that the adverse effect from the 

presence of NP is effectively counbteracted by the favourable 

microstructural changes (i.e. y with the highest stability amongst 

all the alloys and very small of of MC). However, based on the 

evidence of its effect on the deformation behaviour, it may not be 

incorrect to state that the presence of NP will also have an adver-

se effect in B4. 

6.5.2 Potentiostatic data 

The potentiostatic data has proved helpful in reaffirming the 

inferences drawn on the basis of weight loss studies namely in 

confirming that (i) 900,4,00 heat-treatment improves the corrosion 

resistance compared with that observed in as-cast state (ii) stres-

s-relieving has a deterimental effect on the corrosion resistance 

corresponding to the aforsaid heat-treatment and (iii) 	B3 is 

better than B4 both in the 900,4,00 and 900,4,00+SR conditions 

(Figs. 5.89-5.94). 

However, there are certain areas of disagreement which need 

mentioning. The observation that B4 is better than B3 in the as-

cast state is based on the logic that IcR  is lower and a passive 
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potential range exists. However, on the basis of Ipp, B3 appears 

marginally better than B4 (Figs. 5.89,5.92). Taking an overall 

view, it may perhaps be more appropriate to classify B3 and B4 to 

be comparable. The observations based on the weight loss studies 

suggest B3 to be better than B4 (Table 5.123,5.124) and hence are 

at variance. 

The behaviour of B3 and B4 in the heat-treated (900,4,0Q) 

condition is comparable with that of the alloy KC (nodular Ni-

resist). This agrees well with the findings based on the weight 

loss studies and reflect upon the usefulness of y-carbide couple 

in resisting corrosion. 

The reasons why KC1 is inferior to KC (deduction on the basis 

of weight loss studies being just the opposite) are not clearly 

understood (Figs. 5.95-5.96). The matter is under investigation. 

6.5.3 Scanning metallography results 

The main utility of this study has been in ascertaining the nature 

of corrosion in the experimental and the standard Ni-resist alloys. 

The absence of any localized attack (pitting) in B1,B2,B3 and B4 

(Figs. 5.98-5.105), unlike in the standard Ni-resist compositions 

(Figs. 5.97) is a definite plus point in favour of the experimental 

alloys. This may be attributed to the absence of graphite. This 

also reflects upon the superiority of the micro-structures (more 

particularly of the y/Fe3C couple) formed in alloyed white irons in 

resisting localized attack (pitting). Matrix cracking observed in 

the experimental alloys can not be regarded as an adverse feature 

since the same is also observed in the Ni-resist compositions. 
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Based on the observation that the extent of cracking varies with 

the alloys compositions and heat-treatment, it is postulated that 

the magnitude of cracking can be minimized by further increasing 

the stability of the austenitic matrix. This inference needs to be 

duly considered while designing alloys in the future. 

A careful analysis reveals that the cracking might be mainly 

confined to a surface film formed as a result of exposure to the 

environment (5% NaC1). This possibility occured because difficulty 

was experienced while focusing the specimen surface during the 

scanning microscopic examination. This difficulty was resolved by 

gold plating the specimen surfaces. On doing so they could be 

properly focused without any difficulty. This conforms the existan-

ce of a non-conducting surface film. 

A critical examination revealed that the micrographs (Figs. 

5.97-5.105) are also useful in corraborating the corrosion data 

summarized in the tables 5.109-5.112. e.g. based on an appraisal of 

the scanning micrographs, the following deductions may be arrived 

at regarding the relative corrosion behaviour of B1 and B2 : 

(a) In the as-cast and 900°C,4h,NSR condition,. the corrosion rates 

are comparable. 

(b) For the 950°C,10h,SR heat-treatment, B2 is better than Bl. 

(c) For the 1000°C,10h,SR heat-treatment, corrosion rates appear 

comparable. 

(d) For the 1050°C,4h,NSR, heat treatment Bl is better than B2. 

(e) For the 1050°C,4h,SR heat treatment, corrosion rates are 

comparable, and 
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(f) For the 1050°C,1011,SR, heat treatment, corrosion rates are 

either comparable or B2 is better than Bi. 

Except for the inference at (c) [experimentally, B2 was found 

to be better than 81], all the other inferences are in agreement 

with the deductions, relating to the corrosion behaviour, based on 

the weight loss data. Similar inferences can also be drawn regar-

ding the relative corrosion behaviour of B3 and 84. 

6.5.4 Mathematical modelling of the corrosion behaviour 

An analysis of the preceding sections reveals how different micros-

tructural parameters influence the corrosion behaviour during the 

different stages of heat-treatment e.g. the massive and the disper-

sed carbides have an important bearing on the corrosion behaviour 

when the alloys are heat treated from 900 and 950°C. It was, there-

fore, felt appropriate to examine the possibility of establishing a 

mathematical correlation between corrosion rate and the different 

--- parameters employed to characterize dispersed and massive carbides. 

For these heat-treatments, corrosion rate (CR) can be 

expressed by an equation of the form : 

CR = f ( y of/stability ) + f(vf of MC) + f(vf of DC) + 

f(distribution of the DC) 	....(6.33) 

Excluding the last term to start with, as a first approxima-

tion the contribution of the volume fraction and the stability of y 

may be treated as nearly a constant because the hardness values of 

the four alloys at 900 and 950°C are approximately constant. From a 

plot of corrosion rate vs the total volume fraction of carbides 
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(massive+dispersed), it was clear that the functional relationship 

can be represented by a second order polynomial : 

CR = A + B (VCb) + C (VCb)2 	.... (6.34) 

Where VCb = Total volume fraction of the carbides 

The constants A,B and C were calculated by using the least 

square method (72,73). The contribution of the 'second-phase' par-

ticles was additionally included in this expression by incorpora-

ting a factor based on the number of particles (NOP). This leads to 

the expression. 

CR = [ A + B(VCb) + C(VCb)2  ] (N0P)D 	.... (6.35) 

The constants A,B,C and D were finally calculated and computed 

to minimum error by using a non-linear multivariable constraint 

optimization technique (72,73). 

The final equation for the different alloys are 

Bl: CR = [1516.9-79.6(VCb)+1.13(VCb)2] (NOP)-0.48 

B2: CR = [7999.8-541.2(VCb)+9.45(VCb)2] (NOP)-0.73  

B3: CR = [9.94-0.624(VCb)+0.0099(VCb)2] (NOP)L4  

B4: CR = [44.3-3.07(VCb)+0.0545(VCb)2] (NOP)0.83  

The calculated values of CR, based on the above equations, 

were plotted against the experimentally determined corrosion rates 

(Figs. A-2 of appendix-2). It is observed that the calculated 

values agree well with the experimentally determined values. 

In order to understand the physical implication•of the model, 

the values of the constants A,B,C and D were carefully scrutinized. 

It emerged that whereas the constants A,B and C are consistent 
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(either all +ve or all -ve), D is negative for B1 and B2 and 

positive for B3 and B4. To understand its possible implications, 

the factor (NOP)D  was calculated for all the alloys and the values 

are given below : 

Heat-treatment Bl B2 B3 B4 

900°C,4hr,OQ - 0.056 203.68 23.59 

900°C,10hr,OQ 0.163 0.068 211.05 19.27 

950°C,4hr,OQ 0.183 0.082 168.02 19.71 

950°C,10hr,OQ 0.216 0.073 154.36 17.93 

It is observed that the factor (NOP)D  is varying widely for 

the four alloys. This gives an indication that NOP can not be 

regarded as a satisfactory parameter for representing the distribu-

tion of dispered carbides and this model needs further investiga-

tion (94). 

In order to overcome this problem a new parameter, represen-

ting the effect of dispersed carbides, was defined. This has been 

named as the distribution factor (DF). To incorporate this parame-

ter, the effects of massive and dispersed carbides have to be 

considered separately. 

A plot of corrosion rate vs the volume fraction of massive 

carbides revealed that the functional relationship can be 

represented by a second order polynomial 

CR = As + B' (VMc) + Cs(VMc)2 	.... (6.40) 

Where 	VMc = Volume fraction of massive carbide 
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The constants A',B' and C' were calculated by a method 

discussed earlier (72,73). The distribution factor (DF), included 

in the final equation, is given by the expression: 

n 
E Ni Xi 

i=1 
DF = 

n 

1=1 

Where n = the no. of classes 

Ni = the number of particles in ith class (i=1,2,3,...n) 

Xi = volume fraction in class 'i'/VDC 

and VDC = total volume fraction of dispersed carbides. 

Accordingly, the final expression is 

CR = [C1 + C2 (VMc) + C3 (VMc)2] (DF)C4 	.... (6.42) 

The constants C1,C2,C3 and C4 were evaluated and the final 

equations are : 

Bl: CR = [14.35-0.48(VMc)+0.0128(VMc )2] 	(DF)-0.8 ....(6.43) 

B2r CR = [-999.9+118.7(VMc)-3.128(VMc)2] 	(DF)1'76  ....(6.44) 

B3:  CR = [456.2-45.92(VMc)+1.199(VMc)2] 	(DF)-0"1  ....(6.45) 

B4:  CR = [-186.68+22.92(VMc)-0.619(VMc)2] 	(DF)-0.02 (6.46) 

The magnitude of the constant C4 is -ve for B1,83 and B4 	and 

+ve for B2. To understand its implications, the factor (DF)C4 was 

calculated and the corresponding values are given below : 

Heat treatment Bl B2 B3 . 	B4 

900,4,0Q - 0.28 1.34 1.01 
900,10,00 2.23 0.22 1.28 1.02 
950,4,00 2.07 0.20 1.34 1.01 
950,10,0Q 2.72 0.24 1.37 1.02 
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The magnitude of the factor (DF)C4  does not vary widely. As 

such it can be concluded that the model is reasonable (94,95). 

Based on the equations 6.43-6.46, values of the corrosion 

rates were calculated and plotted against the experimentally deter-

mined values (Fig. A-3 of appendix-3). It is observed that the 

calculated values agree well with the experimentally determined 

values. 

6.6. Interrelation between deformation and corrosion behaviour 

Since one of the main objectives of the present investigation was 

ultimately to examine whether an interrelation as above existed, 

the compressive properties (CS and % strain) and the corrosion 

rates for the four alloys were clloated. This data is summarized in 

the form of hystograms given in the Figs. 5.108-5.113. It is clear-

ly observed that as the CS and % strain reduce, corrosion rate 

increases and vice a versa. This inference appears logical since, 

both the deformation and the corrosion behaviour in general reflect 

upon the state of a material. An embrittled state characterized by 

a low CS and % strain would naturally result in enhanced corro-

sion. 

An attempt has been made to establish an interrelation between 

the aforesaid properties for each alloy. Through a plotting of the 

relevent data, it emerges that the interrelation between CS & CR 

and between % strain and CR be represented by an expression 

= Cl + C2X 	 .... (6.47) 



where Y = the concerned property (CS in MPa or % strain) 

X = CR in mdd 

and Cl and C2 = constants : 

These constants were evaluated for the different alloys using 

the least square method and final equations are : 

Bl : 	CS = 3582 - 58.9(CR) 	 .... (6.48) 

B2 : 	CS = 4997 - 109.4(CR) 	 .... (6.49) 

B3 : 	CS = 3721 - 54.5(CR) 	 .... (6.50) 

B4 : 	CS = 2154 + 0.16(CR) 	 .... (6.51) 

Bl : 	% Strain = 37.2 - 0.61(CR) 	 .... (6.52) 

B2 : % Strain = 76.1 - 2.05(CR) 	 .... (6.53) 

B3 : % Strain = 70.1 - 1.89(CR) 	 .... (6.54) 

B4 : % Strain = 54.3 - 1.05(CR) 	 .... (6.55) 

6.7 General discussion 

Through this investigation it has been possible to demonstrate 

microstructures with useful mechanical properties and good corro-

sion resistance could be generated through the 'white-iron route' 

by utilizing low cost elements Mn,Cu and Cr. Heat treatments for 

generating different microstructures have been established. Struc-

tural changes in the experimental alloys follow a logical pattern, 

namely the as-cast microstructure initially transforming itself 

into a microstructure consisting of M + discontinuous MC + Y 

through low temperature heat-treatments to be subsequently followed 

by the formation of dispersed carbides directly from y during 

soaking. On heat treating from 900°C upwards, the microstructures 

are predominantly austenitic containing lesser and lesser volume 
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fractions of MC and DC as the temperature and or time are raised. 

Coarsening of dispersed carbides has been assessed on the basis of 

a ,parameter defined as the 'coarsening index'. Dispersed carbides 

dissolve at 1000°C after soaking for more than 4 hrs. Thereafter, 

the_ microstructure is predominantly austenitic with some massive 

carbides. The 1050°C heat-treatment is characterized by the forma-

tion_of a bridge type platy carbide initially described :as the new 

phase (NP). Its volume fraction initially increases with-time upto 

' = 4 hrs and decreases thereafter. 

The hardness changes are consistent with the changes in the 

microstructure. This has enabled mathematical modelling of the 

transformation behaviour to be carried out. Plots between the 

experimental and the theoretically calculated hardness values 

reveal that the model is able to predict hardness data with an 

accuracy of 	5%. 

A further interpretation of the microstructure was made possi-

ble' with the help of x-ray diffractometric technique. It has proved 

extremely useful in deciding upon the nature of the matrix micros-

tructures in marginal cases (as-cast for retained y and 900°C heat 

treatments for the possible presence of martensite) and in identi-

fying the various carbides formed over the entire range of heat 

treating temperatures. There are difficulties in identifying the 

nature of carbides precisely based on this technique since many of 

prominent reflections are common to them (different carbides). 

There is, therefore, a need to employ another technique for identi-

fying different carbides. Subjecting the extracted carbides to x-

rAy diffraction studies could be one such technique. 
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A key aspect of the present investigation has been the quanti-

fication of the microstructures. The precisely determined volumnous 

quantitative data, affectively employed to characterize both the MC.  

and DC, has been effectively utilized in establishing qualitative 

and quantitative interrelations between the microstructure and 

properties. 

The extensive data on the deformation behaviour of the alloys, 

under high speed compression, proves very useful in characterizing 

the different microstructures. It clearly brings into focus how 

brittleness in general leads to lower CS and % strain values and 

how these two parameters improve as the extent of brittleness 

reduces. It has been possible to establish qualitatively authentic 

correlation between the volume fraction, size and distribution of 

the dispersed carbides and the deformation behaviour. The superio-

rity of the predominantly austenitic matrices in attaining high CS 

and % strain is clearly in evidence. The bridge type carbide has an 

adverse effect on the deformation behaviour. This has been attri-

buted to its plate like morphology. 

Weight loss method is still one of the most effective and 

reliable methods for characterizing the corrosion behaviour. The 

method is applicable to the experimental alloys since they undergo 

uniform corrosion.' Even then there are difinite problems to be 

overcome/precautions to be taken in ensuring that this technique 

gives reproducible results e.g. the state of stress and the extent 

of surface finish of all the specimens has to be the same. So also, 

it has to be ensured that the specimens are free from cracks (sur- 
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face/sub-surface) and inclusions. The weight loss data gives an 

excellent comparative idea of the corrosion behaviour of different 

microstructures in three different environments with the main 

emphasis on 5% NaCl. The limited corrosion data in other solutions 

namely 10% NH4C1 and 10% (NH4)2SO4  has not been separately discus-

sed as the overall behaviour of the alloys in these solutions is 

similar to that observed in 5% NaCl. It also clearly reflects how 

the size, shape, volume fraction and distribution of the second 

phase particles (DC) are the controlling parameters in influencing 

corrosion behaviour. Based on the data generated, two mathematical 

models have been developed corresponding to heat-treating tempera-

tures of 900 and 950°C. The former incorporates the volume frac-

tions of MC + DC and the NOP. The later incorporates the of of MC 

and the distribution factor representing DCs. 

Although the experimental alloys were characterized on the 

basis of weight loss studies extensively, it would be appropriate 

to characterize them further on the basis of potentiostatic stu-

dies. This has been done only to a limited extent and accordingly 

the data contained in the thesis is only a representative one. 

However, enough evidence exists to suggest that the potentiostatic 

data is in good agreement with the weight loss data. Experiments 

are in progress to characterize the alloys in detail on the basis 

of their potentiostatic behaviour. Similarly it would be of inte-

rest to assess the corrosion behaviour of a microstructure with a 

fully martensitic matrix. 

The adverse effect of Stress relieving clearly brings out the 
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role of DC, MC, NP and the compatibility factor in affecting corro-

sion behaviour. This is an important inference and has been 

explained on the basis of enhanced galvanic action. While making 

this postulate it has been ensured that no structural change(s) 

occured during stress relieving. 

EPMA has been pursued only to a limited extent mainly to 

identify the new phase. A more detailed analysis will prove useful 

in arriving at the partitioning data which will eventually be of 

considerable interest in alloy design. 

Amongst the alloys investigated, the alloy B2 has been found 

to be most suitable from the point of view of overall properties. 

It would be appropriate to base alterations in the alloy composi-

tions around this composition. Not barring the higher 'P' content 

of the alloys B3 and B4, the present study none the less provides 

For a very critical appraisal of the structure-property correla-

tions in high alloyed white cast irons. An inference of major 

dimension is that there is a definite interrelation between the 

deformation and the corrosion behaviour. The fundamental and the 

applied significance of the data is thus evident. 



CHAPTER VII 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

7.1 Conclusions 

Under the existing experimental conditions, the following 

conclusions may be arrived at: 

Low cost elements Mn, Cu along with Cr can be advantageously 

employed in designing alloy white irons with useful mechanical 

properties and corrosion behaviour. The microstructures that 

were characterized for their deformation and electrochemical 

behaviour (mostly in 5% NaC1 solution) are P/B + M + MC, M + 

+ MC, M + y + MC + DC, y + MC + DC and y + MC. Most of the 

aforesaid microstructures were generated through heat-treat-

ments. The temperature ranges over which different microstruc-

tures exist are given below: 

As-cast P/B + M + MC with and without RA 

Upto 900°C : M + MC + DC with and without RA depending upon ST 

and SP. 

Upto 1000°C : A + MC + DC or A + MC with and without M (in 

traces) depending upon ST and SP. 

1050°C : A + MC + NP (bridge type carbide) 

2. The of of MC decreased with temperature or with soaking period 

at a given heat-treating temperature. The decrease was marked 

at temperatures >1000°C. MC were rendered discontinuous from 

the early stages of heat-treatment. The 'rounding-off' tendency 

set in at 1000°C. 



3. Dispersed carbides formed during soaking, corresponding to the 

800°C, 10hr heat-treatment, by a mechanism involving direct 

precipitation from austenite. Particles constituting them 

belonged to classes I and II (size upto 1.16 micron). On heat-

treating the overall spread of the particles extended up to 

class VI (size upto 3.48 micron). 

4. Dispersed carbides underwent coarsening which was characterized 

by the 'spilling over' of the particles into the classes III to 

VI. Coarsening was marked at 900 and 950°C and was assessed on 

the, basis of the coarsening index CI which is given by the 

expression 

CI = DF for a given heat-treatment 

 

DF for h/t for which particles are in classes I&II mainly 

Where DF = Distribution factor 

Ni Xi 
i=1 

Ni 
i=1 

i = 1,2,3 	 

Ni = No. of particles in the ith class 

Xi = 	Vf in the ith class  
Total Vf 

5. Dispersed carbides get dissolved on heat-treating from 1000°C. 

Accordingly they are of the type M23C6. 

6. The carbides to form in the experimental alloys are M3C, M23C6, 

M5C2, M7C3.M3C and M23C6  carbides dissolved/transformed or were 

replaced by the higher temperature carbides M5C2  and M7C3. The 
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latter are predominant in B1 and B2 whereas the former are 

predominant in B3 and B4 on prolonged soaking at 1050°C. 

7. The new phase (NP), formed on heat-treating from 1050°C in the 

form of plates and hexagons, is basically a carbide as confir-

med by EPMA. Its morphology is harmful from the point of view 

f overall properties because it is in the form of plates 

bridging massive carbide regions. There are definite indica-

tions suggest that this phase begins to form even on prolonged 

soaking at 1000°C (soaking period 010 hrs. or more). 

8. Hardness in general decreased with an increase in the soaking 

temperature in the order 

H800 > H850 H8 	>H900 >H950 > H1000 > H1050 

9. For a given heat-treating temperature, hardness varied linearly 

with the soaking period. It increased with an increase in 

soaking period on heat-treating from 800 and 850°C, remained 

practically unaltered on heat-treating form 900 and 950°C and 

decreased on heat-treating from 1000 and 1050°C. Exceptions are 

B2 and B4 when heat-treated from 850°C (hardness was indepen-

dent of the soaking period). 

10. For a given soaking period, the variation in hardness with 

temperature was in the form of a horizontal 'S' shape. 

11. Transformation behaviour of the experimental alloys, over the 

entire range of temperature and soaking period, can be represe-

nted by the equations: 
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67.5 e2418.9/T Bl: H = 67 	(0.0318-2.7x10-5T)t 

61.8 e2442.5/T B2: H = 61 	(0.0188-1.6x10-5T)t 

33.9 e3171.6/T B3: H = 33 	(0.0239-2.1x10-5T)t 

65.7 e2337.4/T B4: H = 65 	(0.0217-1.9x10-5T)t 

Where H = Vicker's hardness at 30 kg load 

T = Temperature in °K 

t = Time in seconds. 

12. From the point of view of mechanical properties, martensite 

bearing microstructures are brittle whereas the austenite based 

microstructures give high value of CS and % strain. The effect 

of DC on the deformation behaviour depends upon their size, 

shape and distribution. Similarly, the effect of MC is governed 

by their vf, morophology and compatibitity with the matrix. 

13. Bridge type carbide has (NP) a detrimental effect on the defor-

mation behaviour. 

14. From the point of view of overall mechanical properties, the 

alloy B2 has been found to be most useful followed by B4, B3 

and Bl. It is possible that the presence of a higher P content 

in B3 and B4 may have lead to some what inferior properties in 

them. 

15. From the corrosion resistance point of view the austenite based 

microstructures were found to be superior to the martensite 

based micro-structures. With regard to the former, the stabili-

ty and proportion of y are the key parameters. 

16. The compatibility, volume fraction and morphology of MC are 
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equally important in governing the corrosion behaviour of the 

austenitic matrices. 

17. The effect of dispersed carbides on the corrosion behaviour is 

governed by their size shape and distribution. 

18. Corrosion rate in general decreased with an increase in the (0 

test duration, (ii) soaking period at a given heat treating 

temperature except 950°C and (iii) the soaking temperature for 

a given soaking period except on moving from 900-950°C at 10 

hrs soaking period. The obvservations at (ii) and (iii) are 

attributed to the unfavourable distribution of the dispersed 

carbides. 

19. Stress relieving in general has proved to be detrimental. This 

has been attributed to enhanced galvanic action whose nature 

would depend upon the temperature and time of heat-treating. 

20. The austenite-carbide couple has proved to be extremely satis-

factory from the point of view of corrosion resistance. Unlike 

the austenite-graphite couple, the austenite-carbide couple 

does not undergo pitting. 

21. On heat-treating from 900 and 950°C, the corrosion rate is 

related with the volume fractions of MC+DC and NOP through the 

following equations: 

Bl: CR = [1516.9 - 79.6 (VCb) + 1.13 (VCb) 2] (Nop)-0.48 

82: CR = [7999.8 - 541.2 (VCb) + 9.45 (VCb)2] (NOP)-0'73  

B3: CR = [9.94 - 0.624 (VCb) + 0.0099 (VCb)2] (NOP)L4  

84: CR = [44.3 - 3.07 (VCb) + 0.0545 (VCb)2] (NOP)°'83  
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Where VCb = Total volume fraction of massive and dispersed 

carbides. 

NOP = Number of particles (dispersed carbides). 

CR = Corrosion rate in mdd. 

22. On incorporating the effect of dispersed carbides, the above 

equations are modified as: 

Bl: CR = [14.35 - 0.48 (VMc) + 0.0128 (VMc)2] (DF)-C" 

B2: CR = [-999.9 + 118.7 (VMc) - 3.128 (VMc)2] (DF) 1.76 

B3: CR = [456.2 - 45.92 (VMc) + 1.199 (VMc)2] (DW0'31  

B4: CR = [-186.68 + 22.92 (VMc) - 0.619 (VMc) 2] (DF)-0.02 

Where VMc = Volume fraction of massive carbides 

DF = Distribution factor 

23. From the corrosion resistance point of view the alloy B2 has 

once again been found to be most useful followed by B4,B3 and 

Bl. 

24. The compressive strength and % strain are linearly interrelated 

with the corrosion rate in accordance with the equation 

Y = Cl + C2(CR) 

Where Y = Property being measured (CS in MPa or % strain) 

CR = Corrosion rate in mdd. 

Cl,C2 are constants 

25. In view of 23 and 24 it is recommended that the future modifi-

cations in the alloy chemistry should incorporate the benefi-

cial features of the compositions B2. Further; the alloying 

elements should be so adjusted that the microstructures(s) of 

form on heat-treating from lower temperatures. 
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7.2 Suggestions for future work 

The future work should be carried out on the following lines: 

1. Detailed corrosion characterization by potentiostatic method. 

2. Evolution of a standarized procedure for preparing specimens 

for weight loss studies 

3. Detailed characterization of corrosion behaviour in 10% NH4C1 

and 10% (NH4)2SO4  and other solutions. 

4. Arriving at the most useful composition based on the optimiza-

tion technique. 
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Table 2.2 PROCESS RELATED PARAMETER AFFECTING CORROSION RATE 

PARAMETERS 
	

EFFECT ON CORROSION RATE 

1. Increase in the rate of formation 
of corrosion cell. 

2. Increase in the efficiency of 
corrosion cell. 

3. Corrosive media 

Increases 

Increases 

(i) dissolved oxygen, 	salt and acid 
in water. 

(ii) Moisture and solid particles 
in air. 

Increases 

Increases 

4. Increase in temp. of corrosive Increased due to increased 
environment (40). mobility of ions. 

5. Pressure depends on how the activ- 
ity of elements affected. 

6. Volume of corrosive media. constt. upto a 	critical 
value and then decreases. 

7. Agitation (2). (i) Increases due to rup-
ture of passive film. 

(ii) Decreases as the mob-
ility of metal ions hind-
ered. 

8. pH value <4, 	decreases (acidity 
decreases). 
<9.5,>4, 	nearly constant. 
>8.5,<12, 	decreases again. 
>12, 	increases. 

9. Shape of the specimen. Increases when sharp cor- 
ners, 	edges, 	and notches 
present. 

10. Increase in size and surface Decreases because 	anode 
area 	(32). area increases. 

11. Test 	duration (32). Decreases (linear behav-
iour, Y = Kt) upto a cri- 
tical 	value 	and 	then 
increases (parabolic 
Y = K ✓t). 

12. Radiation (41). Increases slightly. 





TABLE-4.1 	CHEMICAL ANALYSIS OF RAW MATERIALS 

RAW MATERIAL 	C SI MN CR CU 

PIG IRO( 	3.55 2.15 	0.40 0.050 1.12 •• • • 

FERRO.CHROMIUM 	0.10 0.70 	0,03 0.010 67.0- 
(LOW CARBON) 	MAX MAX 	MAX MAX 75.0 

FERRO„MANGANESE 0.03 
(LOW CARBON) 	MAX 

6... 
mA
0.03 

X 
0.008 97.0 •••• 	 

FERRO,SILLICON 	0.03 75.0 	0000 0011410 00 00 •.•• ••••• 
(LOW CARBON) 	MAX 

COPPER 00 0O 	00 00 0000 99.99 
(ELECTROLYTIC) 

TABLE-4.2 	CHEMICAL ANALYSIS OF THE ALLOYS. 

ALLOY 	C 	S P SI MN CR CU 

Al 	3-05 	0.070  0.183 2.24 6.1 4,8 1.46 

82 	2.90 	0.065 0.173 2.14 7.5 4.8 1,48 

83 	2.90 	0.068 0.280 1.80 6.2 4,7 2,84 

84 	2.85 	0.072 0,305 1,80 7.3 4.5 2,86 
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EFFECT OF SOAKING PERIOD 	ON HARDNESS IN 

ALLOY 61 	AS CAST HARDNESS(HV30)= 594 

TABLE-51 	TEMP.(DEG.C) = 800 

TIME 	HARDNESS 
(HRS) 	(HV30) 

0,0, 

2 	715 710 710 710 705 700 700 700 700 700 
695 695 695 690 690 685 685 685 680 657 

4 	730 730 720 720 720 720 715 715 715 710 
710 710 700 700 700 700 695 695 690 690 

6 	730 730 725 725 715 715 715 715 710 710 
705 705 705 705 700 700 700 700 685 671 

8 	736 730 730 730 730 725 725 725 725 725 
725 720 720 720 715 710 700 695 695 685 

10 	730 730 730 730 225 725 725 725 715 715 
715 715 710 710 710 710 705 705 700 685 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
6940000 	2.4500 

BEST FIT VALUES 	699.2 	704.1 7090 713.9 
STANDARD DEVIATION IS 4.9631975 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
682 8000 	7.3786 -0.4107 

BEST FIT VALUES 	695.9 	705.7 712.3 715.5 
STANDARD DEVIATION IS 4.2493718 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
679,9995 	9.3456 	•0.7858 

BEST FIT VALUES 	695.7 	706.1 	712.3 
STANDARD DEVIATION IS 	5.9761403 

TABLE -5n2 	TEMP.(DEG.C) 	= 850  

0,0208 
715.1 

2 568 564 557 557 557 
543 

554 550 550 550 547 
547 547 543 543 543 540 540 537 533 

4 644 639 631 631 631 626 626 626 626 622 
622 622 622 618 614 614 610 610 606 602 

6 635 631 631 626 626 626 626 626 622 618 
618 618 614 614 614 606 606 590 590 586 

8 631 626 626 626 626 626 626 626 626 622 
622 618 610 610 610 610 610 606 598 598 

10 695 685 680 680 675 675 671 671 666 666 
666 661 661 661 657 652 652 652 644 639 

CONDITION 

SD AVERAGE 
(HV30) 

	

13.21 	695 

	

12.38 	709 

	

14.40 	708 

	

14.05 	718 

	

11.95 	715 

718.8 

715.5 

715.7 

	

8.94 	548 

	

10.68 	622 

	

14.18 	616 

	

10.19 	617 

	

14.06 	665 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
544 9000 	11.4500 

BEST FIT VALUES 	567.8 590.7 613.6 636.5 659.4 
STANDARD DEVIATION IS 	24.4206180 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
522.4000 	21.0929 	•0.8036 

BEST FIT VALUES 	561.4 593,9 620.0 639.7 653.0 
STANDARD DEVIATION IS 	28.6745260 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
344.5983 145,9774 •24,6163 1.3229 

BEST FIT VALUES 	548.7 619.3 620,0 614,3 665.7 
STANDARD DEVIATION IS 	5.6175753 



TABLE-5.4  TEMP.(DEG.C) = 950 

2 508 508 502 5t2 502 499 496 493 490 490 
490 484 484 484 484 481 476 476 476 473 

4 502 496 493 490 487 487 484 484 484 484 
481 478 478 478 476 473 470 470 470 462 

6 487 487 484 481 478 476 476 473 473 473 
470 467 467 467 467 465 465 462 462 459 

8 496 490 487 487 487 487 484 484 484 484 
478 478 478 476 476 476 476 473 473 410 

10 496 493 490 487 487 484 484 481 481 473 
473 473 467 467 467 465 465 465 465 459 

FOR DEGREE OF 1 COEFFICIENTS ARE 

	

11.02 	489 

	

9.83 	481 

	

8.33 	471 

	

6.73 	481 

	

11.12 	476 

T*11 

EFFECT OF SOAKING PERIOD 	ON HARDNESS IN 0.0. 

ALLOY 81 	AS CAST HARDNESS(HV30)7, 594 

TABLE-5.3 	TEMP.(DEG.C) = 900 

TIME 	HARDNESS 
(HRS) 	(HV30) 

2 	508 505 505 502 502 499 499 499 496 496 
493 490 487 484 484 484 481 	481 478 	478 

4 	508 508 505 502 496 493 493 490 490 487 
487 484 481 	478 478 476 470 470 470 467 

6 	520 	511 	511 	511 	511 505 505 505 499 496 
493 490 490 490 484 484 484 478 473 470 

8 	517 	514 	514 	511 	511 508 	508.502 502 499 
496 496 496 496 496 493 493 484 484 478 

10 	543 543 	540'533 533 533 533 533 533 533 
530 530  530  530 530  523 523 523 523 	517 

FOR DEGREE OF i 	COEFFICIENTS ARE 
4730000 	4.4500 

BEST FIT VALUES 	482.6 491.5 	500.4 509,3 
STANDARD DEVIATION IS 11.4469770 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
5084,2000 	-10.3357 	1.2321 

BEST FIT VALUES 	492,5 486.6 	4905 504.4 
STANDARD DEVIATION IS 5.149202 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
4910994 	1.4647 -1.0179 0.1250 

BEST FIT VALUES 	491.3 489.0 	4900 502.0 
STANDARD DEVIATION IS 6.2151887 

CONDITION 

SD AVERAGE 
(HV30) 

	

9.80 	492.  

	

12.97 	486 

	

14.14 	495 

	

10.84 	499 

	

6.70 	530 

518,2 

528.1 

529.3 

487 4000 	*1.3000 
BEST FIT VALUES 	484.8 482.2 479.6 477,0 474.4 
STANDARD DEVIATION IS 	6.0991R05 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
500.4000 	-6.8714 	0,4643 

BEST FIT VALUES 	488.5 480.3 475..9 475,1 478.1 
STANDARD DEVIATION IS 	5.6264673 

FOR DEGREE OF'3 	COEFFICIENTS ARE 
5180997 *19,6545 2.9017 ,i354 

BEST FIT VALUES 	489.8 477.7 475,,9 477.7 476.8 
STANDARD DEVIATION IS 	6.8128008 
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EFFECT OF SOAKING PERIOD 	ON HARDNESS IN 0,0. 

ALLOY 81 	AS CAST HARDNESS(HV30)=. 594 

TABDE•55 	TEMP.(DEG.C) 2 1000 

TIME 	HARDNESS 
(HRS) 	(HV30) 

CONDITION 

SD 	AVERAGE 
(HV30) 

2 	471 473 462 459 451 451 451 449 449 449 
449 446 446 444 444 444 441 441 441 436 9.92 449 

4 	446 446 441 439 439 439 439 436 434 432 
432 429 429 429 429 427 427 427 425 418 7.32 433 

6 	409 406 406 404 402 402 398 393 391.391 
391 391 	389 389 389 389 389 389 389 389 7.19 394 

8 	398 398 398 393 393 391 	391 	387 387 	387 
383 383 383 383 381 	381 	377 	377 375 375 7.51 386 

10 	379 368 368 368 364 362 349 349 346 346 
346 344 344 344 344 336 336 336 331 	331 13.87 349 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
476,3000 	-12.3500 

BEST FIT VALUES 	451.6 	426.9 	402.2 377.5 352.8 
STANDARD DEVIATION IS 	8.1219870 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
470.8000 	-9.9929 	-0.1964 

BEST FIT VALUES 	450.0 	427,7 	403.8 378.3 351.2 
STANDARD DEVIATION IS 	9.7277212 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
479.2003 	-15.8931 	0.9286 .0,0625 

BEST FIT VALUES 	450.6 	426.5 	403.8 379.5 350.6 
STANDARD DEVIATION IS 	13.6256070 

TABLE-5.6 	TEMP.(DEG.C) 2 1050 

2 	434 434 429 418 418 415 411 	411 411 	411 
411 409 409 409 409 406 406 406 404 404 9.13 413 

4 	377 373 373 371 	370 368 364 364 364 362 
362 362 360 360 360 360 358 355 355 351 6,76 363 

6 	318 	317 	317 	317 	315 315 	311 	311 309 307 
307 307 305 305 305 304 299 297 297 295 7.25 307 

8 	304 302 301 298 297 297 294 ”4 291 	289 
289 285 282 277 277 277 276 274 272 272 10.81 287 

10 	293 289 282 277 277 275 275 272 271 	271 
271 271 271 269 268 266 266 266  264 264 7.77 272 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
435 8000 	-17.9000 

BEST FIT VALUES 	400.0 364.2 328.4 292.6 256..? 
STANDARD DEVIATION IS 	17.2317530 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
488.-18000 	-40.6 43 	1.8929 

BEST FIT VALUES 	415.1 356.6 313.3 285.0 271.9 
STANDARD DEVIATION IS , 	6.6418585 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
473.3997 -29.7974 -0.1697 01146 

BEST FIT VALUES 	414.0 358.8 313,3 282.8 273.0 
STANDARD DEVIATION IS 	8.7251680 
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EFFECT OF SOAKING PERIOD 	ON HARDNESS IN001.0. 

ALLOY B2 	AS CAST HARDNESS(HV30)= 590 

TABLE-5.7 	TEMP.(DEG.C) = 800 

TIME 	HARDNESS 
(HRS) 	(HV30) 

	

2 	626 622 622 618 618 618 	618 618 618 	618 
614 614 614 610 610 610 606 594 594 583 

	

4 	652 648 648 648 648 639 639 639 639 635 
631 626 626 626 622 622 618 618 618 614 

	

6 	652 648 648 648 648 644 644 644 644 644 
644 644 635 635 635 635 631 631 626 618 

	

8 	671 671 671 666 666 666 661 661 	661 	661 
661 661 657 648 648 648 648 644 639 639 

	

10 	680 680 680 680 675 675 671 671 671 671 

	

666 666 666 666 661 661 661 661 661 	648  

FOR DEGREE OF 1 	COEFFICIENTS
0 	

ARE 
600.000 	6.850 

BEST FIT VALUES 	614.2 	627.9 	641,6 	655.3 
STANDARD DEVIATION IS 	3.2812576 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
597.0000 	8.3500 	-0.1250 

BEST FIT VALUES 	613.2 	628.4 	642.6 	655.8 
STANDARD DEVIATION IS 	3.7947308 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
588.6009 	14.2494 	-1.2499 	0.0625 

BEST FIT VALUES 	612.6 	629.6 	642.6 	654,6 
STANDARD DEVIATION IS 	5.0199602 

TABLE 5.8 	TEMP.(DEG.C) = 850 

	

2 	550 550 550 550 547 547 547 547 547 540 
537 537 533 533 533 533 533 523 523 523 

	

4 	543 540 533 530 527 527 527 527 527 527 
523 523 520 520 517 517 517 508 508 505 

	

6 	540 540 537 537 533 533 533 533 530 527 
527 527 527 527 527 527 523 523 517 514 

	

8 	533 523 523 523 523 520 517 517 517 517 
517 	517 	514 514 514 514 	511 	511 	511 	511 

	

lo 	527 527 527 527 527 523 523 523 5Z 	520 

	

520 520 517 517 517 517 517'517 517 	514 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
538.4000 	-2.1000 

BEST FIT VALUES 	534.2 	530.0 	525,8 	521.6 
STANDARD DEVIATION IS 	6.2289655 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
549.4001 	..6.8143 	0.929 

BEST FIT VALUES 	537.3 	528.4 	522,7 	520.0 
STANDARD DEVIATION IS 	6,3964291 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
5570016 	4.42.753 	1.5/81 	-01Q65 

BEST FiT VALUES 	537,9 	527.2 	522.7 	bd1.2  
STANDARD DEVIATION IS 	8.8446879 

CONDITION 

SD 	AVERAGE 
(HV30) 

	

10.75 	612 

	

12.22 	632 

	

8,75 	639 

	

10,42 	657 

	

8.48 	668 

669.0 

668.0 

668.6 

	

9.63 	539 

	

9,82 	523 

	

6 90 	.529 

	

5.56 	517 

	

4.35 	521 

517.4 

520.5 

519.9 
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EFFECT OF SOAKING PERIOD 	ON HARDNESS IN 0.0. 

ALLOY 82 	AS CAST HARDNESS(HV30)= 590 

TABLE-5.9 	TEMP.(DEG.C) = 900 

TIME 	HARDNESS 
(MRS) 	(HV3O) 

	

2 	508 505 502 502 502 499 499 499 499 496 
496 496 496 496 493 493 490 490 490 484 

	

4 	511 508 508 505 505 505 502 499 499 499 
499 499 499 496 496 496 493 487 487 487 

	

6 	511 508 505 505 502 502 499 499 499 499 
499 499 496 496 496 493 490 484 484 484 

	

8 	508 508 508 505 502 499 499 499 496 496 
496 496 496 496 493 493 493 490 487 481 

	

10 	508 508 502 502 502 499 499 499 499 499 
496 496 493 490 490 490 490 487 487 487 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
497.6000 	00.1000 

BEST FIT VALUES 	497.4 	497.2 	497.0 	496.8 
STANDARD DEVIATION IS 	1.3662605 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
494 6000 	1.1857 	-0.1071 

BEST FIT VALUES 	496.5 	497.6 	497,9 	497.2 
STANDARD DEVIATION IS 	1.2305619 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
489w0002 	5.1189 	00.8571 	0.0417 

BEST FIT VALUES 	496.1 	498.4 	492, 	496.4 
STANDARD DEVIATION IS 	1.1952272 

TABLE-5.10 	TEMP.(DEG.C) m 950  

	

2 	493 487 487 487 484 484 484 481 	481 	481 
481 481 481 478 478 478 476 476 476 470 

	

4 	470 467 467 465 465 465 462 462 459 457 
457 454 454 454 451 451 449 449 449 444 

	

6 	467 465 462 462 457 457 454 454 454 451 
449 449 449 449 449 446 446 446 441 441 

	

8 	467 465 465 459 459 457 454 451 451 451 
449 449 449 446 439 436 436 434 434 434 

	

10 	470 465 459 457 457 454 446 446 446446 
444 441 	441 441 439 439 439 439 436 434 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
480.4000 	-3.9000 

BEST FIT VALUES 	472.6 	464.8 	457,0 	449.2 
STANDARD DEVIATION IS 	7.6941535 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
502.4000 	-13.3286 	0.7857 

BEST FIT VALUES 	478.9 	461.7 	450.7 	446.1 
STANDARD DEVIATION IS 	4.4336367 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
529.0000 	-32.0119 	4.3482 	•0.1979 

BEST FIT VALUES 	480,8 	457.9 	450,7 	449,9 
STANDARD DEVIATION IS 	1.7928438 

CONDITION 

SD 	AVERAGE 
(HV30) 

	

5.75 	496 

	

6.95 	499 

	

7.57 	497 

	

6.97 	497 

	

6.64 	496 

496.6 

495.7 

496.1 

	

5.14 	481 

	

7.50 	457 

	

7.43 	452 
■ 

	

10.90 	449 

	

10,03 	446 

441.4 

447.7 

445.8 
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EFFECT OF. SOAKING PERIOD ON HARDNESS IN 0.0. CONDITION 

ALLOY B2 	As CAST HARDNESS(H1/30).1 590 

TABLE-5.11 	TEMP.(DEG.C) = 1000 

TIME 	HARDNESS 
(HRS) 	(HV30) 

 

SD AVERAGE 
(HV30) 

	

2 	411 404 402 402 400 398 398 398 398 396 
393 391 389 387 387 387 385 385 383 377 8.49 	393 

	

4 	398 396 393 393 391 391 388 389 389 387 
385 385 385 383 381 379 379 379 377 377 6.34 	386 

	

6 	406 406 402 402 402 400 400 400 400 400 
400 400 398 398 393 391 387 387 385 371 8.48 	396 

	

8 	371 371 366 364 355 353 349 349 348 344 
344 344 343 343 333 331 331 331 328 314 15.12 	345 

	

10 	377 373 366 364 362 357 355 353 349 349 
346 336 336 331 321 308 305 305 299 293 26,06 	339 

FOR DEGREE OF 1 	COEFFICIENTS ARE 

	

416.5000 	-7.4500 
REST FIT VALUES 	401.6 386.7 371,8 356,9 342.0 
STANDARD DEVIATION IS 	16.4387760 

FOR DEGREE OF 2 	COEFFICIENTS ARE 

	

387.0000 	5.1929 	-1.0536 
BEST FIT VALUES 	393.2 390.9 380',2 361.1 333.6 
STANDARD DEVIATION IS 	16.763906o 

FOR DEGREE or 3 	COEFFICIENTS ARE 

	

347.8002 	32.7261 	-6.3035 	0,2917 
BEST FIT VALUES 	390.4 396. 	380.2 355.5 336.4 
STANDARD DEVIATION IS 	21.9922070 922070 

TABLE-5.'12 	TEMP.(DEG.C) = 1050 

	

2 	371 368 366 366 364 364 360 358 358 358 
358 357 357 357 357 357 357 355 355 353 4.91 	359 

	

4 	355 355 344 339 334 333 333 333 333 331 
331 331 329 329 329 326 326 325 321 321 9.28 	332 

	

6 	362 353 351 351 351 346 346 346 344 343 
343 341 341 339 336 333 333 329 328 328 9.14 	342 

	

8 	314 314 308 307 307 304 304 304 304 302 
302 302 299 299 299 299 299 298 294 291 5.76 	302 

	

10 	299 298 297 295 295 295 295 293291 291 
291 291 289 289 286 285 285 277 277 270 7.63 	289 

FOR DEGREE OF 1 	COEFFICIENTS ARE 

	

375.8000 	-8.5000 
BEST FIT VALUES 	358,8 341.8 324,8 307,8 290.8 
STANDARD DEVIATION IS 	11.9554730 

FOR DEGREE OF 2 	COEFFICIENTS ARE 

	

364.8000 	-3.7857 	-0.3929 
BEST FIT VALUES 	355.7 343.4 3270 309,4 287,7 
STANDARD DEVIATION IS 	14.0397410 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
3780001 -13.6191 1.4822 -0,1042 

BEST FIT VALUES 	356.7. 341.4 3270 311.4 286.7 
STANDARD DEVIATION IS 	19.6017490 
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EFFECT OF SOAKING PERIOD ON HARDNESS IN O.Q. CONDITION 

ALLOY 83 	AS CAST HARDNESS(HV30)= 652 

TABLE■5.13 	TEMP.(DEG.C) = 800 

TIME SD AVERAGE 
(HRS) 	

HARDNESS 
(HV30) 	 (HV30) 

	

2 	710 705 705 700 700 
695 695 695 695 690 

	

4 	715 715 715 705 705 
700 700 695 695 695 

	

6 	752 741 741 741 741 
730 730 730 725 725 

	

8 	725 725 720 720 715 
700 700 700 695 695 

	

10 	725 720 720 720 720 
700 700 695 695 695 

700 700 700 700 695 
690 690 685 685 671 

705 705 700 700 700 
690 690 685 685 680 

741 736 736 736 736 
725 725 725 720 720 

710 710 710 705 700 
695 695 695 690 690 

720 705 705 705 705 
690 690 690 690 685 

	

8.66 	695 

	

9.95 	699 

	

8.59 	732 

	

11.41 	704 

	

12.86 	703 

FOR 70 D
0
EGREE

00 	1.050 
OF 1 	COEFFICIENTS

0 	
ARE 

,30  
BEST FIT VALUES. 702.4 704.5 706.6 708.7 710.8 
STANDARD DEVIATION IS 	16.4630880 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
664.8000 	16.2643 	.1.2679 

BEST FIT VALUES 	692.3 709.6 716.7 713.8 700.7 
STANDARD DEVIATION IS 	15.0503920 

FOR DEGREE OF 3 	COEFFICIENTS ARE 

BEST FIT 	701.!9211627"aqi” 700,5 
STANDARD DEVIATION IS 	21.27500u 

TABLE5.14 	TEMP.(DEG.C) = 850 

	

2 	571 571 568 568 568 564 564 564 564 564 
561 561 561 561 557 554 550 550 550 550 7.04 	561 

	

4 	550 543 543 543 543 540 540 540 540 537 
537 533 533 530 530 530 530 527 527 523 7.07 	535 

	

6 	568 564 564 564 561 561 561 561 5F1 557 
557 554 554 550 550 550 547 540 527 527 11.40 	553 

	

8 	575 575 575 571 571 571 571 571 568 568 
568 564 564 564 557 557 557 557 554 554 7.26 	565 

	

10 	661 648 648 648 648 644 635 635 635 635 
635 631 631 631 631 631 631 626 626 622 9.76 	636 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
516,0000 	9,0000 

BEST FIT VALUES 	534.0 552.0 570.0 588.0 606.0 
STANDARD DEVIATION IS 	30.1993370 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
610.0000 ■31.2857 3.3571 

BEST FIT VALUES 	560.9 538.6 543.1 574,6 632.9 
STANDARD DEVIATION IS 	10.2817460 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
5889999 	•16.5356 	0.5446 	0 0563 

BEST FIT VALUES 	559.4 541.6 543.1 571.6 634.4 
STANDARD DEVIATION IS 	13.7451300 
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EFFECT OF SOAKING PERIOD ON HARDNESS IN 0.0. CONDITION 

ALLOY B3 	AS CAST HARDNESS(HV30)= 652 

TABLE•5415 TEMP.(DEG.C) 900 

TIME 
(HRS) 

HARDNESS 
(HV30) 

SD AVERAGE 
(HV30) 

	

2 	511 499 499 499 496 493 493 493 490 487 
487 487 487 487 484 484 484 484 478 478 8.03 	490 

	

4 	496 496 496 496 493 493 493 490 487 487 
487 487 484 484 484 481 476 473 473 470 8.26 	486 

	

6 	499 493 493 490 490 487 487 484 481 481 
478 478 478 478 473 473 473 467 465 465 9.70 	480 

	

8 	502 499 499 496 496 493 490 490 484 484 
484 484 484 481 481 478 478 473 473 47U 9.37 	485 

	

10 	499 496 496 496 496 493 493 490 490 487 
487 487 487 487 484 481 478 478 478 462 8.80 	487 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
48747000 	•043500 

BEST FIT VALUES 	487.0 486.3 48546 484.9 484.2 
STANDARD DEVIATION IS 	4.0124814 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
49941000 	-5.2786 	0.4107 

BEST FIT VALUES 	490.3 484.7 48243 483.3 487.5 
STANDARD DEVIATION IS 	2.2928450 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
50044002 	•642621 	0.5982 	...0.0104 

BEST FIT VALUES 	49044 484.5 48243 483.5 487.4 
STANDARD DEVIATION IS 	3.2271163 

TABLE.5416 TEMP.(DEG.C) 950 

	

2 	481 481 478 478 476 476 476 473 473 473 
470 470 467 465 462 462 459 457 457 454 8.51 	469 

	

4 	473 467 465 459 459 459 459 457 454 454 
454 454 454 454 451 451 451 449 449 446 6.59 	455 

	

6 	459 457 457 454 451 45/ 451 451 449 449 
449 446 441 439 439 439 439 436 436 434 7.83 	446 

	

8 	473 473 473 470 467 467 467 467 465 459 
459 459 459 457 457 446 441 434 434 432 13.49 	457 

	

10 	481 481 481 478 476 470 470 470 467 467 
467 457 457 454 454 454 449 446 441 441 13.24 	463 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
461 0000 	-0.5000 

BEST FIT VALUES 	460.0 459.0 45840 457.0 456.0 
STANDARD DEVIATION IS 	9.8319206 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
49140000 •1343571 1.0714 

BEST FIT VALUES 	46846 454.7 449.4 452.7 464.6 
STANDARD DEVIATION IS 	4.0532179 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
50540001 .43.1905 2.9464 ..0.1042 

BEST FIT VALUES 	46946 452.7 44944 454.7 463.6 
STANDARD DEVIATION IS 	4.7809148 



SD AVERAGE 
(HV30) 

	

420 420 
l  21i ig  9.88 	417 

385 383 383 

	

375 373 370 8,49 	383 

	

  7.39 	361 

358 358 358 

	

348 348 343 6.03 	356 

353 353 351 

	

337 334 334 9.60 	349 

TABLE-5.18 TEMP.(DEG.C) 

2 381 381 379 377 377 
368 366 366 366 362 

4 334 326 326 325 311 
305 304 301 301 301 

6 287 287 286 285 283 
272 272 265 265 264 

8 265 265 265 263 263 
.256 255 252 251 251 

10 256 255 254 252 251 
246 246 245 244 244 

= 1050 

377 375 375 370 370 
362 362 358 358 358 7.91 	369 

311 305 305 305 305 
301 299 297 297 297 11.0 8 	307 

282 274 274272 372 

	

263 263 263 257 -257 10.00 	272 

263 262 262 262 261 

	

243 250 244 243 230 9.66 	255 

251 249 249 246 246 

	

242 239 238 231 231 7.02 	245 
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EFFECT OF SOAKING PERIOD ON HARDNESS IN 0.0. CONDITION 

ALLOY B3 	AS CAST HARDNESS(HV30): 652 

TABLE.5.17 	TEMP.(DEG.C) = 1000 

TIME 
(HRS)  

2 
 

4 

6 

8 

10 

429 429 
til 

398 396 )9) 
381 	381 	379 

375 370 
7  

366 364 362 
358 	358 357 

	

364 362 362 	362 
349 349 349 

322 
377 

362 
355 

346 

HARDNESS 
(HV30) 

425 

393 393 
377 375 

366 366 
i! 

362 362 
353 353 

358 357 
341 341 

364 362 362  

425 

387 
375 

358 
349 

353 
339 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
422.1000 	.8,1500 

BEST FIT VALUES 	405,8 389.5 373.2 356.9 340,6 
STANDARD DEVIATION IS 	11,3710150 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
4572,6000 s23.3643 1.2679 

BEST FIT VALUES 	415.9 384.4 363.1 351,8 '3500 
STANDARD DEVIATION IS 	3.7301866 

FOR DEGREE OF 3 COEFFICIENTS ARE 
477.1999 -37.1309 3.8928 ..011458 

BEST FIT VALUES 	417.3 3814 363,1 354,6 349.3 
STANDARD DEVIATION IS 	2.8685459 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
379.6000 -15.0000 

BEST FIT VALUES 	349.6 319.6 289.6 259.6 229.6 
STANDARD DEVIATION IS 	19.1763740 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
440.6001 .41.1429 2.1786 

BEST FIT VALUES' 	367,0 310,9 27202 250,9 247,0 
STANDARD DEVIATION IS 	4.4753292 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
468.6008 .60.8101 5.9287 ..012083 

BEST FIT VALUES 	369.0 306.9 272,2 754,9 245.0 
STANDARD DEVIATION IS 	0.2390442 
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EFFECT OF SOAKING PERIOD ON HARDNESS IN 0.0. CONDITION 

ALLOY B4 	AS CAST HARDNESS(HV30)= 621 

TABLE-5.19 	TEMP.(DEG.C) = 800 

TIME 
(HRS) 

HARDNESS 
(HV30) 

SD AVERAGE 
(HV30) 

	

2 	594 594 594 590 590 590 590 590 586 586 
586 586 586 583 583 583 579 579 579 564 6.98 	585 

	

4 	626 626 626 626 626 622 622 622 622 622 
618 618 614 614 610 606 606 602 602 602 8.92 	616 

	

6 	657 657 652 652 652 65 648 648 644 644 
644 644 644 644 639"63 639 639 639 635 6.41 	645 

	

8 	652 648 648 644 644 644 639 639 635 631 
631 626 626 626 626 622 622 618 618 618 11.17 	632 

	

10 	661 661 661 657 657 657 652 652 648 648 
648 644 639 639 639 639 636 626 626 622 12.13 	645 

FOR DEGREE OF 1 	COEFFICIENTS ARE 

	

583.8000 	6.8000 
BEST FIT VALUES 	597.4 611.0 624.6 638,2 651.8 
STANDARD DEVIATION IS 	15.0510230 

FOR DEGREE OF 2 	COEFFICIENTS ARE 

	

544.8000 	23.5143 	.1.3929 
BEST FIT VALUES 	586.3 616.6 635,7 643,8 640.7 
STANDARD DEVIATION IS 	11.0686170 

FOR DEGREE OF 3 	COEFFICIENTS ARE 

	

505,6002 	51.0475 	-6.6428 	0.2917 
BEST FIT VALUES 	583.5 622.2 635.7 638.2 643.5 
STANDARD DEVIATION IS 	12.9084680 

TABLE-5.20 	TEMP.(DEG.C) = 850 

	

2 	543 540 540 533 533 533 530 530 530 527 
527 523 523 520 520 517 514 508 505 505 11.19 	525 

	

4 	540 540 533 530 530 527 523 523 523 523 
520 520 520 517 517 514 514 514 514 514 8.26 	522 

	

6 	530 530 530 530 530 530 527 527 523 523 
523 520 517 514 514 514 508 505 505 505 9.35 	520 

	

8 	547 547 547 543 543 540 537 533 530 530 
530 530 530 530 527 527 527 523 523 523 8.31 	533 

	

10 	527 527 523 523 520 520 517 517 514 511 
511 508 508 505 505 505 502 502 502 502 8.74 	512 

FOR DEGREE OF 1 	COEFFICIENTS ARE 

	

526.9000 	..0.7500 
BEST FIT VALUES 	525,4 523.9 522.4 520,9 519.4 
STANDARD DEVIATION IS 	8.3805331 

FOR DEGREE OF 2 	COEFFICIENTS ARE 

	

516.4000 	3.7500 	-0.3 50 
BEST FIT VALUES 	522.4 	 .4 	522.4 516.4 
STANDARD DEVIATION IS 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
565,4003 ■30.6669 6.1875 ■0.3646 

BEST FIT VALUES 	525.9 518.4 525.4 529.4 512.9 
STANDARD DEVIATION IS 	7.5299383 



2 

4 4 

6  

8 

10 

465 457 457 
446 446 

451449 446 
444 444 444 

tii 113 113 
459451 449 
444 444 444 

459459 457 
444 441 441 

454454 454 451 
439 439 429 429 9.71 

446 446 •444 444 
439 432 422 422 7.84 

212 412 434 434 434 tti 894 5.50 

449 449 446 446 446 446 446 
444 439 439 434 434 434 434 6.56 

457 457 451 451 451 446 446 
439 436 434 434 432 432 427 10.22 

457 454 439 
444 439 439 

446 446 446 
441 439 439 

447 

441 

440 

443 

444 
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EFFECT OF SOAKING PERIOD ON HARDNESS IN 0.0. CONDITION 

ALLOY 84 	AS CAST HARDNESS(HV30)1= 621 

TABLE•5*21 	TEMP.(DEG.C) a 900 

TIME 
(HRS) 

HARDNESS 
(HV30) 

SD AVERAGE 
(HV30) 

2 	499 499 490 490 487 487 
478 47B 478 478 478 476 

490 490,487 487 484 484 
476 476 473 473 473 470 

478476 476 476 473 473 470 470 467 467 
467 465 465 465 465 465 454 457 454 439 

478478 478 478 476 476 476 473 470 470 
470 467 467 467 465 465 462 462 454 446 

496 484 484 481 481 481 481 481 481 478 
476 476 470 470 470 470 467 467 465 465 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
•4 479,6000 	-1.0000  

BEST FIT VALUES. 	477,6 475.6 473.6 471,6 469.6 
STANDARD DEVIATION IS 	6.6131182 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
499 .6000 	-9.5714 	0.7143 143 

BEST FIT VALUES 	483.3 472.7 46719 468,7 475.3 
STANDARD DEVIATION IS 	2.9081167 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
485*5999 	0.2620 	1.1.1607 	0.1042 

BEST FIT VALUES 	482.3 474.7 467 9 466,7 476.3 
STANDARD DEVIATION IS 	2.6295024 

TABLE75'a2 	TEMP.(DEG.C) = 950 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
.4. 444. 	

443.8 44 
2000 	-0.2000 

BEST FIT VALUES 	4433.4 443,0 442.6 442.2 
STANDARD DEVIATION IS 	3.0767952 

FOR DEGREE OF 2 	COEFFICIENTS ARE. 
..4 453.2000 	-4.0571 	0.3214 

BEST FIT VALUES 	446*4 442,.1 440.4 441,3 444.8 
STANDARD DEVIATION IS 	1.6212888 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
463 	 -10.9408 	1.6340 

RE 
340 	•010729 

BEST FIT VALUES 	447.1 440.7 44014 442,7 444.1 
STANDARD DEVIATION IS 	0.5976148 

40 

6 

8 

10 

487484 484 484 

	

473 473 473 470 8.25 	482 

484 481 481 47§ 

	

465 465 465 459 9.10 	476 

	

9.40 	466 

	

8.54 	468 

	

8.04 	476 



T-21 

EFFECT OF SOAKING PERIOD ON HARDNESS IN 0,0. CONDITION 

ALLOY 134 	AS CAST HARDNESS(HV30)= 621 

TABLE-5.23 	TEMP.(DEG.C) = 1000 

TIME 	HARDNESS 
(HRS) 	(HV3O) 

2 1  
418 418 

 
 413 409  411 

 
4 400 389 387 385 383 381 379 377 377 377 

373 373 370 368 368 368 366 366 364 362 

6 383 377 377 377 377 375 375 375 368 366 
366 364 364 364 362 362 360 360 358 358 

8 366 366 366 362 358 35e 358 357 357 357 
355 355 349 349 349 348 339 339 331 331 

10 366 364 358 357 357 357 349 349 348 346 
344 344 344 343 341 339 339 337 331 331 

SD AVERAGE 
(HV30) 

	

 6.54 	408 

	

9.78 	375 

	

7.78 	368 

	

10.63 	352 

	

10.00 	347 

FOR DEGREE OF 1COEFFICIENTS ARE 
413.5000 	-7.2500 

BEST FIT VALUES 	399.0 384.5 370.0 355,5 341.0 
STANDARD DEVIATION IS 	8.6313381 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
437.0000 *17.3214 0.839 

BEST FIT VALUES 	405,7 381.1 163.3 352,1 347.7 
STANDARD DEVIATION IS 	5,732 148 

FOR DEGREE OF 3 	COEFFICIENTS ARE 
458.0001 -32.0715 3.65.18 *0.1563 

BEST FIT VALUES 	407.2 378.1 363.3 355.1 346.2 
STANDARD DEVIATION IS 	6.5737560 

TABLE...5.24 	TEMP.(DEG.C) = 1050 

2 	366 366 igi Ni lit Ni 353 lgi 351 WI 9.25 	364 

4 

	

 7.57 	306 

	

7.27 	280 

	

6.67 	266 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
.379.0000 *11.9000 

BEST FIT VALUES 	355.2 331.4 307.6 283.8 260.0 
STANDARD DEVIATION IS 	8.5401019 

FOR DEGREE OF 2 	COEFFICIENTS ARE 
402.0000 *21.7571 0.8214 

liND14; 	
321:116flig0 280.5 266,6 

FOR DEGREE or 3 	COEFFICIENTS ARE 
421.5999 	 35.5237 	3.4464 	*0,145$ 

BEST rir VALUES 	363.2 325.3 301.0 283,3  265.2.  
STANDARD DEVIATION IS 	6.9323264 

8 

10 

336 334 333 333 331 331 	329 328 328 323 
321 321 320 318 318 315.315 311 308 302 

6 
 315 314 314 312 311 

ti 

289 287 287 286 286 286 285 283 283 283 
282 281 281 280 277 276 269 269 266 266 

282 277 276 275 272 272 269 266 266 264 
263 263 263 263 263 261 260 260 260 260 

9,48 	322 
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EFFECT OF SOAKING TEMPERATURE ON HARDNESS IN 0,0, CONDITION 

ALLOY 81 	AS CAST HARDNESs(Hv30)= 594 

TABLE*505 	T/ME(HRS) = 2 

	

TEMP 	HARDNESS 	SD AVERAGE 
(DEG4C) 	(HV30) 	 (HV3O) 

oo mm • o 

	

"0 	
lig 

70 
 ;V I34 76:2 lig PR 	76;! 13 2 	695 

	

850 	564 5( 5 557 554 550 0 550 550 54, 	* 1 

	

900 	
4 547 sli  54 pi V;  540 540 517 533 8.94 	548 

	

7,136 4if 4.4 4W4 464 481 499 496 47s 9.80 	492 
950 50 508 502 502 502 499 496 493 490 490 

	

490 484 484 484 484 481 476 476 476 473 11.02 	489 

	

1000 	47 	 459 451 451 	 449 449 449 

	

9.22 	450 

	

1050 	434 434 429 418 410 415 411 411 411 411 

	

411 409 409 409 409 406 406 406 404 404 9.13 	413 

FOR DEGREE OF 1 	CnErr/C/ENTS ARE 
141.16772 	.449754 

BEST FIT VALUES 	636,4 597.7 539,9 490.1 441.3 392,6 
STANDARD DEVIATION TS 	43.9609190 
FOR DEGREE OF 2 	courriams ARE 

516A243 	-9,1412 	0.0441 
BEsT FIT VALUES 	673.2 590.) 509.5 460.7 434,0 429.4 
STANDARD DEVIATION iS 	32.3953190 
FOR DEGREE OF 3 	OEFFICIENTs ARE 

	

3517.A767 -107.4 59 	1.1126 	-0.0039 
BEST FIT VALUES 	697.5 560.1 499.0 472,3 454.2 414.8 
STANDARD DEVIATION IS 	16.3979710 
FOR DEGREE OF 	coEFFICIENTs ARE 
286046672 063.7151 0.1519 0.0049 -0,0000 

BEST FIT VALUES 	69441 551.7 491,9 476.8 464.3 409.1 
STANDARD DEVIATION IS 	19.8104540 

TABLE-526 MEMO = 
----------.-..      . WWWWWWWW ............ 	 
900730 I30 720 720 720 720 715 715 715 710 
950 al 639 763? 131 132 626 232 832 232 233 12.38 
900 	Be Ili 

622 618 614 614 
243 tig tS8 

602 
 10•68 

950 	83 
484 481 478 478 

174 
470 470 470 467 12.97 

i 
1000 121 211 llf 1;S 1 ; 8i 213 1;2 :1 83 9.83 

1050 	17? ti3 P3 13? 1 g Ili lil tll II; 11/ .1.32 
362 362 360 360 360 360 358 355 3oz J51. 6.76 

Olmfttstm00,0,400  

POOR , DEGREE OF 1 	COEFFICIENTS ARE 
173.2439 	.4.3154 

BEST FIT VALUES 	680.1 614.3 548 	482,8 417,0 351.2 
STANDARD DEVIATION IS 	36.070831 
FOR 0EGRE1  OF 2 	COEFFICIENTS ARE 

BEST FIT 	 603:P427.7 462.0 411,8 377,2 
STANDARD DEVIATION IS 	31.2568710 
FOR DEGREE OF 3 	COEFFICIENTS ARE 
2063 3876 	.40.3387 	0.6098 	4021 

!Pat gfiliTION11.9 599.2 521.5 469.3 422.8 369,4 
32.8690520 

r R DEGREE OF 4 	COEFFICIENTS ARE 
166108so -33,5764 0.0223 0.0032 .4.0000 

STANDARD 
 VALUES 	717.9 593.1 51748 471,o 429.0 365.3 

STANDARD  DEVIATION IS 	45.2742040 
.4404 

709 

622 

486 

481 

433 

363 
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EFFECT OF SOAKING TEMPERATURE ON HARDNESS IN 0,0. CONDITION 

ALLOY 81 	AS CAST HARDNFSS(HV30)2 594 

TABLE05.27 	TIME(HRS) = 6 

TEMP 
(DEG.C)  

800 

850 

900 

950 

1000 

1050 

i30 730 
5 705 
35 631 

510 618 
520 511 
493 490 
48 	487 
470 467 
409 406 
91 191 

118 	17 
07 	07 

725 
795 
631 
614 
511 
49t) 
484 
467 
406 
389 
317 
305 

725 
705 
626 
614 
511 
490 
481 
467 
404 
389 
317 
305 

HARDNESS 
(HV30) 

715 715 
700 700 
626 626 
614 606 
511 505 
484 484 
478 476 
467 465 
402 402 
389 389 
315 315 
305 304 

715 
700 
626 
606 
505 
484 
476 
465 
398 
389 
311 
299 

715 
700 
626 
590 
505 
478 
473 
462 
393 
189 
11 
97 

710 
685 
622 
590 
499 
473 
473 
462 
391 
389 
309 
297 

710 
671 
618 
586 
496 
470 
473 
459 
391 
189 
07 
95 

SD AVERAGE 
(HV30) 

	

14.40 	708 

	

14.18 	616 

	

14.14 	495 

	

8.33 	471 

	

7.19 	394 

	

7.25 	307 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
1920001 «1410 

BEST FIT VALUES 	691,0 614.0 5370 460.0 383,0 306,0 
STANDARD DEVIATION IS 	23.9791590 

i 

FOR DEGRE OF 2 	COEFFICIENTS ARE 

	

314008 6 	«4.4959 	0.0144 
STANDARD 

WEI 70/0 611.6 527.4 450.4 380.6 318.0 
STANDARDDEVIATION IS 	24.6240870 
FOR orGR; OF 	COEFFICIENTS ARE 

	

191209 4 	.43.28U9 	0.5478 	•0,9019 

STANDARD 
VALUES 	710.1 601.5 521.7 456.3 390.7 3100 

STANDARD DEVIATION /5 	24s/818410 
FOR DEGREE OF 4 	COEFFICIENTS ARE 
14622205 «29.9519 0.0354 0.0027 «0.0000 

BEST FIT VALUES 	713.6 597.1 511415 458.6 396,1 307,1 
STANDARD DEVIATION IS 	33.1399480 

TABLE -5 28 	TIME(HRS) = 8 

	

800 	736 730 730 730 730 725 725 725 725 725 
725 720 720 720 715 710 700 695 695 6$5 14,05 

850 11! Is  626 626 lit  626 626 626 626 62i 

	

900 	57 14 514 511 511 51,2 	!SS* gol 	10.19 

950 02 496 496 496 tp Ili 111 484  484 ti; 10,84 

	

1000 	3  1 4;11 4;8 1;6 4 ! 1;t 4;6 173 NI 470 6.73 

	

1050 	hi 11 l01 298 4) 21P7 ;4 394 	289 7," 
	386 

2.7 .5 8 277 277 277 76 274 	272 10.81 	287 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
201 2895 	■1.6177 

BEST FIT VALUES 	702.7 620.8 5380 457 1 375.2 293.3 
STANDARD DEVIATION CO

EFFICIENTS FOR DEGREE OF 2 	COEFFICIENTS ARE 
2630772 	•2.98S2 	.0073 

BEST FIT VALUES 	708.8 619.6 534 	452,2 374.0 299.4 
STANDARD DEVIATION IS 	29.5768770 
FOR DEGREE OF 3 	COEFFICIENTS ARE 
22370058 «67.6634 0.7101 *0.0025 

BEST FIT VALUES 	718.2 606.) 526.4 459.9 387.3 289.8 
STANDARD DEVIATION IS 	25.7779700 
FOR DEGREE OF 4 	COEFFICIENTS ARE 

BEST 'IT VALUES 	722.6 600.7 	245 462.9 394.0 285.3 
17970373 «35.3722  0.067i 0.0033 .0.0000 

STANDARD DEVIATION IS 	35.123 390 

718 

617 

499 

481 

• 
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EFFECT OF SOAKING TEMPERATURE ON HARDNESS IN 00. CONDITION 

ALLOiB1 

TABLE•529 

TEMP 
CDEG.C) 

AS CAST HARDNESS(HV30)= 594 

T/ME(HRS) 2 10 

HARDNESS 
(HV3O) 

SD AVERAGE 
(HV3O) 

800 730 730 730 730 725 725 725 725 715 715 

715 715 710 710 710 710 705 705 700 685 11.95 715 

850 695 685 680 680 675 675 671 671 666 666 

666 661 661 661 657 652 652 652 644 639 14.06 665 

900 543 543 540 533 533 533 533 533 533 533 

530 530 530 530 530 523 523 523 523 517 6.70 530 

950 496 493 490 487 487 484 484 481 481 473 

473 473 46/ 467 467 465 465 465 465 459 11.12 476 

1000 379 368 368 360 364 362 349 349 346 346 

346 344 344 344 344 336 336 33.6 331 331 13.87 349 

1050 293 289 282 277 277 275 275 272 271 271 

271 2/1.271 269 268 266 266 266 264 264 7.77 272 

FOR DEGREE-OF 1 	'COEFFICIENTS ARE 

2200501 	•18383 

BEST FIT VALUES 	731y0 	639.0 	54%1 455.2 363.3 	271.4 

STANDARD - DEVIATION IS 	21.5563470 

FOR DEGREE or 2 	COEFFICIENTS ARE 

157.7446 	s044772 	•0.0074 

BEST FIT VALUES 	72,41 	640.3 	5520 460.1 364.5 	265 2 

STANDARD DEVIATION IS 	24.0305860 

FOR DEGREE OF 3 	COEFFICIENTS ARE 

•7461192 	29.1345 	•0.3291 0.0012 

BEST FIT VALUES 	720..5 	646.3 	555.1 456.6 358.4 	269,6 

STANDARD DEVIATION IS 	27.3684220 

FOR DEGREE OF 4 	COEFFICIENTS ARE 

45590962 	16.4177 	.0.0543 •0.0013 0,0000 

UST FIT VALUES 	71146' 	648,7 	5574 455.3 355.5 	271.6' 

STANDARD DEVIATION IS 	38.5847900 

\ 	a  0* 
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EFFECT OF SOAKING TEMPERATURE ON HARDNESS IN 0,0, CONDITION 
Sao 

ALLOY B2 	AS CAST MARDNESS(MV30)2 590 

TAB/X.5,40 	TIME(HRS) 2  2 

TEMP 
(DEG.C) 

HARDNESS 
(HV30) 

SD AVERAGE 
(HV30) 

	

800 	626 622 622 618 618 618 618 618 618 618 
614 614 614 610 610 610 606 594 594 583 10.75 	612 

	

850 	550 55! 550 550 547 547 547 547 547 540 
537 53 533 533  533 533 533 523 523 523 9,63 	539 

	

900 	508 50 502 502 502 4 	499 499 499 496 
496 496 496496 493 403 490 490 490 484 5.75 	496 

	

950 	493 487 487 487 484 484 484 481 481 481 
481 481 481 478 478 478 476 476 476 470 5,14 	481 

	

1000 	411 404 402 492 4Q0 398 198 
385 383 

326 
393 191 389 387 387 387 85 )95 383 377 8,49 	393 

	

1050 	371 68 )66 366 364 364 6Q 358 358 358 
358 357 357 357 357 357 57 355 355 353 4,91 	359 

FOR DEGREE OF icOPTICIENTs ARE 
I380006 	.a.9017 

BEST FIT VALUES 	602.7 513,6 504.5 455.5 406.4 357,3 
STANDARD DEVIATION IS 	7.3736230 
FOR DEGREE OF 2 	CQEFFIC ENTS ARE 

147,9969 	-1,1799 	0.0011 
BEST FIT VALUES 	603,6 553.5 503,8 454,7 406,2 358,2 
STANDARD DEVIATION IS 	20.0390690 
FOR DEGREE OF 3 	COEFFICIENTS ARE 

921,3045 -26,5243 0.2765 -0.0010 
BEST rIT VALUES 	607.3 5484 500,9 457.7 411.4 354.4 
STANDARD DEVIATION IS 	22.7156490 
FOR DEGREE OF 4 	COEFFICIENTS ARE 

776,3569 •16.8566 0.0642 0,0009 -0,0000 
BEST FIT VALUES 	608.7 546.4 499.5 458,7 413,6 352.9 
STANDARD DEVIATION IS 	32.1892420 

TABLE-5;41 	T/ME(HRS) = 4 
	. -i.e. 

	

8" 	211 
648 21t 648 648 639 639 639 639 635 12.22 	632 

	

850 	54, 540 5 3 530 527 	7 5 7 27 0 527 	e  

	

900 iil 
523 52

0 ;fig 517  Ws hi iil 499 505 9.82 	
523 

499 499 499 496 496 496 493 487 487 487 6.95 	499 

	

950 	470 467 467 465 465 465 462 462 459 457 
457 454 454 454 451 451 449 449 449 444 7.50 	457 

1 

	

1000 	398 96 393 393 391 391 389 389 389  387 

	

100 	1

8$ 85 395 383 381 379 

326 

 79 )77 377 6.34 	386 
55 55 344 339 334 333 	 $ 133 333 331 
31 31 329 329 329 326 	325 321 321 9,28 	332 

FOR DEGREF or 1 	COEFFICIENTS ARE 

	

150.3800 	-1.1160 
BEST FIT VALUES 	611,0 555.2 499,4 443.6 387,8 332.0 
STANDARD DEVIATION /S 	20.3764550 
FOR DEGREE OF 2 	COEFFICIENTS ARE 

	

203.0918 	.2.2655 	0.0062 
BEST FIT VALUES 	616,2 554. 	495,3 439.5. 386.8 337.2 2 
STANDARD DEVIATION IS 	2248815250 
FOR DEGREE OF 3 	COEFFICIENTS ARE 
17842870 -54.0675 0.5691 -040020 

BEST P IT VALUES 	623.7 543.5 489.2 445.6 397.4 329,5 
STANDARD DEVIATION IS 	20.6442060 
FOR DEGREE OF 4 	COEFFICIENTS ARE 
1468,4994 -33.067t 0.1080 010022 s0,0000 

BEST FIT VALUES 	626.9 539.5. 4863 447,8 402,3 326.3 
STANDARD DEVIATION IS 	29.0351210 
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EFFECT OF SOAKING TEMPERATURE  ON HARDNESS IN 0.0, CONDITION 

ALLOY 82 	AS CAST HARDOESS(HV30): 590 

TABLE•502 	TIME(HRS) g 6 

TEMP  
(DEG,C) 	(HV30) 

SD AVERAGE 
(HV30) 

800 	652 648 648 648 648 644 644 644 644 644 

850 gq WI til !ii Iii 41 131 g31 BO HP, 9." 	639 

527 527 52 52 527 527 523 523 517 514 6,90 	529 
900 

I;i In 18i in 136 Ni IN 1:41 Va IN 7,57 	497 
950 	467 465 462 462 457 457 454 454 454 451  

449 449 449 449 449 446 446 446 441 441 7.43 	452 
1000 	406 406 43i  402 402 400 400 420 400 400 

1050 

 
400 400 

	1541 111 Ili 
 391 

 Ili 
387 

 ill Iii  :::: 	396  342 N 
FOR DEGREE OF 1 	SOEFF/CIENTS ARE 

14945448 	4.1.1 23 
BEST FIT VALUES 	613.6 550.5 50344 448.3 393,2 338.0 
STANDARD DEVIATION IS 	19.9568610 
FOR DEGREE OF 2 	COEFFICIENTS ARE 

26140235 	•3.5334 	0.0131  
BEST FIT VALUES 	624,6 5560 494.6 439.5 391,0 349.0 
STANDARD DEVIATION IS 	19.9169570 
FOR DEGREE OF 3 	COEFFICIENTS ARE 
1839,9532 .45.2611 0.5752 .0,0020 

BEST FIT VALUES 	632.1 545,7 488.6 445,6 40106 341.3 
STANDARD DEVIATION IS 	15.3152070 	- 
FOR DEGREE OF 4 	COEFFICIENTS APE 
1509,7664 •33.2687 0.0924 0.0024 .0,0000 

BEST FIT VALUES 	635.4 541.5 485.6 447,9 406,7 338,0 
STANDARD DEVIATION IS 	21.1516530 

TABLE-503 	TIME(HRS) g 8 • 

	

800 	671 671 67i 	611 al  611 6t1 661 61 
644 639 239 10.42 

	

850 	gS 	113 523 123 520 117 117 517 517 1  
900  48  518  308 in 502 !it iii 	14 5,56 

950 

 

496 496 :61 tit 
493 

 lgi 
493 490 487 

111 
6.97 

449 449 449 446 419 436 436 434 434 434 10.90 

	

1000 	171 i71 66 364 3 5 353 349 349 	344 

	

1050 	ft Sit ill iti 313 in 	3ii 	14 15,12  
02 302 299 299 299 299 29 298 294 291 5,76 	• 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
169.7495 	1.3306 

BEST FIT VALUES 	628,2 561.4 49446 427.8 360,9 294,1 
STANDARD DEVIATION IS 	20,8865330 
FOR DEGREE OF 2 	COEFFICIENTS ARE 

2600185 	.3.3051 	0.0106 
BEST FIT VALUES 	637.1 559.6 48745 420.7 359.2 303,0 
STANDARD DEVIATION IS 	33.2090400 
FOR DEGREE OF 3 	COEFFICIENTS ARE 
1860.4689 *55.7379 0.5804 "0.0021 

BEST FIT VALUES $4447 548.9 481.4 426,9 369,9 295,2 
STANDARD DEVIATION IS 	35.8337800 
FOR DEGREE OF 4 	COEFFICIENTS ARE 

1558 	•35,6342 	0.1390 	0.0020 	1.00000 
.BEST FIT VALUES 	647.7 545.0 47841 428,9 

	• 
374.6 292,1 

STANDARD DEVIATION IS 	50.8460230 

657 

517 

497 

449 

345 

302 
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EFFECT OF' SOAKING TEMPERATURE ON HARDNESS IN O.Q. CONDITION 

ALLOY B2 
	

AS CAST HARDNESS(HN30)= 590 

TABLE•5,14 
	

TIME(HRS) = 10 

TEMP 
(DEG.C) 

HARDNESS 
(HV30) 

SD AVERAGE 
(HV30) 

800 680 680 680 680 675 675 671 671 671 671 

666 666 666 666 661 661 661 661 661 648 8,48 668 

850 527 527 527 527 527 523 523 523 523 520 

520 520 517 517 517 517 517 517 517 514 4,35 521 

900 508 508 502 502 502 499 499 499 499 499 

496 496 493 490 490 490 490 487 487 487 6,64 496 

950 470 465 459 457 457 454 446 446 446 446 

444 441 441 441 439 439 439 439 436 434 10.03 446 

1000 377 373 366 364 362 357 355 353 349 349 

346 336 336 331 321 308 305 305 299 293 26.06 339 

1050 299 298 297 295 295 295 295 293 291 291 

291 291 289 289 286 285 285 277 277 270 7.63 209 

	• 	 
FOR DEGREE OF 1 	COEFFICIENTS ARE 

177,6505 	•1.4234 

BEST FIT VALUES 	63%8 	566,6 	4954 424.2 353.1 	281.9 

STANDARD DEVIATION IS 	30.4746590 

FOR DEGREE OF 2 	COEFFICIENTS ARE 

2720810 	4,4980 	0.0112 

BEST FIT VALUES 	647,1 	564.7 	487,9 416.8 351.2 	291.2 

STANDARD DEVIATION IS 	33,7706830 

FOR DEGREE OF 3 	COEFFICIENTS ARE 

2056,3906 	.61,9051 	0.6459 .0.0023 

BEST FIT VALUES 	655,6 	55247 	481,1 423,7 363.2 	282.6 

STANDARD DEVIATION. IS 	35.4025240 

FOR DEGREE OF 4 	COEFFICIENTS ARE 

17W2719 	039,3044 	0.1497. 0.0022 .0.0000 

BEST FIT VALUES' 	659,0 	548.4 	478,0 426.0 368.5 	279.1 

STANDARD DEVIATION IS 	50.1984450 
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EFFECT OF SOAKING TEMPERATURE ON HARDNESS IN 0,0. CONDITION 

ALLOY 83 	AS CAST HARDNESS(HV30)= 652 

TABLE■5A5 	T/ME(HRS) = 2 
	• 	 
TEMP 	HARDNESS 

(DEG,C) 	(HV30) 

 

SD AVERAGE 
(HV30) 

800 710 705 74; 76p Inn  

	

x ai ni 738 Al 7635 23i 8.66 	695 
850` P? pi he 560 568 56 164 564 $64 564 	* 

	

561 61 561 561 557 554 10 550 550 550 7.04 	561 

	

900 ili 1:7 ::3 tr7 Si :12 81 Ili In 1178 8.03 	490 
950 	481 481 476 478 476 476 476 473 473 473 _ _ 

	

1000 233 133 IN 8; 8,3 tSi lig lil ni Ill 8.51 
	

469 

	

418 418 448 144 10 141 409 436 3;u 1?6 9.88 	417 
1050 	381 3 i 3 9 

	

368 366 366 366 362 3672 NI 15i 152 358 7.91 	369 

FOR DEGREE OF 1 	COMICIENTS ARE 
160A181 	.01i1903 

STAND
ARD VALUES 	644 589.4' 5290 470.4 410.9 351,4 

STANDARD DEVIATION IS 	34.9023830 
FOR DEGREE OF 2 	COEFFICIENTS ARE 

466..4986 .7.8760 	0.016i . 
BEST FIT VALUES• 679.1 583.4 	05i8 446.3 404,9 381,5 
STANDARD DEVIATION IS 	24.662 930 
FOR DEGREE OF 3 	COEFFICIENTS ARE 
2730.8888 •824538 0,8421 *0.0029 

BEST FIT VALUES 	689.9 560.2 49%2 455,1 420.1 370.5 
'STANDARD DEVIATION IS 	12.9387160 
FOR DEGREE OF 4 • COEFFICIENTS ARE 
2230.5618 .480290 0.1105 0.0037 4,0000 

BEST FIT VALUES 	694.8 561.8 492..6 458,5 427.8 365.4 
STANDARD DEVIATION IS 	15.7256700 	- 

TABLE.5 16 	TIME(HRS) = 4 
wiftmoile44 

	

800 	715 715 715 701 70$ 705 705 700 700 700 
704 700 695 695 695 690 690 685 685 680 9.95 	699 

	

850 	55Q 543 543 543 543 540 $40 540 540 537 
537 533 533 530 530 530 530 527 527 523 7.07 	535 

	

900 	496 496 496 496 493 493 493 490 487 487 
487 487 484 484 484 481 476 473 473 470 8,26 	486 

	

950 	473 467 465 
459 

 459 459 459 457 454 454 
454 454 454 454 451 411 451 449 449 446 6,59 	455 

	

1000 	396 396 393 393 393 393 lei )85 383 313 
161 101 376 377 377 375 7 375 373 170 8.49 	383 

	

1050 	34 26 326 325 311 311 0 305 305 05 
05 04 301 301 301 301 29 297 297 297 11,08 	307 

FOR DEGREE OF 1COEFFICIENTS ARE 

	

177.0914 	.1.3983 
BEST FIT VALUES 	652.3 582.4 512i.1 442,5 372,6 302.7 
STANDARD DEVIATION IS 	36.7674150 
FOR DEGREE OF 2 	COEFFICIENTS ARE 

	

387.9388 	.5.9963 	0.0249 
BEST FIT VALUES 	673.0 578,2 495.9 426,0 368,5 323,4 
STANDARD DEVIATION IS 	36.3577420 
FOR DEGREE OF 3 	COEFFICIENTS ARE 

	

3653.4013 .412.9771 	1.1073 .0.0042 
BEST FIT VALUES 	688.6 556,3 48.4 438,7 390,5 307.6 
STANDARD DEVIATION CO

EFFICIENTS 	 0 
FOR DEGREE OF 4 	COEFFICIENTS  

	

2959 8644 	.66.7133 	0.1731 	0.0050 	.00000 
BEST FIT VALUES 	695.1 547.4 477.0 443.4 401.2 300,5 
STANDARD DEVIATION IS 	27.4697170 
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EFFECT OF SOAKING TEMPERATURE ON HARDNESS IN 0,0. CONDITION 

ALLY R3 	AS CAST HARDNESS(HV30): 652 

TAB1,E-5:37 	TimE(HRS) 0 6 

TEMP 
(DEG.t) 

HARDNE
(HV30SS ) 

SD AVERAGE 
(HV30) 

i 

	

800 	752 741 741 741 741 741 736 36 36 736 

850 ;13 564 564 
 730 725 725 Ni ;q 25 

 13 iq 9.59  

900 

 
55 554 554 550 550 550 

117 41(4'  181 IL 11.40 

	

950 	VI 4
78 478 

1;84 
 473 473 2

751 111 
465 

 lt; 9.70  

11? 446 441 439 116 126 
439 

 122 
 436 

 434  7*"  

	

10" 	062 160 060 360 060 357 055 355 301 351 6,56 

	

1050 	287 97 286 285 293 282 274 274 272 272 
272 272 265 265 264 263 263 263 257 257 1000 

rop DEGREE OF 1 	COEFFICIENTS ARE 
201.0724 	-t,.6§11 

BEST FIT VALUES 	6910 598.8 515.1 432,6 349,6 266.5 
STANDARD DEVIATION IS 	39.5261760 
FOR DEGREE OF 2 	COEFFICIENTS ARE 

4440353 	-649595 	
0,0286 

BEST FIT VALUES 	70so 594.0 49 : ;6 413.5 344.8 290.4 
STANDARD DEVIATION IS 	38.0130680 
FOR DEGREE OF 3 	COEFFICIENTS ARE 

	

39415935 •121i5473 	1.2737 i .)0045 
BEST FIT VALUES 	7220 570.5 4830 427,1 368,4 273,4 
STANDARD DEVIATION IS 	20,0903090 
FOR DEGREE OF 4 	COEFFICIENTS ARE 
3191A434 -715761 0.1766 0:0055 -0.0000 

BEST FIT VALUES 72M 560.94760 432,3 380.0 265.8 
STANDARD DEVIATION IS 	25.0982920 

TABLE■4 -38 	:ME(HRS) 0 8 

i 

	

800  ;i1 IP Ng 76i? 
715 

 A? 760 
710 705 

U 11 41 	704 

	

850 	575 575 575 571 571 571 571 571 568 68 	* 

900 

 
568 564

ilg i8t 
564 

 496 
 557 557 

l'70 
554 

 411 7.2
6 
	

565 

1 

484 484 484 4 	28 478 478 
490 

 473 470 9.37 	485 

	

9" 
	473 473 473 

1 7 457 446 
467 

 434 41151 432 13,49 	457 

58 

	

	 6 03 

i 

	

ICI° 	3"  U 
362 

 isi Ili Igi III 318 iii 34; 	356 

	

1050 	165 65'265 63 63 263 262 262 262 261 	* 

	

56 55 252 251 251 243 250 244 243 230 9,66 	255 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
200 3190 	-1,6571 

BEST FIT VALUES 	677.5 594.6 III 8 428,9 346,0 263,2 
STANDARD DEVIATION IS 	29.515 70 
F0R DEGREE OF 2 	COEFFICIENTS 	E 

2645389 	-3.0576 	0.0076 
BEST FIT VALUES 	693.9 593.4 50547 423,9 344.8 269.5 
STANDARD DEVIATION IS 	32.2423740 
FOR DEGREE OF 3 	COEFFICIENTS ARE 
31041206 -96.0860 1,0184 .04036 

BEST FIT VALUES 	697.3 574.3 4950 434,9 363.9 255.7 
STANDARD DEVIATION IS 	20.0154330 
FOR DEGREE OF 4 	COEFFICIENTS ARE 
24994991 -55.8145 0.1343 00044 -0.0000 

BEST FIT VALUES 	703.3 565.5 4900 439,0 373.2 249,6 
STANDARD DEVIATION IS 	26.0957580 

732 

553 

480 

446 

362 

272 
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EFFECT OF SOAKING TEMPERATURE ON HARDNESS IN O.A. CONDITION 

ALLOY B3 	AS CAST HARDNESS(HV30): 652 

TABLE-509 	TIME(MRS) = 10.  
TEMP. 	HARDNESS 	SD AVERAGE 

(DEG.C) 	(HV30) 	 (H1130) 

800 725 720 720 720 770 720 705 705 705 705 

700 700 695 695 695 690 690 590 690 685 12.86 

850 661 648 648 648 648 644 635 635 635 635 

635 631 631 631 631 631 631 626 626 622 9.76 

900 499 496 496 496 496 493 493 490 490 487 

487 487 487 487 484 481 478 478 478 462 8.80 

950 481 481 481 478 476 470 470 470 467 467 

467 457 457 454 454 454 449 446 441 441 13.24 

1000 364 362 362 362 358 357 353 353 353 351 

349 349 349 346 341 341 339 337 334 334 9,60 

1050 256 255 254 252 251 251 249 249 246 246 

246 246 245 24 4 244 242 239 238 231 231 7.02 

FOR DEGREE OF 1 	COEFFICIENTS ARE 

215.8715 	-1.8143 

BEST FIT VALUES 	707.3 616.6 525.9 435,1 344,4 253,7 

STANDARD DEVIATION IS 	26.3560800 

FOR DEGREE or 2 	COEFFICIENTS ARE 

11W5295 	.4'4202 	-0,0032 

BEST FIT VALUES 	704.6 617.1 528.0 437,3 345.0 251,0 

STANDARD DEVIATION IS 	30.3010770 

FOR DEGREE or 3 	COEFFICIENTS ARE 

9926250 .27;4325 0.2794 *040010 

BEST FIT VALUES 	7084 611.8 525.0 440.4 350,3 247.2 

STANDARD DEVIATION IS 	35.8945630 

FOR DEGREE OF 4 	COEFFICIENTS ARE 

794.2215 *14:6037 0.0039 0.0015 .0,0000 

BEST FIT VALUES 	710.3 609.4 5M2 441.7 353.2 245.3 

STANDARD DEVIATION IS 	50.4807200 

703 

636 

487 

463 

349 

.245 

o 
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EFFECT OF SOAKING TEMPERATURE ON HARDNESS IN 00. CONDITION 

ALLOY B4 

TABLE"5.40 

TEMP 
(DEG.C) 

AS CAST HARDNESS(HV30)g 621 

TIME(HRS) es 2 

 

HARDNESS 
(HV30) 

SD 	AVERAGE 
, (HV30) 

590 590 590 586 586 

533 530 530 530 527 
503 579 579 579 564 6,98 	585 

487 4 7 484 484 484 
517 5i4 508 505 505 11,19 	525 

476 4 3 473 473 470 8.25 	482 
454 454 454 454 451 
439 439 439 429 429 9,71 	447. 
413 411 411 411 409 
404 402 402 398 398 6,54 	408 
373 371 371 370 368 
355  353 353 351 351 9,25 	364 

FOR DEGREE OF 1 	COEFFICIENTS ARE 
125-'6601 	"0.8520 

BEST riT VALUES 	575.0 532.4 489.8 447.2 404.6 362.0 
STANDARD DEVIATION IS 	7.6026320 
FOR DEGREE OF 2 	COEFFICIENTS ARE 

183.8248 	-2.1204 	0.0069 
BEST FIT VALUES 	580.7 531.3 485.2 442,6 403.5 367.7 
STANDARD DEVIATION IS 	6.3635868 
FOR DEGREE OF 3 	COEFFICIENT ARE 

797.1273 "22.2327 0.2254 "00008 
BEST FIT VALUES 	583.6 527.1 482.9 445,0 407.6 364,7 
STANDARD DEVIATION TS 	2.4298206 
FOR DEGREE OF 4 	COEFFICIENTS ARE 

659':17889 	"13.0451 	0.0237 	0.0010 	"0 0 0 
BEST FfT VALUES 	seso 525.4 481.6 446.0 409,, 363.3 
STANDARD DEVIATION IS 	2.01878490 

TABLE 	TIME(HRS) g 4 

	

850 	40 
8" 

it 626 626 626 626 622 622 .22 622 622 
8,92 	616 

I Pg ;21i 530 
530 

sil 
 523 523 523 523 

8 2 	522 20 	 , 6 

9" 
490 

476 
 487 

113 171 
24 484 481 481 476 

9,10 	476 

	

950 	
451 1294 

446 446 
ttt 

 446 446 
21€2 

 444 

	

2 
444 

 7,84 	441 

	

1000 	400 389 387 385 303 381 379 377 377 377 

	

373 373 370 369 368 368 366 365 
36
4 4Si 9.78 	375 

	

1050 	
331 lit in ill 311 iii ii5 iii iil 102 9,48 	322 

FOR DEGREE OF 1 	COEFFICIENTS ARE 

	

148.7267 	1.1120 
BEST FIT VALUES 	597.7 54Z.1 486.5 43009 375.3 3190 
STANDARD DEVIATION IS 	15*4639360 
FOR DEGREE OP 2 	COEFFICIENTS ARE 

	

224.4545 	"2,7834 	0.0089 
BEST FIT VALUES 	605.1 540.6 480'.5 424.9 373.8 327.1 
STANDARD DEV/AT/ON IS 	16.0262460 
FOR PFGREE OF 3 	COEFFICIENTS ARE 
1495.3005 "44.3980 0.4613 "0.0016 

BEST FIT VALUES 611.2 532.0 i75.7 429.9 382.4 320.9 
STANDARD DEVIATION IS 	12.319 150 
FOR DEGREE OF 4 	COEFFICIENTS RE 
1229.5168 *26.6952 0.0727 00019 *0.0000 

BEST FIT VALUES 	613,8 528.6 473.2 431.7 38614 318,2 
STANDARD DEVIATION IS 	16.9947250 

800 

850 

900 

950 

1000 

1050 

594 
581 
54 
527 
499 
47s 
465 
449 
418 
409 
377 
366 

594 
586 
540 
523 
499 
478 
457 
446 
418 
406 
377 
366 

594 
586 
540 
523 
490 
478 
457 
446 
418 
404 
3/3 
358 

590 
503 
533 
520 
490 
478 
457 
444 
418 
404 
373 
358 

590 
583 
533 
520 
487 
478 
454 
439 
413 
404 
373 
355 
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EFFECT OF SOAKING TEMPERATURE ON HARDNESS  IN  0.4. CONDITION 

ALLOY 84 	AS CAST HARDNESS(HY30)= 621 

TABLE■5A2 	TIME(HRS) = 6 

TEMP 	HARDNESS 
(DEG.C) 	(HV3O) 

•	 
SD AVERAGE 

(NV30) 

  

	

800 	657 657 652 652 612 152 648 148 144 644 
644 644 644 644 6 9 639 639 39 639 635 6.41 	645 

	

850 	530 530 $30 530 5 0 
514  

527 27 23 523 _ _ 

900 

 
523 520 i;76 ti2 514 1;1 PS 505 IP ,IP, 9." 	520 
467 465 465 465 465 465 454 41, 454 439 9,40 	466 

	

950 	451 143 44
9 
 2;2 446 

I" 434 
441 

 31 
 441 439 5.50 	440 

	

1000 	
ill 3361 i76! 161 /65 3763 3a 765  AS 366  7.76 	366 

10"  R; 34; 34 Al Iii iii Poi Bi Bi 331 7.57 	306 
FOR DEGREE OF 1 	COEFFICIENTS ARE 

	

160'0200 	..1.2 40 
UST FIT VALUES 	4 3.0 - 550.8 488.6 426,4 364.2 302.0 
STANDARD DEVIATION IS 	25.9749910 
FOR.DEGREE OF 2 	FEFFICIENTS ARE 

	

300-1)496 	•-4.4 47 	0.0174 
BEST F/T VALUES 	6 7,5 547. 9 471.0 414.8 361.3 316.5 
STANDARD DEVIATION -IS 	25:7930050 

. FOR DEGREE OF 3 	COEFFICIENTS ARE 

	

2535.9945 077,4450 	0.8105 , ...(40029 

STANDARD 

VALUES 	638,4 532.9 461.1 423.5 376.3 305.6 
STANDARD DEVIATION /S 	16.785776S 
FOR DEGREE OF 4 	COEFFICIENTS ARE 

	

2063.)429 	•45.9441 	0,1189 	0.0034 	-0 0000 
BEST FIT VALUES 	442.8 526.9 464.2 426,1 383.6 300.8 
STANDARD DEVIATION IS 	22.4182310 

TABLE■5.A3 	TIMEIHRS) 1=8 

	

800 	652 648 648 644:644 644 639 639 636 63i 
631 626 626 626 626 622 622 618 618 618 11.17 	632 

	

850 . $47 547 547 543 543 540 537 533 530 530 

 
30 5438 420 530 1

;76 
 131 527 523 93 523 8,31 	533 

8 
9" 

 
470 ,67 ,6r 467 .265 465 

4
76 162 1511 470 8.54 	468 

	

950 	459 451 449 449 449 446 446 446 446 446 
444 444 444 444 439 439 434 434 434 434 6,56 	443 

	

1000 	
ii! Ill 1t8 329 	iiS ill 33; 311 	10.63 	352 

	

1050 	o9 pi ‘87 284 ‘06 284 85 28a i8a 284 1  
282 281 281 280 277 276 269 269 266 264 7,27 	280 

FOR DEGREE OF 4 	COEFFICIENTS ARE 

	

1680848 	-1,3303 
BEST FIT VALUES 	617.6 551.1 484.6 418.1 351.6 285.0 
STANDARD DEVIATION IS 	19.0833980 
FOR DEGREE OF 2 	COEFFICIENTS ARE 

	

186,9748 	■1,7400 	0.0022 
BEST FIT VALUES 	619.5 550.7 483.1 416.6 351.2 286,9 
STANDARD DEVIATION IS 	21.9489170 
FOR DEGREE OF 3 	COEFFICIENTS ARE 

	

16550849 	-56.3993 	0.5961 	-0 0021
BEST FIT VALUES 	427.4' 539.5 476.8 423,1 362.4 278.8 

, STANDARD DEVIATION IS 	17.9900990 
FOR DEGREE OF 4 	COEFFICIENT I ARE 
15080762 •33,2864 0.0587 0.0025 •0.0000 

STAND
ARD VALUES' 630.1 535.1 4730 425.5 367.8 275.3 

STANDARD DEVIATION Is 	24.8110670 
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EFFECT OF SOAKING TEMPERATURE ON HARDNESS IN OA, CONDITION 

A4LOY 84 
	

AS CAST HARDNEsS(MV30)s 621 

TABLE-544 
	

TIME(HRS) m 10 

TEMP 
(DEG;C)  

HARDNESS 
(mV30) 

SD AVERAGE 
(Hv30) 

800 661 661 661 657 657 657 652 652 648 648 

648 644 639 639 639 639 636 626 626 622 12.13 645 

850 527 527 523 523 520 520 517 517 514 511 

511 508 508 505 505 505 502 502 502 502 8.74 512 

900 496 484 484 481 481 481 481 481 481 478 

476 476 470 470 470 470 467 467 465 465 8.04 476 

950 459 459 457 457 457 451 451 451 446 446* 

444 441 441 439 436 434 434 . 432 432 427 10.22 444 

1000 366 364 358 357 357 357.349 349 348 346 

344 344 344 343 341 339 339 337 331 331 10,00 347 

1050 282 277 276 275 272 272 269 266 266 264 

263 263 263 263 263 261 260 260 260 260 6.67 266 

FOR DEGREE OF 1 	COEFFICIENTS ARE 

172;8533 	-1:;3840 

BEST FIT VALUES 	621;3 	552.1 	4820 	413,7 344.5 275,3 

STANDARD DEVIATION IS 	28.4063310 

FOR DEGREE OF 2 	COEFFICIENTS ARE 

1825437 	-1.5953 	0.0011 

BEST FIT VALUES 	6220 	551.9 	4820 	4130 344,3 276.3 

STANDARD DEVIATION IS 	32;7876330 

FOR DEGREE OF 3 	COEFFICIENTS ARE 

2779,7358 	-86;6827 	0.9257 	•0;0033 

BEST FIT VALUES 	634.7 	534.5 	472;3 	423.1 361.9 263.7 

FOR DEGREE OF 4 	COEFFICIENTS ARE 

2251;0525 	d.51;4691 0.1526 0;0037 .0,0000 

BEST FIT VALUES 	639,9 527;7 	467p4 426.7 370.0 	258.3 

STANDARD DEVIATION IS 35.1536960 

STANDARD DEVIATION IS 	25.4008370 
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EFFECT OF. HEAT-TREATMENT(OQ) ON VOLUME FRACTION OF MASSIVE CARBIDE 

TASGE.4.45 

TEMP 	TIME 

(ALLOY B1) 

MASSIVE.. CARBIDE AVE 
DEG,C HRS  	(%) (%) 

As CAST 32.1 29.7 27,6 27,3 27,1 27.0 24,5 24,0 23.1 22.0 26,4 

800 2 27.4 27.2 27.2 26.7 26.4 26.4 26,3 2.6 25.6 2.4 26.4 
800 10 26.7 26.5 24,9 24,3 23,7 23.6 22,9 22,8 22,8 22.3 24.0 

850 2 29.5 29.1 28,2 28.0 26.8 26.7 26,4 25.7 24.7 24,7 27.0 
850 4 27.8 27.6 27.3 26.9 26.7 26.4 26.0 25.7 25.4 24.9 26,5 

850 6 26.9 26,4 25.3 24.1 24,1 23.9 23.6 22,9 22,4 21,8 24,1 
850 10 26.7 26.7 25.9 24.7 23.7 23.7 22.9 22,1 22.1 21,5 24,0 

900 2 33,3 28.9 28.4 28.4 27.9 27.9 26.4 27,3 26.4 26.3 28,1 
900 4 27.3 26,6 26.1 26.0 26.0 25.1 24,6 23.4 23.4 22.9 25.1 

900 6 27.2 25.3 25,1 24.1 22.2 21.9 21,9 21.1 21.1 21.0 23.1 
900 10 27,9 25,7 23.7 23.3 22:6 22.2 22,0 21.7 20,9 19,6 23.0 

50 2 33,0 32,6 
28.4 

320 32,0 29.0 28.7 27.3 27,3 27,1 25.9 
23.2 

29,5 
950 4 30,7 28,4 28.0 28.0 28.0 26.7 25.8 23.2 27,0 

950 6 25,2 23,4 22,1 22.1 21.5 21.1 21.1 20.5 20.5 20.2 21,8 
950 10 23.6 23,2 22,0 21.7 21.5 21.5 20.7 18,1 18.1 17,9 20,8 

1000 2 21,3 20,3 20.3 20.1 18.3 18.2 16.0 16.1 16.0 15.4 18.2 
1000 10 16.5 15.3 14,5 14,5 14.5 14.4 12,5 13,8 12.5 12,3 14.1 

AVINI 

TABLE 5:46 (ALLOY 82) 

TEMP 	TIME MASSIVE CARBIDE AVE 
DEG- •C HRS ' (W) (%) 

A5 CAST 28 2 27,9 27,5 27,3 25.2 25.2 24.3 23.1 22,9 22,3 25,4 

800 2 21,2 20.9 20,4 20.2 19.4 19.3 19,3 18,9 18,5 18,5 19,7 
800 10 19.2 18,2 17,7 17.5 17.2 17.1 16.6 16,6 16,3 16.3 17.3 

850 2 21.5 21.5 21,2 21,0 20,8 20.5 20,1 19.0 18.4 18,4 20,2 
850 4 21.1 21,0 20,2 19.9 19:6 19.6 18,6 18,6 17,9 17.9 19,4 

890 
950 

6 
10 

21,3 
20.7 

20,9 
20.1 

20.2 
29,9 

20.1 
10.1 

19,9 
190 

29,5 
19,0 

18.0 
17.3 

17.6 
17.3 

17.6 
16.8 

17,4 
16.6 

19,3.  
18.6 

900 2 29,5 28.1 28,1 25.6 23.8 23.8 22,9 22,7 22.7 22,7 24.9 
900 4 26,4 25.7 23.3 21,5 21.5 21.4 20,9 20.3 20,3 20.2 22.2 

900 6 21;8 21.6 20,9 20.5 20.5 19.5 10,1 19,3 16,3 15,5 19,5 
900 10 20,3 17,9 17,5 17.5 17.4 16.6 16,3 15,6 15.6 14,7 16,9 

950 2 25.1 23,7 23,0 22.9 22.1 20.7 20,3 18.8 18.7 18.5 21.4 
950 4 24.8 21.9 21,6 20.6 20.6 20.6 20,5 20,5 20.2 18,4 21,0 

950 6 19,7 19.3 190 18.3 18.3 18.2 18,2 18,2 180 16.2 10.3 
950 10 19,6 18.1 16.8 16.6 16.4 15.4 14.6 14.9 14.6 14.5 16.2 

1000 2 17,6 17.6 160 14.6 14.4 14.4 12,6 12.9 12,6 12.5 14,5 
1000 10 16;$ 15.7 14.0 13.2 12.2 10.8 10,8 10.1 10.1 8.9 12,2 
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EFFECT OF HEAT-TREATMENT(00) ON VOLUME FRACTION OF MASSIVE CARBIDE 

TABLE-5,47 

TEMP 	TIME 
DEM HRS 

(ALLOY B3) 

MASSIVE CARBIDE 
(%) 

AVE 
(t) 

AS CAST 27.7 25,5 25:4 24.4 22,0 21.9 21,9 21,5 20,6 20.4 23.1 

go 	2 26'.8 26.1 24.6 24.1 23.8 23.5 23,5 23,5 23.1 21.2 24.0 
800 	10 20,9 19.1 17.7 17.6 17.0 16.6 15.5 15.0 15.0 14,8 16.9 

850 	2 27.0 26.1 26.0 25.9 24.5 23.8 23,4 23.1 22,9 22.6 24,5 
850 	4 26.7 26.4 26.3 25.5 25.3 24.2 22.1 22.0 21.3 20.7 24.1 

850 	6 28,0 26,8 25.9 24.6 23.5 22.5 22.4 22.1 21,7 19.3 23.7 
850 	10 25,9 25.4 24.0 23.1 23.0 22.8 22.3 22.5 22.3 22.0 23,3 

900 	2 23.8 23,1 22,5 22.3 22.1 22.0 21.9 20.5 20,4 20.3 21,9 
900 	4 22,0 21.5 21.3 21.1 21.0 19.5 20,8 19.5 19,3 19,3 20.5 

900 	6 22,.1 21,6 20,1 19.1 19.0 18.8 18.8 18.3 18,3  15.0 19.4 
900 	10 20,1 19.8 19.2 19.2 18.3 17.9 17.9 17.2 16.9 14,9 18.1 

950 	2 23,4 22,4 20,4 20.3 18.3 17.9 17,5 17,0 17.0 16,7 19,1 
950 	4 230 22,1 200 20,0 17.9 16.8 17.2 16.9 16,8 16.5 18,7 

950 	6 20,9 20.9 20,8 19.8 19.8 18.4 16,3 16.1 15,6 14,9 18,4 
950 	10 20,6 19,0 17.7 17.7 17.7 17.1 16,9 16.6 16,5 15.6 17,5 

1000 	2 21,5 18.1 15.1 17.9 17.9 16.8 14.8 15.2 14.8 12,0 16.7 
1000 	10 16.7 12.5 12,4 11.6 11.2 10.6 10.6 8.6 8.6 7.7 11,1 

TABLE-5.48 (ALLOY 84) 

TEMP 	TIME MASSIVE CARBIDE AVE 
DEM HRS  (%) (%) 

AS CAST 24:5 24.5 23.3 23.0 22.8 22.3 21.2 21.0 20,7 20.3 22,4 

800 	2 21.6 21,6 20.9 20.6 20.1 19,0 18,4 18.4 15,9 15.6 19.2 
800 	10 24,1 23.1 19.2 19.0 18. 18.0 170 16.7 16.3 16.3 18.9 

850 	2 23,9 22.4 21.9 21.4 21.1 19.5 19.5 19.1 19.1 15.5 20,3 
850 	4 2303 23,3 21.8 21.2 20.8 20.5 18,9 18.9 18,5 14.7 20.2 

850 	6 22.6 22.6 21,5 21.5 20.1 19.8 18,2 18.217,8 14,0 19,6 
850 	10 20,4 19.4 18.9 18.6 18.6 18.0 17,8 17.7 	16,3 14.5 18,0 

900 	2 24,5 24.5 24.3 21.5 21.3 20.7 19,9 19,1 18,6 17.2 21,2 
900 	4 20,1 20.0 19.7 19,3 18.8 18,7 18,6 18,6 17,9 17,9 19,0 

900 	6 20,3 20.3 19,1 18.0 17.8 17.6 17,3 17,) 15,8 15.8 17,9 
900 	10 19,3 18,1 17.0 16.8 16.5 16.7 16.2 14,7 14.7 14.4 16.4 

950 	2 30,5 26.8 26,4 24.8 23.1 20.4 15,4 14.5 14,5 14.1 21,0 
950 	4 25.8 23.9 20.5 20,3 20.1 19.7 19,7 19,4 18,7 17.5 20,6 

950 	6 
950 	10 

28,4 
20,6 

28 4 
20:6 

24,0 
19,0 

24.5 
18.3 

22.8 
18.1 

21.1 
18.1 

18,4 
18.0 

17.4 
18,0 

12,5 
18,0 

12.5 
16.2 

21:i 
18 

1000 	2 20.1 19,4 19,4 18.7 18.3 18.3 18.2 18,0 17,8 17,8 18,6 
1000 	10 18.2 18.2 16,2 15.5 15.0 15.0 14.8 14.1 12.5 10.3 15.0 
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TABLE 5.49 EFFECT OF BT ON VOLUME PERCENT OF MASSIVE CARBIDE 

ALLOY 	TEMP. 	S 0. AKING PERIOD(HRS) 
NO!. 	DEG*C 2 	4 	6 • 	10 

800 26.4 • • 
• 11• • • • • • 

850 27.0 26.5 24.1 

900 28.1 25.1 	- 23,1 

950 29.5 27.0 21.8 

1000 18.2 ..... .... 

800. 19.7 .... se.. 

850 20.2 19.4 .19.3 

900 24.9 22.2 19.5 

950 21.4 210 18.3 

1000 14.5 *44 . 10'4 fl 

800 24.0 .414 *'• 411•4, 

850 .24.5 24.1 2377 

900. 21.9 20.5 19.4 

950 19.1 181 18,4 

1000 16.7 *444 

800 19.2 • • • 

850 20.3 20 2 19,6 

900 21.2 1970 17.9 

950 21.0 20.6 21,1 

Al 

R2 

83 

84 

16.9 

23.3 

18,1 

17.5 

11,1 

18.9 

18.0 

16.4 

18.5 

'IVOR 	15.0 

24.0 

24.0 

23.0 

20.8 

14.1 

17,3 

18,6 

16.0 

16.2 

12,2 
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SOAKING PERTOD(HRS) 
2 	4 	6 	10 

ALLOY 

0.48 83 

0.59 0.71 0.80 

0.95 1.12 1.01 

0,95 0,70 0,86 1.43 

0.51 84 

0.51 *0414 Wog. 0,62 

0.47 0.58 0.68 0.65 

0 47 0 71 0.66 0.63 

ALGOT TEMP',' 
NO, 'DEG.0 

81 	800 

950 

900 

950 

82 	800 

850 

060 

950 

SOAKING PER/OD(HRS) 
2 	. 4 	10 

0004 41. 011111 

0,46 ii**0 04419 

0,58 0.73 0070 

0.58 0.72 0,75 

• •• • P... 

0.38 WI 

0,58 0,53 W4.* 

0,57 0.60 

0.45 

0.51 

0.62 

0.78 

0.47 

0.51 

0 70 

0.77 

T■39 

TABLE•5 S4 EFFECT OF HT ON MEAN DIAMETER OF DISPERSED CARBIDES 

TABLE•5,55 EFFECT OF HT ON THE AVERAGE NO. OF DISPERSED CARBIDES 

2  

87 

47 

39 

.4 

71 

39 

31 

SOAKING PFRIOD(HRS) 

	

4 	6 	10 

• • 	70 

	

76 	65 

	

29 	43 

	

34 	37 	24 

	

.. 	.. 	73 

	

... 	40 

	

52 	34 	40 

	

31 	31 	36 

. ALLOY 

R3 

84 

ALLOY TEMP',k 
NO, DEG.t 

81 800 

850 

900 

950 

B2 	800 

850 

90( 

950 

.. 	.. 	04' 	66 

55 	.. 	O s 	49 

42 	46 	04 	36 

47 	37 	33 

SOAKING PERIOD(HRS) 

	

2 . 4 	6 	10 

•• 	•• 	•• 	65 

55 	•• 	so 	40 

38 	40 	43 	41 

37 	35 	32 	33 

* FRAME AREA * 3590S SO*MICRON 
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TABLE-5.56 EFFECT OF HT ON VOLUME PERCENT OF DISPERSED CARBIDES 

ALLOY 
NO. 

TEMP. 
DEGX - 2 

SOAKING PERIOD(HRS) 
4 	6 10 

81 800 .... ..,.. .... 9,8 

• 650 17.1 ..4.. 21.3 21.6 

910 17.4 ...6.. 15,2 16.9 

950 15.7 9.8 15.2 16.8 

132 800 .', fri••, 11 • 0 •• 15,2 

850 15.0 0•00 0• •'• 11,3 

900 6.5 11.2 9.8 10.0 

950 8,7 9.3 8.4 9.4 

83 800 eves 444-4-  10 5 

850 	• 9.0 • 45-• 7.0 

900 8.9 12.2 13,3 13.4 

950 1.6 11.2 10,6 11.4 

B4 900 00110 0-100-0 0440 12.2 

850 7.4 0009 00,0 9,1 

900 9.9 9.2 10.3 

950 10.3 8.8 0040 12,2 
imotio•samo••••• 	 

* FRAME AREA = 159 75 SO` MICRON 
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TABLE•106O X"RAY DIFFRACTOMETRIC DATA OF ALLOY 81 

AS CAST 

D(A) 	I/I0 POSSIBLE CONsTITUFNTs 
MATRIX LE  

1 48.0 2.382 8,3 	' M23 M3 M7 

2 SS :0 2,064 13.3 M M3 M5 

3 57 =3 2,021 100.0 ALPHA M m3 M5 M7 

4 5745 20414 35.8 M m3 m5 M7 

5 588 1 974 10.0 M3 

6 62.41 1,870 10.8 M3 

7 85'13 1 433 7.5 ALPHA 

930 1,328 5.8 M23 

9 972 1;'292 5.0 M23 

10 1110 1 	169 15.8 ALPHA M23 M7 

11 118'.2 1,129 5.8 M5 

" 

STRUCTURE t PEARLITE/BAINITE 

MARTENSITE 

M3C tISONORPHOUS WITH FE3C (234.1113), 

4,  SOME M23C6 tISOMORPHoUS WITH M23C6 (11-0545)) 

4. TRACE M5C2 tISOMORPHOUS WITH FE5C2(20-0508)7 
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TABLE.6561 AC0RAY DIFFRACTOMETRIC DATA Or ALLOY B1 

HEAT TEATMENT t 900.400 

0(A) 	I/I0 POSSIBLE CONSTITUENTS 

	

MATRIX 	•CARBIDEXS) 

2.382 7.0 	M23 M3 	M7 
2.206 14.0 	M3 M5 

2.172 7.0 	M23 M3 
2.474 100.0" 	A 	M3 M5 

2.057 18.0 	M $23 M3 $5 
2.008 36.5 	Ms 	M3 M5 

1.968 	11,0 	M3 
1,868, 11.0 	M3 

1.801 29.0 	A 
gii M3 M5  1.583 	7.0 

1i 	11:8 	A 
	M23 

	0 
STRUCTURE t AUSTENITE 

I.° TRACl/SOHE MARTENSITE 
+ M3C ISOMORPHOUS WITH F'E3C 03111311 
+ M23C EISOMQRPHOUS WITH M23C5 ( +0545)1 
+ TRACE M5C2 (ISOMORPHOUS WITH rE 2 (20..0508)1 

TABLE054152 X0RAY DIFFRACTOMETRIC DATA OF ALLOY 81 

HEAT TEATMENT t 904,10" 

SL 20 
NO 

1 
2 

480 
5204 

3 53.4 
4 550 

5 56;2 
6 57.7 

7 590 
8 62.5 

9 65.4 
10 70.3 

11 990 
12 126 •0 

SLO 
20 

N 

1 483 
2 51.0 

3 55;5 
4 55.2 

5 56A 
6 570 

7 580 
8 59.1 

9 	62'.6 
1.0 650 

I/ 83 
13 99.3 
14 126.0 

15 126.1 

0(A) 

2;369 
2.251 

2.078 
2.057 

2.037 
2.008 

1.985 
1.965 

1.865 
1.796 

" 1. I28" 
1,271 
1.087 

1.083 

1/I0 

130 
10.0 

1.00.0 
32.0 

Ipo 
37.0 

6.0 
13.0 

12.0 
27.0 

14 1 
25.0 
67.0 

27.0 

POSSIBLE CONSTITUENTS 

	

MATRIX 	CARBIDE/5) 

M23 

A 
M23 	rig 

MS 
m* 	M3 	M5 

M3 

M3 

	

A 	$23 	M5 

M2 
$23 	M5 

A 
$23 

A 

M7 

M7 
° 

M7 
M7 

M7 

M7 

STRUCTURE t AUSTEN/TE 
+ TRACl/sOME MARTENSITE 
+ Mn IlOMORPHOUS WITH FE3C (23.1 
+ M23C ISOIRPHOUS WITH M23 c6 II 
+ TRACE 5C2 ISOMORPHOUS WITH 	

5 .10115)1 

TRACE m7c3 /SOmORPHoUS WITH E7 F i gailii 
* • PROtABLE+ 
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TABLE•5143 X-RAY DIFFRACTOMETRIC DATA OF ALLOY BI 

HEAT TEATMENT $ 950,4,00 

51.) 	20 
NO 

D(A)' 

2.373 
2.280 

20251 
2.074 

2;005 
1.989 

1,965 
L862 

1.801 
1,683 

1.279 
1.271 

1.088 

I//0 

4.0 
4.0 

100.0 

35.0 
5.0 

8.0 
8.0 

22.0 
7.0 
8.0 
14.0 

24.0 

6.0  

POSSIBLE CONSTITUENTS 

	

MATRIX 	CARBIDE(S) 

123 	m3 
MS 

	

A 	M3 	MS 

M* 	M3 	m5 
M5 

M3 

	

A 	M23 	M5 
M23 	M3 

A 

M23 

.... 
M7 
M7 

M7 

M7 

M7 
M7 

M7 

1 494 
2 	50;0 

3 510 
4 	5504 

5 	57-8 
6 	58,0 

7 	59'1 
8 627 

10 9  WI 

11 98'01 
12 99-0 

14 12549 

STRUCTURE :AUSTENITE 

+ M3C CISOMORPHOUS WITH FE3C t23-1113)1 

+ SOME M23C6 tISOMORPHOUS WITH'm23C6 (11-0545/3 

+ TRACE MSC2 [ISOMORPHOUS WITH FE5C2 (20-0508)3 

+ TRACE M7C3 CISOMORPHOUS WITH FE7C3 (17-0333)3 

TABLEN5 64 X-RAY DIFFRACTOMETRIC DATA OF ALLOY BI 

HEAT TEATMENT 	950,10,00 

ST4 	20 	0(A) 	I/I0 POSSIBLE CONSTITUENTS 
NO 	 MATRIX 	CARBIDES) 

1 	4802 - 373 	5.8 	M23 M3 	m7 
0 2 2 51 	3.9 	 M7 

3 	4 
6  
7 	711 	

25.2 	M* 
 i,3 

0- 	
100.0 A M3 M5 

4 5  M3 m5 

	

5 59:1 1.965 9.7 	M3 M7 

	

6 62.6 1.865 5.9 	M3 M7 

	

7 65.0 1.603 22.3 	A 	M23 	M5 M7 

	

6 670 1.756 50B 	m3 

	

9 125.9 1.089 13.1 	M23 

STRUCTURE :AUSTENITE 

M3C CISOMORPHOUS WITH FE3C (23-1113)1 

+ SOME M23C6 tISOMORPHOUS WITH M23C6 (11-0545)1 

♦ TRACE MSC2 tISOMORPHOUS WITH FE5C2 (20-0508)3 

* PROBABLE+ TRACE M7C3 
t/SOmORPHoUS WITH FE7C3 (17-0333)3 
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TASLE0541i65 X•RAY OUTRACTOMETRIC DATA OF ALLOY 81 

HEAT TEATMENT 	1000.4,00 

• SG 	20 	D(A) 	I/I0 POSSIBLE CONSTITUENTS 
NO 	MATRIX 	CARBIDE(S) 

2 
5.0 
3.5 

100.0 
7.0 

16.0 
6.0 

6.0 24.0 

7.0 13.0 

6.° 

UI 

A 

A 

M23 

M23 

M23 

M3 

M3 

M3 

M3 

MS 

MS 
M5 

M5 

M7 
M7 

M7 

M7 

M7 
M7 

M7 

1 401 
51
( 
 D0 MP 

3 55.5 2091 
4 S60 2,041 

5 570 2.008 
6 SEW 4989 

7 626 1,665  
R 65:10 1.803 

9 
9" f:179! 10 125:1 

11 126.2 1.096 

STRUCTURE tAUSTENITE 

+ SOME M3C (ISOMORPHOUS WITH FE3C (23•1113)3 

+ SOME M5C2 E/SOMORPHOUS WITH FE5C2 (20-0508)3 

+ SOME MIC3 E/SOMORPHOUS WITH CR7C3+MN7C3 (03-075), 

FE7C3 (17°0333)1 

+ TRACE M23C6 (ISOMORPHOUS WITH M23C6 (11-0545)3 

TABLE...5056 X4RAY  DIFFRACTOMETRIC DATA OF ALLOY F1 
......  

HEAT TEATMENT .S 1000,10.00 

SL 
NO. 

1 
2 

3 4 

5 
6 

8 

9 

20 

50.8 
55.5 
56 3  57.6 
64.4 
S4.1 

SSO 
98.4 

125C4 

D(A) 	I/I0 POSSIBLE CONSTITUENTS 

	

MATRIX 	CARBIDE(8)  
01 
2.259 3.0 	M5 M7 
2091 1000 	A 	8 MS 

2054 7.1 	1123 113 M5 
2.011 20.2 	M3 MS 

M5 
M5 M7 

M23 	
MS M7 

1.826 	4.2 
1.811 28.0 

10301 	4.2 
1480 12.2 

1092 16.0 UI 

STRUCTURE SAUSTENITE 

+ SOME M3C.  fISOMORPHOUS WITH FE3C (23-1113)1 

+ MSC2 (ISOMORPHOUS WITH FE5C2 (20■0508)3 

+ SOME M7C3 (ISOMORPHOUS WITH CR7C3 (11•0550). 

(CR,FE)7C3 (05■0720)T 
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TABLE-5.47 X-RAY DIFFRACTOMETRIC DATA OF ALLOY 81 

HEAT TEATMFNT t 1050,4,00 

SL 
NO 

20 

1 54,6 
2 55,4 

;(473 
5 640 6 65.3 
7 98.4 
8 125.2 

D(A) 	I/I0 POSSIBLE CONSTITUENTS 
MATRIX 	CARBIDE(S) 

hal 16.3 
1..808 	32.1 

1:318 .  4:4 
1.091 10.0 UI 

2-,413- 	9.8 

	

2084 100.0 	A 
MS 

M23 ;1 P4; 
M3 MS M7 

M7 
M23 	M5 

M7 

STRUCTURE 1AUSTEITE 
+ m5C2 ISOMORPHOUS WITH FE5C2 (20-0508)3 
+, M7C3 /SOMORpHIS WITH CR7C3 (11-05503, 
FE7C3 (17-0333) 

+ TRACE M3C [ISOM RPHOUS WITH FE3C (23-1113)3 

TABLE 548 X-RAY DIFFRACTOMETRIC DATA OF ALLOY. 81 

HEAT TEATMENTA.1050,6,60_ 
	.04•-. 	• 	m• 	 
SL 	20 	D(A)

.. 
	I/I0 POSSIBLE CONSTITUENTS 

NO 	 MATRIX 	CARBIDE(S)  
... ==== s f 61.*04111.00111.0.. 

1 490 

2 55' 
3 57',,2 
4 59.4 

6 650 

71, 134i 

.1006 	3.8 	 M7 
- 084 4000 	A 	M3 M5 
- 024 	4.3 	M 	m3 M5 M7 

1071 4k; 	
MS M7 

. M5 m7 
A00• -1..8 	A 	M23 	m5 M7 

	ilili VI.  01 	
m7. 

6... 
STRUCTURE :AUSTENITg 

+ M7443 LIsOMORPHOUS WITH CR7C3 (11-0550), 
(CBJE)7C3 (050120 

+ M5C2 E/SOMORPHOUS W TH FESC2 (20-0508)) 

TABLE-51069 X-RAY DIFFRACTOMETRIC DATA OF ALLOY 81 

HEAT TEATMENT t 1050,10,00 

SL 	20 	D(A) 	1/10 POSSIBLE CONSTITUENTS 
NO 	 MATRIX 	CARBIDE(S) 

	

1 490 2e306 3.7 	 M7 

	

? 54,5 2,116 4.S 	M5 M7 

	

3 554 2.084 100.0 	A 	M3 MS 

	

4 570 2,024 7.1 	M 	M3 M5 M7 

	

5 65;1 1.801 49.1 	A 

	

6 98;;2 1.282 12.5 
	

M7 
7 1250 1,092 13.0 UI 

	

8 126.1 1,087 4.5 	M23 

STRUCTURE :AUSTENITE 
+ M7C3 EISOMOPHOUS WITH (CRIFE)7C3 (05-0720))) 
+ SOME M5C2 [ISOMORPHOUS WIT( FE5C2 (20-0508)3 
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TABLE-500 X-RAY DIFFRACTOMETRIC DATA OF ALLOY 82 

AS CAST 

SL 
NO 

20 D(A) I/I0 	POSSIBLE CONSTITUENTS 
MATRIX 	CARR/DE(8) 

1  470 2..387 22.5 M23 M3 m7 

2 50.4 2.259 30.0 M3 M5 M7 

3 54.8 2,116 10.0 M3 MS 

4 55.9 2.067 39.0 A*m 

5 57.2 2.024 70.5 ALPHA m M3 M5 M7 

6 57«5 2.014 100.0 M M3 m5 m7 

580 1.974 25.0 M3 

8 62 3 1,873 17.5 M3 

9 83.4 1.852 7.5 m3 

10 660 1 760 15.5 M3 

11 R51 1433 8.8 ALPHA 

12 93 6 1029 10.0 1423 

13 1050 1.216 10.0 	UI 

14 ill 1 470 20.0 ALPHA M23 M7 

15 11101 4.129 10.0 MS 

16 1190 1A24 10.0 	UI 

STRUCTURE s PEARLITE/RAINITE 

+ MARTENSITE 

+ M3C risOmORPHOUS WITH FE3C (23-1113)3 

+ TRACE 1423C6 ;ISOMORPHOUS WITH M23C.6 (11-0545)) 

+ TRACE MSC2 //50mORPHoUS WITH FESC2 (20-506)3 

* PROBABLE 
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TABLE0501 X0RAY DIFPRACTOMETRIC DATA OF ALLOY B2 

HEAT TEATMENT 1 900,4,00 

	

NO 
SL 
	

20 

i 	

479 
50.6 
543 

	

4 	55;5 

	

5 	s5.9 

	

6 	57.0 

	

7 	52.4 

	

S 	55.9 

	

9 	620 

	

10 	43.1 

	

11 	64.1 

	

12 	66.1 

	

13 	93.4 

	

14 	98*4 

	

15 	98.9 

1105:2 

	

17 	113:1 
1 	117.6 

	

19 	11844 

	

20 	126*7 
0000 	 

DCA) 

2.387 
2.267 
2.106 

2.084 
2 06 
2,031 
.2.018 
1.974 
1.173 

1.852 
1.806 
1058 

1.331 
1.280 
1.275 

1.220 
1.161 
1.433 

1.128 
1.084 

	

I/I0 	POSSIBLE CONSTITUENTS 

	

MATRIX 	CARB/DE(S) 

14.1 

	

15.6 	

M23 	M3 

	

9.4 	M3 	MS 
M3 	MS 

	

100.0 	A 	M3 	MS 

	

25 0 	A 
21.9 ALPHA 	MS 

	

56.3 	M 	M3 	MS 

	

25.0 	M3 

	

18.8 	M3 

	

1401 	M3 

	

20.3 	A 

	

9.4 	M3 

	

9.4 	M23 
1h6 
30.0 	UI 

7.8 

	

10.9 	M3 

	

90 	UI 

	

80 	VI 

	

71.9 	A 
0 00000 	 

M7  

M7 

M7 
M7 

M7 

M7 
M7 

STRUCTURE 1 AUSTENITE 
+ TRA1 MARTgNS/TE OR/AND PEARLITE/BAINITE 
+ M3C ISOMORIOUS WITH FE3C 1.23■//13)1 
+ TRAC M23C6 ISOMORPHOUS WITH M23C6 (11..0545)1 
+ MSC2 rISOMOR MOUS WITH FE5C2 (20.'0508)) 

TABLE■502 	X0RAY DIFFRACTOMETRIC DATA OF ALLOY B2 

HEAT TEATMENT 1 10000,00 

	

SL 	20 	D(A) 	//I0 	POSSIBLE CONSTITUENTS 

	

NO 	 MATRIX 	CARBIDE(S)  
0 

	

1 	50.16 	2.267 	3.4 	M3 	M5 

	

2 	SSO2.074 	100.0 	A 	M3 	MS 

	

3 	57A 	2,018 	3.4 	M 	M3 	MS 

	

4 	57:A 	2,005 	6.7 	M3 	MS 

	

5 	58 0 	1.999 	6.1 	MS. 

	

6 	590 	1,95 	2.9 

	

7 	65;1 	1,;798 	4.8 	A 	M23 	MS 

	

8 	1/84 	.1 	() 	126 	. 	UI 

	

9 	126.1 	1.097 	7.7 	123 

M7 

M7 

STRUCTURE 1 AUSTENITE 
+ TRACE MARTENSITE, 
+ SOME M3C tISOMORPHOUS WITH FE3C (23•1113)1 
+ SOME M52 (IOMORPHOUS WITH FESC2 C20•508 
+ TRACE M7C3JISOMORPHOUS WITH CR7C3 (11.05 0),; 
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TABLE-573 XeRAY DIFFRACTOMETRIC DATA OF ALLOY 82 

HEAT TEATMENT  t 950,4,00 

NO 
	20 	Q(A) 	I/IP POSSIBLE CONSTITUENTS 

MATRIX 	CARBIDE(S) 
ma, 

 
U. 

1 480 
2 55,1 

3 56,2 
4 57.8 

5 58.9 
6 630 

7  64.9 
9 	65'.1 

9 125:5 

2,382 
2.074 

2,057 
2.005 

1071 
1.847 

1,806 
1.801 

1,090 

2.7 
100.0 

80 
8.0 

3.0 
2.0 

5.3 
5.3 

57.0 UI 

A 

A 

M 

M23 

M23 

M23 

M3 
M3 

M3 
M3 

M3 
M3 

MS 

M5 
M5 

MS 

N7 

M7 

M7 

STRUCTURE : AUSTOZTE_ 
R 	US WITH FE C 2 	1  

: NE2IIIMODROUS WITH F15Ci 12M14 
.1. TRACE M7C3 [ISOMORPHOUS WITH cR7C3+MV C3 (03.075)) 

TABLEe504 X-RAY DIFFRACTOMETRIC DATA OF ALLOY. 82 

HEAT TEATMENT s 950,10,00 

SL 20 
NO 

1 481 
2 550 

3 
57,9 

4 58,0 

5 59:4 
6 59,7 

7 
8 

524 
52,7 

9 650 
10 66,3 

11 
12 67°  91,8 

13 990 
14 1090 

15 11172 
16 119,1 

17 125171 

D(A) 	I/I0 POSSIBLE CONSTITUENTS 

	

MATRIX 	CARBIDES) 

2.074 10k8 	A 	M3 M5 
2.378 	M23 M3 	M7 

0 2.0 	24.8 

	

26.3 	
M* 	M3 M5 M7 

1.999 	 M5 

1,965 	7.5 	M3 	M7 
1,947 	4.5 	M5 

1.941 30 UI 
1.862 	6.0 	 M7 

1.803 30.8 	A 	M23 	M5 M7 
1,792 4.0 UI 

1:3t3 	1:1 r43 
1.271 	6.0 	A 
1.190 12.0 	M23 

M5 
Hil 9.0 UI 

1.089 16.5 UI 

STRUCTURE t AUSTEVITE

♦ 
M5C2 (ISOMORPHOUS WITH mu (20,0500)) 
somE M7C3 EISOMORPHOIS WITH CR7C3 (11.0550), 
CR7C3fMN7O1 (031075) 

4, SOME M3C EISOMORPHOU WITH FE3C (23e1113)) 
* PROBABLE 
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TABLE4505 X-RAY DIFFRACTOMETRIC DATA OF ALLOY B2 

HEAT TEATMENT t 1000,4,00 

SL 	20 	D(A) 	I/I0 POSSIBLE CONSTITUENTS 
NO 	 MATRIX 	CARBIDE(S) 

 1III 	1:2 
3 
4 IN 	 l! 'N.?il.  A 

M23 M3 	M7 
M7 

M3 M5 
M3 MS 

	

5 S84'1 1,995 5.0 	M5 

	

6 58:5 1:983 4.6 	 P47 

	

148.1 	19.7 	
N3 

9 1  M5 M7 

	

9 6542 1,798 11.0 	A M23 M5 

	

10 67.2 1.751 3.3 	 N7 

11 	98..4 	1.280 	6.0 	 M7 

	

12 124 0'7 	1.094 	11.0 	UI 
am It 

STRUCTURE : AUSTENITE 

+ M5C2 (ISOMORPHOUS WITH FE5C2 (20-0500)) 

+ SOME M7C3 (ISOMORPHOUS WITH CR7C3 (11-0550), 

(CR,FE)7C3 (05-0720)) 

+ TRACE M3C (ISOMORPHOUS WITH FE3C (23.4113)3 

TABLE4.506 X..RAV DIFFRACTOmETRIC DATA OF ALLOY B2 

HEAT TEATMENT t 1000,10,00 

0(A) 	uro POSSIBLE CONSTITUENTS 
MATRIX 	CARBIDE(S) 

	

407402.0 	A 	m3 M5 

	

2061 97.2 	M 	M3 N5 

1065 	8.3 	M3 	M7 
1.065 	8.3 	M3 	M7 

g 	1:33! 	IS:g 	A 	P423 	M5 
UI 

 

	

7 99.'6 1.268 6.9 	A 
8 109.6 1.186 700 UI 

9 1;U 	ii:c " 	K23 
U 

STRUCTURE t AUSTENITE 

+ M5C2 (ISOMORPHOUS WITH FESC2 (20..500)3 

+ TRACE/SOME M7C3 (ISOMORPHOUS WITH CR7C3 (110,0550)3 

+ TRACE M3C (ISOMORPHOUS WITH FE3C (23-1113)3 

SL 20 
NO  

550 
2 56.1 

3 590 
4 62.t 



M7 

;13 

M7 
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/ABLE•5 77 X•RAY DIFFRACTOMETRIC DATA OF ALLOY 82 
	0 

HEAT TEATMENT t 1050,4,00 

SL 
NO 

11 

2 
3 
4 
5 
6 
7 
8 
9 

20 	DCA) 

OkOmmiftwobilop 

	

0 	206 49 	 0 

	

54.3 	/6423 

	

5564 	6094 

	

57.3 	6021 

	

6464 	1.813 

	

654 	1.60) 

	

980 	1.279 

	

12464 	16095 

	

12661 	1.086 

	

I/In 	POSSIBLE CONSTITUENTS 

	

MATRIX 	• 	CARBIDE(S) 

2.8 

	

7.4 	M5 

	

100.0 	A 	3 	M5 
4.6 ALPHA 	M 	M3 	M5 

	

17.6 	M5 

	

10.2 	A 	M23 	MS 
3.7 

	

10.0 	UI 

	

4.0 	UI 

STRUCTURE t AUSTENITE 
+ M5C2 tISOMORPHOUS WITH fESC2 (2000508)3 
+ M7C3 [ISOMORPHOUS WITH CR7C3 (1100550), 
(CR,FE)7C3 (05°0720)3 

TABLE•S079 X-RAY DIFFRACTOMETRIC DATA OF ALLOY B2  

HEAT TEATMENT t 1050,6,00 

SL 
NO  

1 
2 
3 
4 
5 
6  
7 
9 

20 

0.00* 
545 
5564 
57 4 
si*i.  
6D0 
150 
124.9 
1264 

D(A) 

2.116 
26484 
2.014 
1.813 
1096 
1.291 
16093 
16094 

I/I0 

5.t 
100.0 

4.2 
17.8 
4.2 

11.9 
25.0 
3.4 

POSSIBLE C N$TITUENTS 
MATRIX 	CARBIDE(S) 

' 	m5 
AM3 	M5 

M 	 M3
:11; 

A 	1423 	M5 

UI 
A 

• 

' TABL 0.509 X•RAY DIFFRACTOMETRIC DATA or ALLOY 82 

HEAT TEATMENT t 1050,10,00 

$t 	20 	D(A) 	I/TO rossmE CONSTITUENTS 
NO 	 MATRIX 	CARBIDE(S) 

544 	094 190,9 	A 	M3 M5 . 
I 	4941 	i 306 	2.9 
2 	

M7, 

3 	570 	6024 	2.5 ALPHA 	M23 M3 M5 M7 
i 640 1A06 18.0 	 M7 
5 65.) i.726 2.5 
6 9865 14279 	

A M23 M5 
' M7 

i t  
IR 10.0 UI  :11:V  ......... 

STRUCTURE t AUSTNITg 
+ M7C3 [''ISOMORPHOUS WITH CR7C3 (1100550), 
ccR,rE)70 toso7203 

+ soNE mBo2 risomoRpmovs WITH FE5C2 C200509)] 

M7 
M7 

M7 
M7 
M7 
M7 

.... 	 
STRUCTURE t AUSTNITE 

+ M5C2 ISOMORPHOUS WITH fE5C2 (2000509)] 
+ M7C3 ISOMORPHOUS WITH CR7C3 (1100550)3 
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TABLE 540 X-RAY OIFFRACTOmETRIC DATA OF ALLOY B3 

AS CAST 

I/I0 POSSIBLE cONSTITUFNTS 

	

MATRIX 	CAR8/0E(6)  

6.0  m23 M3 	M7  

	

5.7 	M3 MS 

	

9,1 	M3 

	

11.4 	A 	M3 m5 

	

20,5 	M 	M7 

	

100.0 ALPHA 	M 	M3 MS 

	

42 5 	M3 

	

9.1 	M3 

	

5 7 	M3 	M7 

	

'3.4 	M3 

	

3.4 	M23 M3 

e.* ALPHA 

	

6.8 	M 	M7 

	

14 ALPHA 	M23 	m7 

6.0 U/ 

	

5,0 	A 	M23 
	.. w..0 	 

STRUCTURE PEARLITE/.BAINITE 

+ MARTENSITE+AUSTENITE(f) 

+ M3C r/SOMORPHOUS WITH FE3C (23*1113)3 

+ TRACE M23C6 tISOMORRHOUS WITH M23C6 (11.0545)] 

• MSC2(I) IIISOMORPHOUS WITH FE5C2 (20.0508)1 

SL 20 0(A) 
NO 

1 47.1 2.387 

2 500 2.263 

3 54 1 2.102 

4 55.5 2 081 

5 55°9 2 067 

6 57 2 2 024 

7 58 1 974 

8 62 3 1 173 

9 63',-,2 1.849 

10 66A 1060 

11 703 1.683 

12 EISO 1 434 

13 111:2 I 	/74 

14 111:6 1,170 

IS 1I9a 1,123 

16 126.0 1,087 
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TABLE.5081 X.RAY DIFFRACTOMETRIC DATA OF ALLOY B3 

HEAT TEATMENT 1 900,4,00 

SL 	20 
NO 

- 1 	48'44 
2 500 
3 544 

550 

g 
7 574 
8 570 
9 894 
10 62.5 
1 648 
2 6544 
13 700 

fl alfg 
17 fisq 
18 12E4  

STRUCTURE 

0(A) I/I0 POSSIBLE CONSTITUENTS 
MATRIX 	CARBIDE(S) 

M23 M3M3 

M3 
M3 

M3 

MMI 
	

M7 

AUSTENITE 

1 

SOME MARTEN ITE 
M3C TISOMOR MOUS WITH tE3C (2301113)1 
SOME M23C6 ISOMORPHOUS WITH M23C6 111.0545)) 
TRACE M5C2 ISOMORPHOUS WITH FE5C2 20.500)] 
TRACE M7C3 ISOMORPHOUS WITH FE7C3 17.0333)) 

2070 12.5 
2.255 10.9 

	

2,113 	9.4 
2090 12.5 
2;081 50.0 
2.067 100.0 

	

2.027 	18.8 ALPHA 
2.000 37.3 
1.96R . 21,9 
1.860 25.0 
1.908 28.1 
1.790 37.5 

	

1.683 	9.4 
1.274 41.0 UI 

	

1.269 	10.0 
1,124 14,0 UI 
1LORI] 34.4 .084 15.6 

A 

A 

A 

M23 	M5 
M23 M3 

M23 

M5 
M5 

M5 

M5 
M5 

M7 
M7 

TABLE+5,12 X.RAY DIFFRACTOMETRIC DATA or ALLOY 83 

HEAT TEATMENT ; 900,1000 

  

D(A) 	I/I0 POSSIBLE CONSTITUENTS 
MATRIX 	CARB/DE(S) 

S
O
L 20 
N 
SOW.. 

    

    

A 
M* 

UI 	M* 

M23 M3 
M3 
M3 
M3 
M3 

1 441 2,378 
2 800 2,255 
3 S5;1 2.095 
4 850 2.074 
5 57; 2 11 

	

6 	894; 	1,,s' 41 
7 62;5 1,868 
0 630 14847 
9 85;1 1;801 

	

.10 	80;0 	1,507 

ii

90 1,273 
105a 1.215 
113.4 1,159 

24.0 
22.0 

100.1 
00.0 
54,0 
24,0 
22.0 

2,0 
29.0 
24.4 
16.0 
24.4 
24.0 

20.0 
39.0  

MS 
 M7 

M7 

M5 
MS 

M3 
M3M5 M7 

M7 

M7* 
M7 M5* 

M3 	M7 

M5 

A 	M23 

UI 
Ul As 

UT 

UI 

UI 
M23 

11 114.8 1050 
1117;9 	1.131 
1g 119.0 1.124 

1712218 	1.103 18 1260 1.007 
m = Oe ** Smilimpo 
STRUCTURE 3 

* 
* 

+ 
* PROBABLE 

AiSTENITE 
M C (ISOMORPHOUS WITH FE3C 123.411))1 
M C2 (ISOMORPHOUS WITH FE5C2 (20.050811 
SOME M70 (ISOMORPHOUS WITH CR7C3+MN7C3 03*075)) 
SOME M23C6 (ISOMORPHOUS WITH M23C6 (11.0545)] 
CONSTITUENT 
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TABLE483 X-RAY DIFFRACTONETRIC DATA OF ALLOY 83 

HEAT TEATMENT t 950,4,00 

NO 
SE, . 20 	D(A) I/I0 POSSIBLE CON

CA
TsITuRNTS 

MATRIX 	RBIDE(S) 

1 6G4 2,364 

M31 
4 $44 2,106 

2 ;;:4 i:831 
7 57.4 2,024 
6 9 ;i4,1 in,440 

10 594 1,962 

1:01 
13 994 1.280 

11 12751 NH 

2.99  

UI 

6.0 

	

100.0 	A 

	

2.9 	ALPHA 	M 

	

11.1; 	
M* 

4.8 

	

I:1 	A 

4.8 

3/.8 81  

M23 
M7 

M3 45 
M3 
M3 m5 

M3 MS M7 
m3 KS 

M5 

M7 

M23 M3  mS 

M5* M7 
M23* 

	• 	  
STRUCTURE : AUSTEN/7'E 

• M3C [ISOMORPHOUS WITH FE3C 123a1113)1 
• 45C2 

t 

	SOmORPHOUS WITH FE5C2 (20-0508)) 
SOME M7c3 [IOMOPHOUS WITH CRC3 (11.0550)1 
TRACE M23C6 [ISOMORPHOUS WITH M23C6 C11.0545)3 

TABLE 534 XeRAY DIFFRACTOMETRIC DATA or ALLOY 83 
• 

HEAT TEATMENT 	950,10,00 

SL 20 D(A) 
NO 
........... 000 op 	 

1 48p2 /073 
2 54,1 .1106 
3 550 .074 

4 56116 2,044 

14! i12; 
7 620 1.862 
8 6512 1.718 
9 660 1.758 

10 70:4 4 

fi 	13,77
677  
8 

13 
14 
15 

16 
17 

1050 
1194 
125.4 

1250 
126.1 

1.214 
1.124 
1.099 

1.088 
1.083 

I/10 

5,0 

10(.0 
4.4 

21:4 
6.7 
7.2 
3.3 

4.4 

7.0  4,4 

3.0 
8.0 

32.0 

33.3 
6.1 

POSSIBLE CONSTITUENTS 

	

MATRIX 	CARBIDES) 

M23 	m3 	M7 
 M3 	M5 

	

A 	M3 	M5 

1423 	• 	147 
m* 	

M3 
m3 	M5 	ml  

M7 

	

A 	M23 	M5 
M3 

M3 

'II 	/47* 
A 

UI 
UI 	M5* 

M5* M7* 

UI 	M23* 

M23 
A 

STRUCTURE 1AUITENITP 
• 4 C USOMORPHOUS WITH FE3C (23-1113)) 
• M C2 EISOMQRPHOUS WITH F'ESC2 (20.05081 
• SOME M7c3 [/SOMORPHOUS WITH CR7C3+4N7C 

*  PROBABLE 
SOME M23C6 ISOMORPHOUS WITH M23C6 (11 

03-075)1 
45)] 
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TABLE.505 X.RAY DIFFRACTOMETRIC DATA OF, ALLOT 63 

HEAT TEATMENT $ 1000,4,00 
	ti 	  
St 	2c1 	D(A) 	I/I0 POSSIBLE CONSTITUENTS 
NO 	MATRIX 	CARBIDE(S) 
-fa """" ............"....... 
I46;1 2069 3.9 	P423 
2 55,4 2.074 100.0 	A 	M3 M5 

3 574 
4 	58*31 
5 5641 
6 59.1 

7  634 
8 6549 

-9  65;1 
10 98.4 

li 81 

14 11945 
STRUCTURE I AUSTE1ITE 

+ MSC2 ISOMORPHOUS WITH rEsc2 20-5091 
+ M7c3 /SOMORPHOUS w/TH CR7C3 11-0550 , 
r 7C3 1/7-0333). CR7C3+MN7C3 03-05) 

+ sOME M3c IS0MRPHOS WITH FE C (23-1 13)1 
+ TRACE M23C6 (ISOMORPHOUS wITH M23C6 (11-0545)3 

TABLE-5`086 X.RAY DIFFRACTOMETRIC DATA OF ALLOY B3 

HEAT TEATMENT:I 1000,10,00 

SL 
	

29 	D(A) 	//10 POSSIBLE CONSTITUENTS 
NO 
-miliokommisi 	 i...... 

	

1 490 2.297 24 	 MI 

	

2 544,5 2.416 20 	N5 M7 

3 55'4 2.084 100.0 

	

4 57.6 2011 9.5 	rti n 

	

5 iEta 14992iihe 	 m5 M7 

	

6 59.`1 1.465 2.3 	M3 M7 

	

7 650 1.003 150 	A 	M23 	M5 M7 
8 9n4 1.290 	4 0 	 M7 

10 125.1 9  1240 Wol! 1:8 vi 

	

11 126A 1;097  2.7 	M23. 
. .......0.5....,...... . 	 

STRUCTURE $ ApiliI501 ORPHOU4 WITH rE$C2 c2o-
4
08)3 

+ triNs IMIT/1544/1+50;8 ROM' 
* PROBABLE+ TRACE m2JC6 44puMORPHuUS WITH M23C6 (1100545)7 

2.'024 2.1 ALPHA M 
1.995 17.2 

1.174 7.0 
1.962 ' 9.4 

'1.654 '7.9 
1.,903 26.1 

1.704 15.6 
4290 6.3 

1177! 131 
UI 

A 

i t093 19.0 elf 

M3 M5 M7 
MS 

M3 
M7 

M3 	m7 
M23 	m5 m7 

M23 	m7 
M7 

M7* 

M5* 

MATRIX 	CARBIDES) 
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TABLE4a7 X-RAY DIFFRACTOMETRIC DATA OF ALLOY B3 

NEAT TEATMENT s 1050,4,00 

SL 	20 
NO 

D(A) 	I/I0 POSSIBLE CONSTITUENTS 
MATRIX 	cARBIDE(S) 

i 1/4 iqp i:1 	
M3 M7 

M5 M7 
3 	5 t, d1 	2:0 4 100.0 	A 	M3 MS 

4 2tt 1:11! IN 

	

1 	
M5 
M5 M7 

7 	8N 	I:18i ' 
2.9 
	

A 	1423 	m5 
M7 

8 124405 1,09 12.0 UI 

STRUCTURE : AUSTEUTE 
+ m5C2 rISOmORpHOuS WITH mN5C2 (140176)1 
+ SomE m7c3 usomoRPHOus WITH CR7C3 (11-0550), 

( OR,fE)7O3 (05-0720)1 

TABLE 5a8 X-RAY DIFFRACTOmETRIC DATA OF ALLOY 83 

HEAT TEATMENT i 10611,6,00 

sL20 	D(A) 	I/I0 poSs1BLE CONSTITUENTS 
NO 	MATRIX 	CARBIDE(S) 

1 	4,9 	2006 	5 3 
	 M7 SC' 	 ,120 	4.4 	 m7 

	

3 5501 2,084 1000 	A 	143 MS 

	

4 634 4834 1.4 	
;41; M7 5 64:08 4813 23.9 

	

6 650  1.1301 2.5 	A M23 M5 
7 . 98.1 	1,281 	10.1 
i 984 4277 5.o uI 	

M7 

9 12C0 4094 12.0 UI 

	

10 126400 1,087 20 	M23 
0.1041. ...... 1...., 
STRUCTURE : AuSTE/TE 

• M$C2 HISOMORPHOUS WITH mN5C2 (14-01781 1 
+ m7C3 ISOMORPHOUS wiTH CR7C3 (11-0550), 
(CR,FE)7C3 (05-0720)1 

TABLE•589 X•RAY DIFFRACTOMETRIC DATA OF ALLOY B3 
	 • 

HEAT TEATMENT i 1050,10,00 

No 
SL 	2Q 	D(A) 	I/Io POSSIBLE CONSTITUENTS 

MATRIX 	CARBIDE(S) 

	

100.0 	A 	
MS 

M7 

M7 

4 

	

3 
 58406 2,044 3.0 	 M23 	m5 m7 

	

24? MN 3:2 	
M3 

M5 M7 
M7 

liNt 	1:2 	
A 	M23 

m7 
MS M7 

10 	ii:8 UI 

STRUCTURE AUSTENITE 

8;;Ei ti1849
0
1 :IN 

(CR,FE)C3 tv520 
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TABLE-500 X-RAY DIFFRACTOMETRIC DATA OF ALLOY B4 

AS CAST 

NO 
20 D(A) I/I0 

. 
POSSIBLE CONSTITUENTS 
MATRIX 	CARBIDES) 

1 48.'0 2 382 3.3 M23 M3 M7 

2 55;9 2 017 100.0 M5 

57.2 2 024 44.2 A m3 M5 

4 57 5 2.014 40.0 ALPHA 	M M3 m5 M7 

58A 1 974 4.5 M M3 M5 M7 

62 ,3 1.873 4.8 m3 

64.-1 1;826 4.2 M3 M7 

8 65 0 1 803 26.1 A* m5 

9 1110 1169 4.8 ALPHA 

10 112.5 1165 3.0 ALPHA m23 m7 

11 118:2 1 =161 3.0 M5 

12 126.4 1.085 3.0 UI 

IOW 

STRUCTURE PEARLITE/RAyNyTE 

+ mhRTENSITEOUSTENITE C) 

+ M3C CISOmORRHOUS WITH FE3C C23-1113)] 

+ MSC2 (ISOMORPHOUS WITH FESC2 (20-508)] 

* PROBABLE 
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TABLE•501 X0RAY DIFFRACTOMETRIC DATA OF ALLOY B4 

HEAT TEATMENT $ 900,4,00 

SL 	20 	D(A) 	I/I0 POSSIBLE CONSTITUENTS 
NO 	MATRIX 	CARBIDE(S)  

i 460 2112 9.3 
50+,9 
55.; 1074 100.0 

, 5 6.5 
A 	

$23 MI 
M M5 M3 MS Pfl; 

5,C.: 	2*Q37 	7.4 	 M7 
5 570 2021 16.7 ALPHA M 	M3 M5 

	

6 sr 2,011 50.0 	m* 	m3 M5 
7 	5 .9 	1:;761 	1).0 	M3 8 	6 .76 	1,865 	9.3 	M3 	M7 

	

10 650 1,803 4A..? 	A 	M23 	M5 M7 
9 63.3 1,847 	 M3 M7 

	

12 790 Flig 1.1 	M23 M3 
M3 II 	66.8 

13 99.0 1:2/4 11.0 UI 
14 99.6 1.268 

	

5.6 	A 

1 1°8■'6  1.$83 7.4 
1; 105.7 1,216 6.0 UI 

M23 
1 125.6 1089 14.0 UI 

	

18 1260 1087 14.8 	M23 
............. 	 meta 

STRUCTURE : AUSTENITE 
+ TRACE MARTENSITE 
+ M3C (ISOMORPHOUS WITH FE3C 123..1113)) 
+ M5C2 E/10MORPHOUS WITH FESCZ (20•508)3 
+ TRACE M 3C6 (;ISOMORPHOUS WITH M23C6 (11°0545)3 
+ TRACE M C3 [ISOMORPHOUS WITH FE7C3 (17•0333), 
CR7C3+MN7C3 (03.075)1 

TABLE•5 92 X•RAY DIFFRACTOMETRIC DATA OF ALLOY 54 

HEAT TEATMENT i 990,10,00 

SL 	20 	D(A) 	I/I0 POSSIBLE CONSTITUENTS 
NO 	MATRIX 	CARBIDE(S) 

	

I 48.A 2,31i 3.4 	M23 M3 	M7 
2 50.,A 2 	2.5 	M3 MS M7 

	

1 13:2  f074 100.0 	A 

	

031 	8.5 ALPHA 	
M3 MS 

MS 

	

g 574 .014 14.4 	M 	U M5 M7 
6 580 1074 6.8 

	

7 520 1,173 SO 	
la 	

7 

	

8 63.0 1.854 4.7 	 M7 

	

9 54,i4 1,818 :g 
	A M23 MS MS M7 li 651 1.803 

	

66.- 	1062 	.5 

	

70. 	468 33 

	

.0 	$23 8 

	

li 10).'6 1.193 	
.
4 	M23 M3 

	M7 1137:2 	1.160 	.0  
15 1180 1i26 5.0 UI 

1255 1.090 5.0 UI 

	

1260, 1,087 4.2 	M23 
18 126.8 1083 3.0 

111 IOW 

STRUCTURE : AUSTENITE 
+ MARTENsTTE11) 
• M3C IISOMORPHOUS wxTm rE3c 123.143)1 ▪ mso2 t/somom mous w/Tm rEsc2 (Tool) 
+ TRACE 14123C6.H/SOMiRPHOUs WITH m 3C6 ( 1-0P15)1 
+ TRACE M7C3 t SOMO PH .US WITH FE C3 (1 "333)t 

CR7C3fMN7C3.  03.4 SYY 
* PROBABLE 



T-61 

TABLE.503 X-RAY DIFFRACTOMETRIC DATA  OF ALLOY B4 

HEAT TEATMENT t 950,4,00 

SL 
NO 

i 
2 
3 
4 
5 

i 
9 
9 

10 
11 

ii 
14 
15 
4.6. 
17 
1e 
19 
20 

70 

480 
5Q 9 
550 
55.6 

f il 
iti 

58.-  
6r4 
6 '.9 
6 0 
660 
9
'
;2 

98;3 
98.8 
99;6 
110 
11 0 
11 '0 
1240 
125;6 

D(A) 

2082 
2;251 
2;098 
2.078 
2;061 
2.001 
1071 
1.870 
1.806 
1103 
1,762 
1;328 
1.281 
1;276 
1;268 
L,216 
1.131 
1t424 
1 	9 
1.089 

//IA 

10,6 
6.7 
11.5 
100.0 
28.0 
39.4 
14,4 
15.4 
51.0 
46.2 
9.6 5.8 
5.8 
17.0 
5.8 
11.0 
7.7 
10 

6i.0 

POSSIBLE CONSTITUENTS 
MATRIX 	CARBIDE(S) 

M23 M3 M7 
M3 MS M7 
M3 

A. 	 145 
M 	14i M5 

M3 M5 
M3 
M3 

M7 
1423 	147 

A 	M3 
14 M23 1 3 M5 147 

M23 	M7 
UI 

A 
UI 

M5 

U 
UI 

. 
STRUCTURE t AUSTENT 

+ TRACE M RTENSITEM 
+ M3C 

TRACE 
	MORPROUs miTH FE )C 123■11i3)1 

• M5C2 ISomORPHOuS WITH FE5C2(20-508 3 
4. SOME 7i) (ISOMORPHOUS W/TH CR7C3 (1 '.0550), 
FE7C3 ( 7'1°333)1  

+ TRACE M 3C6 :ISOMORPHOUS WITH M23C6 (11.0545)) 

TABLE-5=94 X-RAY DIFFRACTOMETRIC DATA OF ALLOY B4 

HEATTEATMENT: OOOO O OO .. 	.00O 	O O 

	

PSL 	20 	D(A) 	I/IA 	 ;SSIBLE  CONSTITUENTS 

	

NO 	MATRIX 	CARBIDES) ...0.......0.-.......4. 

	

1 480 2;178 28.1 	1423 143 	147 
2 511 2;247 19.0 UI 

M3 M5 
4 54 ;057 12.2 
3 55 	1;074 100.0 	A 

m 
 1423 

M3 M5 

	

5 5 i 	;041 17.2 

	

6 	5 	2;021 11.9 ALPHA 	M 	
M23 

M3 M5 ri; 

	

7 	5 ; 	2.005 	92.2 

	

8 	5 ;1 	1;965 	48.4 	1423 8 M5 M7 

	

.9 6446 1;920 7.8 	M5 

1! 2 

	

10 61.1 1;895 9.4 	M7 

13  66 
 0 1.18 9.4 

1.865
1 	

35.9 	
1423 

1141 19.0 UI 	
M3 M7 

	

14 64.* 1;113 39.1 	M5 M7 

	

15 	55;;1 	1;101 	62.2 	A' 	1423 	M5 
16 670 4;156 9.4 

M23 ril 	M7 li 704 lip 7.8 

	

1? 93)0 1 Q 4.7 	M23 M5 

0 
";":327 

	

4004i 	1; 60 	19.6 	
UI 

M23 	M7 

il I184 1.127 41.0 UI 12LA' 1;106 	1 .0 	UI 

	

23 1260 	1;007 	3 .5 	1123  

STRUCTURE i ArTENITE 
+ M C ISOMORPHOUS WITH FE3C 123.111311 
+ M C2 ISOMORPHOUS WITH FE5C2 /20.50871 
+ SOME 7C3 IISOMORP 	WITH CR7C3 ( 11-0550), 
CR7C3+MN70 (03•07S U.

S
1 

+ TRACE M23C6 IISOMOR MOUS WITH M23C6 (11.0545)) 



T062 

TABLE■505 X-RAY DNFRACTOMETRIC DATA OF ALLOY B4 

HEAT TEATMENT 	1000,4,00 

	

SL 	20 	D(A) 	I/I0 
NO 
	pi, 	** 

	

I 	SCA)2.493 	3.9 

	

2 	S5.4 	2,094 	100.0 

	

3 	562 	2,057 	9.1 

	

4 	56.7 	2,041 	3.0 

	

S 	5702.008 	14.4 

	

6 	581 	1,971 	7.7  

	

7 	62'/45 	1.865 	!.ft 

	

8 	64:1 	1:809 	7.7 

	

9 	650 	1,803 	32.7 

	

10 	124.7 	1.014 	4.0 

	

11 	125.0 	1,092 	19.2 

00. * 	 

POSSIBLE CONSTITUENTS 

	

MATRIX 	, 	CARBIDE(S) 

NS 
A 	M 	N3 	MS 

M 	M23 	M3 	M5 

M3 	MS 
M3 

M3 

	

A 	M23 	M5 
UI 

UI 

M7 

M7 

, 

M7‘  
m7 

M7 

STRUCTURE i AUSTENITE 

+ M5C2 (ISOMORPHOUS WITH FESC2 (2000508))  

+ SOME M3C IISOMORPHOUS WITH FE3C (2301113)1 

+ SOME M7C3 CISOMORPHOUS WITH CR7C3 (11-0550), 

(CR,FE)7C3 (05-0720) 

TA8LE•506 X-RAY DIFFRACTOMETRIC DATA OF' ALLOY B4 
	• 

HEAT TEATMENT 41000,10,00 
SL 20 	D(A) 	I/I0 POSSIBLE CONSTITUENTS 
NO 	 MATRIX 	CARBIDE(S) 

52.3 7.173 	M23 8  ms  M7 

3 
4 i;:S 2,078 100.0 

S W? 	t:2t 
21.1 1:1111 28 6 

  1! 1;318MII:1 	: 	UI 

11 Ma I411 	: 	IN UI  

A 
	MS M7 

7 M3 MS M 
M7 

A 	M23 
M)  
M3 M5 

M7  
M7 

M7 

	00.0. 
STRUCTURE t AUSTENITE 

  

  

+ M3C (ISOMORPHOUS WITH FE3C (23■1113)1 

+ M5C2 (ISOMORPHOUS WITH FE5C2 (20-508)) 

+ M7C3 (ISOMORPHOUS WITH CR7C3 (1100550)1  

CR7C3+MN7C3 (030075)1 
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TABLE•507 X-RAY DIFFRACTOMETRIC DATA OF ALLOY 84 

HEAT TEATMENT s 1050,4,00 

	

St 	20 	D(A) 	I/I0 
NO 
	 P 	  

	

I 	500 	24293 	248 
2 	510 	2 251 	24 

	

3 	55.1 	i4074 	100.0 

	

4 	5/:§ 	2,011 	14,3 

	

5 	6 	7 	1.eit 	1 

	

6 	65. 	1.903 	15.7 

	

7 	99.1 	14291 

	

8 	124. 	14094 	10.0 

	

9 	125.9 	1 4088 	5.2 

POSSIBLE CONSTITUENTS 
MATRIX 	CARBIDE(S) 

MS M7 
M7 

A 	1423 M) M3 M6 M7 

'A 	147 
A 	M23 M3 M5 M7 

UI 	
M7 

M23 

STRUCTURE SOME 7 AUSTEr

C

TE 

USOMORPHOUS WITH FE7C3 17..0333), 
M5C2 	SOMQRPHOUS WITH F'E5C2 (20■0508)3 

3 	 ( 
(CR FFE)7C3 (05■0720), CR7C3 (11•0550)1 

TABLE•5449 X•RAY DIFFRACTOMETRIC DATA OF ALLOY 84 

HEAT.TEATMENT : 1050,6,00 

SL 	2A 	0(A) 	I/I0 POSSIBLE CONSTITUENTS 
NO 	 MATRIX 	CARBIDE(S) 

1 5046 2,267 7.3 	M3 M5 
2 55.:4 2,094 100.0 	A 	M3 M5 M7 
3 644'4 1,818 7,1 	 M5 
4 8416 14113 6.7 	 M5 M7 

$1:3 1.803  ..,c 

1 	

A 	M23 	M5 M7 
M7 

12Cot 4094 10.0 UI 
1250 14492 8.0 UI 
125.6  1.090 7.0 UI 

4. AUSTENITE + MARTENSITE 
4,  MSC2 USOMORPHOUS WITH MN5C2 (14.4176)3 
4. TRACE M7C3 riSomoRpHous WITH CR7C3 (11•0550)3 

TABLE•509 X-RAY DIFFRACTOMETRIC DATA OF ALLOY 84 

HEAT TEATMENT 	1050,10,00 

SL 	20 	D(A) 	I/I0 POSSIBLE CONSTITUENTS 
NO 	 MATRIX 	CARBIDE(S) 
	, 	  

	

i

5406 2.113 10.p 	 M5 
5514 

	

64‘3 ilii 33:i 	

A 	M3 t144; 

S 
6510 	100.0 	A 	M23 	M5 M7 

	

9162 1:293 6.0 	 M7 

iii41 1:nt 5.
7.0 
 UI 104,0  

STRUCTURE t AUSTENITE 
MSC2 C/SOM1QRPHOUS WITH MN5C2 (14*0176)1 

4. SOME M7C3 U/SOMORPHOUS WITH CR7C3 (11-0550), 
rE7C3 117..0333)1 



T-44(1) 

TABLE0,5 100(A) SUMMARY OF X-RAY DIFFRACTOMETRIC DATA 

HT COND 
	Away  plitMATAIX A 

	M23 CPTI"Ag)  M7 

AS CAST 	RI 	P 	P 
P 	P 

t 	T 
S 	P 

P 	
T 
T 

83 	P 	P 	T* 	P T 	T. 
B4 	P 	P 	T 	P 	

p 

S/T P P 
P T 	
P 900 4 00 RI S/T P 	T T 

83 	S 	P 	S 	P 	T 	T 
84 	T 	P 	T 	P 	T 	Tt 

Tt P 5 S 	T 
900 10 DO 	RI 	T/S 	P 	P 	P 	T 	T'7  

83 	
T
T* 	P 	

T  
S 	P 	S 

P
. 
? 84 	* 	P 	P 	P  

950 4 00 	81- 	P 	5 	P 	T 	T 
T 82 	P 	5 	S  

83 	PT 1 	P 	P 	S 
84 	P 	T 	P 	P 	S 

950 10 00 	
B 	

P 
P 	

Pt 	P 
S 	i 	S 

T 

83 	P 	S 	P 	P 	5 
84 	P 	T 	P 	P 	S 

1000 4 00 	B1 	P 	T 	S 	S 	S 
82' 	P 	T 	P 	S 

A 	P 	T 	S 	P 	e 
84
l 	

P 	S 	P 	5, 

1000 10 im 	8t 	P 	S 	P 	S 
82 	P 	T 	P 	S 

83 	PT 	P 	P 
84 	P 	S 	P 	Pt 

1050 4 00 	81 	P 	T 	P 	P 
S2 	P 	P 	P 

.. 	P 	P 	
5
St 83 

84 	P 	P  

1050 6 00 	81 	P 	P 	P 
S2 	P 	P 	P 

'83 	P P 	P 
84 	.P 	P 	S 

1050 10 Oci 	J31 	P 	S 	P 
82. 	P 	S 	P 

83 P 	P 	P 
84 	P 	P 	S 

P=PREsENT - 7 S=SOME i T=TRACE 	**PROBABLE 
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SUMMARY OF THE CARBIDE TRANSFORMATION IN EXPERIMENTAL ALLOYS 
.. 

TABLE 5!100(B) 

CARBIDE 

M3 

COND/HEAT■TREATMENT 

AS■CAST 

900 
	OD0 900 10 	 D 

81 

P 

P 
P 

B2 

P 

P 
S 

950 	4 00 P 8 
950 10 00 P S 

1000 	4 00 S T 
1000 10 00 S T 

1050 	4 00 T - 
1050 	6 00 0. 
1050 10 00 . • 

M5 AS-CAST T T 

900 	4 00 T T 
900 10 00 T S 

950 	4 00 T 8 
950 10 00 T P 

1000 	4 00 1 P 
1000 10 00 P P 

1050 	4 00 P P 
1050 	6 00 P P 
1050 10 00 S S 

M23 AS-CAST S T 

900 	4 00  
900 10 00 P.  

950 	4 00 S 
950 10 00 P . * 

1000 	4 00 T 
1000 10 00 .. .. 

1050 	4 00 - . 
1050 	6 00 . . 
1050 10 00 - . 

M7 ' 	AS-CAST - 

900 	4 00 . 7 
900 10 00 Ti T 

950 	4 00 T 7 
950 10 00 T S 

1000 	4 00 S 	S 
1000 10 00 S 	5 

1050 	4 00 ' 	P P 
1050 	6 00 P P 
1050 10 00 P P 

B3 	54 

P 	P 

P 	P 
P 	P 

P 	P 
P 	P 

S 	S 
- 	S 

,i, 	. 
. 	. 
. 	- 

TI 	P 

WT 
P 

P 	P 
P 	P 

P 	P 
P 	P 

P 	P 
P 	P 
P 	P 

T 	* 

T 
6 	T 

T* 	T 
T 

7 	* 
7 	* 

. 	• 
- 	- 
. 	. 

. 

T 	11 
S 	P. 

S 	S 
S 	S 

P 	S 
P 	P2 

S2 	S 
P 	S 
p 	S 

PsPRESENT 1 s=snmE 	TsTRACE f  lc:PROBABLE: 
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TABLE05.101 EFFECT OF HT ON COMPRESSION BEHAVIOUR Of ALLOY S1 

NT CONDITION 	DEFORMATION 	
CO

MPRESSIVE STRENGTH 
MN 	TSI 

AS CAST 7'.34 1972.08 127.23 

900 	4 Oo 2106 2008.08 129.55 

900 10 00 20.56 2091.73 134.95 

950 	4 00 21 00 2094.34 141.57 

950 10 00 21.18 2022.91 130.51 

1000 	4 OD 2347 2305.35 148,73 

1000 in no 24.60 2444.66 157.72 

1050 	4 00 23.87 2350.58 151.65 

1050 	6 00 254 	8 2337.40 150,80 

1050 10 00 2866 2450.40 158.09 
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TABLE..54102 EFFECT OF HT ON COMPRESSION BEHAVIOUR OF ALLOY 82 

HT CONDITION DEFORMATION 	COMP
N/M2 

RESSIVE STRENGTH 
M 	T5I 

AS CAST 

900 	4 bo 

900 lo ao 

11 	79 

2243 

2358 

2116.22 

2083.67 

2132.18 

136.53 

134.43 

137.56 

950 	4 00 2838 2400.95 154.90 

950 10 00 28.63 2464.66 159.01 

4000 	4 00 2922 2747.53 177.26 

1000 10 00 3207 2886.49 186,41 

1050 	4 00 38'.67 2647.'93 167.72 

1050 	6 00' 3507 2756.52 177.84 

1050 10 00 42'468 3218.40 207.64 
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TABGE..5103 EFFECT OF HT ON COMPRESSION BEHAVIOUR OF ALLOY B3 

HT CONDITION DEFORMATION 	COMPRESSIVE STRENGTH 
MN/M2 	TSI 

fr 

AS CAST %47 

	 fie 	 

2253.03 

900 4 60 10 41 2175.03 

900 10 60 11 25 2228.90 

950 4 00 2258 . 2434.43 

950 10 00' 1217 2353.39 

1000 4 60 28.07 2533.19 

1000 10 00 3128 2779.35 	.., 

1050 4 00 33 	91- 2416.63 

1050 6 00 310 4 2559.21 

1050 10 00 3514 286300 

145.36 

140.33 

143.80 

157,06 

151.83 

163.47 

179.31 

155.91 

165.11. 

184.36 



DEFORZATION 
U 	  

COMPRESSIVE STRENGTH 
. 	TS! 

 	00,10 	  

1201 2352.37 151.77 

27 25 2219.33 143.18 

2801 2287.96 147.61 

28.10 2340.50 151.00 

28 43 2297.35 146.22 

3000 2682.59 173.07 

31 79 2845.30 183.57 

3500 .2552 70 164.69 

3540 2772.33 178.88 

3401 290902 107 ,69 

1050 4 00 

1050 6 oo 

1050 to bo 

HT CONDITION 

AS CAST 

00 

00 

00 

950 to tio 

1000 4 00 

1000 10 ao 

900 4 

900 10 

950 4 

T■68 

TABLE•5.104 EFFECT OF HT ON COMPRESSION BEHAVIOUR or ALLOY 84 
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TABLE-5.=105 RELATIVEAOMPRESSIVE 'BEHAVIOUR OF THE ALLOYS 
et 

HT .CONDITION 4'=i7 	COMPRESSIVE STRENGTH MN/M2 
8/ 	 82 	 83 

	
84 

AS CAST 197209 2116,22 2253.03 2352,37 

900 	4 bo 200808 2083.67 2175.03 2219.33 

900.10 bo 209103 2132.18 2228.90 -2287,96 

950 	4 bo 2094434 2400.95 2434,43 2340.50 

950 1f bQ 2022491 2464.66 2353.39 -2297,35 

1000 .4 O0 2305135 2747,53 2533.79 2682.59 

1000 10 bo 244466 2886.49 2779,35 2845.30 

.1050 	4 Og 2350,58 2647.93 2416,63 2552,70 

1050 	6 00 2337440 2756.52 2559.21 2772.33 

1050 10 bo 2450i40 3219.40 2863,30 2909.22 

TABLE-5.106 HELATIVEADERCENT DEFoRmATTOM OF THE ALLOTS 

	 itb 	 

HT CONDITION 	. rl
13
'
1 	

DicORMATION a83  
B4 

AS CAST L7.34 1109 7.47 12.01 

900 	4 bo 21496 22-43 20.41 27.25 

900 10 DO 20;56 23.58 21,25 28.31 

950 	4 00 2100 28,38 22.58 28,10 

950 10 00 21;18 28.63 22.17 28.43 

1000 	4 00 23;47 29,22 28,07 30,90 

1000 10 00 24;60 32.07 31.28 31,79 

1050 	4 OQ 23;87 38.67 33.91 35.80 
1050 	6 do 25.98 35,97 31.54 35,40 
1050 10 bo 28.66 42,68 35.14 34.81 

• 
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OS :Mgt 
168„005 
720 .00471 
168 .00425 
720 .00364 
168 004)9 
720 .00377 

76.695 21,925 
28.008 
22.810 

43,234 19,911 
24.024 
20.611 

7
60 ,00401 21.948 20 .00326 17.121 

ill 'MB 22.958 
18.0 9 

00 
00 
00 600 
00 600 

00 410.* 00 amis 
00 600 
00 600 
00 
00 
OQ 600 
00 600 

00 .•. 
00 

60 
00 600 
00 600 

8S :::, 
00 600 
00 600 
00 .•• 
00 
00 600 
00 600 

T072 
TABLE■5 109 EFFECT OF HT AND TD ON CORROSION BEHAVIOUR 

CORROSIVEENVIRONMENT 1.5% NACL 
ALLOY DESIGNATION 	1 81 As "'TAN z 	MDD fi  

H*T*CONDITI0N S.R*CONDIT/ONCORROSION DATA 
TEMP. TIME HT TEMP TIME HT S.AREA WT,LOSS T D CORROSION RATE 
DEG.0 MRS 	DEG.0 MRS 	SO:CM CMS 	MRS IPY 	MDD 

900 4 900 4 
900 4 900 -  4 
900 10 900 10 
900 -10 900 10 

950 4 950 4 
950 4 950 4 
950 10 950 10 
950 10 950 10 

1000 4 1000 4 
1000 4 1000 4 
1000 10 1000 10 
1000 10 
1000 10 

1050  
1050 4 

4 
1050 4 
1050 4 
1050 1050 6  
1050 6 1050 6 
1050 10 1050 10 
1050 10 1050 10 

DO 0-0.• 	.. 24/01 400527 00 	mem 	2.8841 '401697 
00 600 	0*5 AC 2.5146 *00493 
00 600. 0.5 AC 2,5737 *01865 
00 •::: 	 911707, 
00 600 	Ac 2.1712 T00500 00.600 	0.5 AC 2.9531 *01826 

00 ...a, 	-- 5.3959 *00829 
00 0.66- 	-- 5.4205 *02898 

00 N8 0:1 AC !..;tii .03096 

0.5 
0.5 

-.4*  

.- 4.4679 
4.3465 

AC 3.7959 
AC 3.7543 
.4. 5 	9483, 

5.9162 

*00836 
*02127 
*00728 
*02440 

00885 
-03092 

168 
720 
168 720 

16 8 
720 

*00489 
*00382 
.00501 .00396 

00389 
*00319 

26.730 
20,913 
27.398 21,664 

21,255 17,421 
0.5 AC 5.5517 *00939 168 .00442 24,112 
0.5 AC 5.087. .02955 720 *00327 17,881 

4.3555 -- 4.5088 .00702 
.02467 

168 720 
.00421 .00334 23.025 

48.238 
0.5 AC 5.1837 *00860 168 *00433 23*701 
0.5 AC 4.8857 *02807 720 .00350 19,151 ,  

4.6415 *00684 168 .00385 21.052 
4.6115 *02236 720 .00296 16.162 

0.5 AC 4.7739 .00791 168 .00433 /3.670 0,5 AC 4.4475 *02380 720 *00326 17,838 
"6  16406 -6  405630 

01" 4.0697 *00668 
*02555 

168 
720 .00382 *00383 

20,91 
20.927 

0.5 AC 4.6218 *00625 168 .00353 19.319 0,5 AC 4.5015 ,02484 720 00336 18.394 
4.9467 400724 168 ,00382 20,909 

"6  4.4262 .02261 720 *00311 11,027 
0.5 AC 4.3047 .00613 168 .00372 20,343 0.5 AC 4.1276 *02013 720 .00308 16.82 
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TABLEw55/10 EFFECT OF HT AND TD ON CORROSION BEHAVIOUR 

CORROSIVE ENVIRONMENT $ St NACU 
ALLOY DESIGNATION 	: B2 

AS CAST,168HRS= 29.576 MDD 
720HR5 m 27.243 MOD 

H.T.CONDITION S.R.CONDITIONCORROSION DATA 

NRS IPY MDD 

	

9004 	00 we* 	... .. 14373 .00663 

	

900 	4 	00 .-- 	ee" .... 4  / . 582 ►.02359 

	

900 	4 	00 600 	0.5 AC 3.9288 .00753 

	

900 	4 	00 600- 0.5 AC 3.6831 .02533 

	

90010 	00 ewe 	libmIl  ww 3.9850 .00583 

	

900  10 	00 www 	... 	3.9452 .02211 

	

90010 	00 600 	0.5 AC 5.4447 .00820 

	

900 10 	00 600 	0.5 AC 5.3604 .03109 

	

950 	4 	00 owsw 4... ww 4;8411 .00767 

	

950 	4 	00 -- 	... .... 4.8424 .02532 

	

950 	4 	00 600 	0.5 AC ;:113.3 'g).31t2 

	

950 	4 	00 600. 0.5 AC 

	

950 10. 	00  ONO 	Oa* .... 4.5257 .40799 

	

950 10 	00 Wow 	maim .. 4.4302 ;02685 

	

95010 	00 600 	0.5 AC 4.5$04 .00814 

	

950 10 	00 600 	0,5 AC 4.4780 .12759 

	

40004 	00 sow .... .. 4.6032 .00692 

	

/000 	4 	00 • oww ... • 4.0 4.5820 .02284 

	

1000 	4 	00 600 	0.5 AC 4.9644 .00848 

	

/000 4 	00 604 0.5 AC 4.9233 .02749 

	

/000 40 	00 w*w 4.7971 .00712 

	

1000 10 	00 www 	... ww 4.6738 .42496 

	

1000 10 	00 600 4.5 AC 4;9505 .00762 

	

/000 10 	00 600 	0.5 AC 4.5145 .02493 

	

10504 	00 www 	... ww 4.6405 ;00673 

	

1050 	4 	00 'owl.' 
	• 

lima ww 4.5812 .02484 

	

1050 4 
	
600 ,0.5 AC  4.8715 00797 160 :AT/ B:3731, 

	

/050 	4 	00 600 	0.5 AC 4.8863 .02600 720 

	

1050 	6 .88 ... 
	... .. 5.0109 .00708 .160 00369 20,184 

	

1050 	6 	... .... 4.9280 .02172 720 .40274 14.996 sinus 

	

1050 	6 .00 600 1.5 AC 5.1243 .00689 160 .00351 19,208 

	

1050 	6 	00 600 	0.5 AC 4.9068 .02840 720 .00353 19.293 

1050 10 00 ... ... ., 1:n3i MN 4g :MB 11:ig; 

	

1050 10 	... ... .. 

	

105010 	00 600 	0.5 AC 4.6339 ,,00589 168 ,00332 18.158 

	

1050 10 	00 600 	0.5 AC 4.5291 .02157 720 .00290 15.875 

TEMPTIME HT TEMP TIME HT S AREA WT LOSS T 0 CORROSION RATE 
DEG.0 MRS' 	DEG .0 HRS 	S CM GMi 

168 .00476 
720 .00383 

168 .00501 
720 ,00419 

168 .00382 
720 .00342 

168 	.00393 
720 .00354 

169 .00414 
720 .00319 

08 .00327 
168 	.00461 
720 .00369 

168 .00467 
720 .00376 

168 .00393 
720 .00304 

168 .00446 
720 .00340 

168 .00388 
720 .00326 

168 	.00410 
720 .00337 

/O8 	.00379 
720 .00331 

26.040 
20.923 

27,381 
22.925 

20.900 
18.681 

21,515 
19.333 

22.634 
17.429 

BIO 
25,221 
20.202 

25.555 
20,538 

21.476 
16.616 

24.402 
18,612 

21,203 
17,801 

22;442 
48,407 

20,718 
18.074 



• 
000 

.0.5 	AC 5.1833 

•00 	00 3.1006 

0.5 	AC 2.2572 
0,5 	AC 2.5742 

05 	AC 6.7468 
0,5 	AC 6.6459 

2.9198 

00000' 6.9460 
000 	00 6.8346 

.000 	4,8610 
4.8360 

0.5 	AC 5.1929 

••° 	" 3.2324 
w_ 4.0442 

4111001111 

. 4051111 

OOM 

	

0.5 	AC 5.0020 

	

0.5 	AC 5.0125 

0.- 4.7968 
us. 4.7795 

"3.3958 
-- 3.3174 

0.5 AC 3.1452 tgnil 

0765 0 
.02641 

00856 
:02939 

:00613 
02896 

0.5 AC 3.6498 *00711 
0.5 AC 3.5175 .402551 

01968 
.00413 
01689 
*01114 :04177 
:01100 .04231 

*00495 

0747 
.02534 

,00809 
*02768 

.00556 
*02067 

720 
168 

168 
720 

160 
720 

7
68 
20 

168 
720 

168 
720 

168 
720 

168 
720 

168 
72V 

168 
720 

168 
720 

168 
720 
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TABLE-5.111 EFFECT OF HT AND TD ON CORROSION BEHAVIOUR 

CORROSIVE ENVIRONMENT t  SA NACL 
ALLOY DESIGNATION 	t 83 AS C"TIOgi 	

32:1 MDD 0B 

H„T*CONDITION S.R.COND/TIONCORROSION DATA 
	 O sips 
TEMP TIME HT TEMP TIME HT law  aiLOSS 	inR06/0UATE 
DEG,C HRS 	DEG*C HRS 

00 
:003487

57 

.00478 

.00400 

*004/9 
.00373 

.00426 

.00388 

.00411 
00333 

.00431 

.00346 

.0049$ 

.00437 

.00509 

.00442 

.00407 

.00323 

.00423 

.00337 

.00428 
00380 

.00453 

.00402 

•5S 
25:002 
21.157 

26.4)8 
21.871 

42012 
20.372 

23.291 
21.221 

22.482 
18,204 

23.548 
!BODO 

27.092 
23.870 

27.829 
24.174 

22.217 
17,673 

23.105 
18.407 

23.390 
20.770 

24.791 
22.001 

900 900 

900 
900 

900 
900 
900 
900 

950 
950 

950 
950 

950 
950 

950 
950 

1000 
1000 

1000 
1000 

1000 
1000 

1000 
:1000 

1050 
1050 

1050 
1050 

1050 
1050 

1050 
1050 

1050 
1050 

/050 
1050 

4 
4 

4 
4 

10 
10 

10 
10 

4 
4 

4 
4 

10 
10 

10 
10 

4 
4 

4 
4 

10 
10 

10 
10 

4 
4 

4 
4 

6 
6 

6  
6 

10 
10 

10 
10 

0°° 
00 ..00 

00 600 
00 600 

00 
oo 

00 600 
00 600 

00 
00O' 00. 

00.600 
00 600 

00.  "°. 
00 0" 

.00600 
00 600 

0 
0
6 
0 

00 600 
00 600 

00 000 
00 

88 600 

00 0" 
00 °•■ 

00 600 
00 600 
00 
00 0°0 

00 
6
60 

00 	00
0  

00 uuu 
00 

00 600 
00 600 

- 

:01881 ;SS :ggiit BAP 
0,5 	83T33 	i:1!:N 	: 	168 	i2  

M 	 S .00427  ?PA:t;8 	11  
0.5 AC 	:08231 22:041 

i:At3 :S114 	:88;8 11:13i 
84 0 9.1874 	418 :88112 20.142 



tweD01.00 

900 4 00 	soma 	3.9895 007/0 
900 	4 	00 sbmg. 	sse 	3.9165 .02788 

900 	4 	00 600 	0.5 AC 3.0499 .00582 
900 	4 	00 600 	0.5 AC 3.4588 .02660 

900 10 

900 10 
900 10 

950 4 

950 4 

00 .0.0. 

00 600 
00 600 

00 --- 

00 600 

sal. 4.. 5,0470 ;03041 

9.5 AC 4.3612 .00745 
0.5 AC 4.2591 .02585 

40. 4,5852 .00748 
'ie.' 4.5938 .02541 

21:1 fi
4.2151 ,00794 

900 10 00 60.,  sss 	50548 00820 

MOO 

see 
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TABLE-1412 EFFECT OF NT AND TD ON CORROSION BEHAVIOUR 

CORROSIVE ENVIRONMENT 	5% NACI, 
ALLOY DESIGNATION 	: 134 

AS CAST 168HRS = )1,550 MDD 
720HRS 0 24,851 MDD 

H.TCONDIT/ON S.R.CON0/T/ONCORRO $ I ON DATA 

TEMP TIME HT TEMP TIME HT S AREA UT LOSS T D CORROSION RATE 
DEG4C HRS 	DEG.0 HRS 	Sa.CM GMg 	HRS IPY 	MDD 

168 .00472 ?5.782 
720 .00434 03.028 

160 .00499 27.261 
120 .00469 25.635 

168 .00424 ' 23,175 
720 .00367 20.085 

168 00446 04.404 
720 .00370 20.231 

168 
720 

00426 
.00337 

21005 
18.438 

 M iS8NHZ 
950 
950 

950 
950 

1000 
1000 

1000 
1000 

1000 
1000 

1000 
1000 

1050 
1050 

1050 
1050 

1050 
1050 

1050 0 

1050 
1050 

1050 
1050 

10 
10 

00 
00 	-*ma,  

3.4461 
-- 3.6821 

10 09 600 0.5 AC 4.2004 
10 OG 600 0.5 AC 4.0530 

4 00  --- s* 5.5972 
4 00 amp- 5.5930 

4 00 600 0.5 AC 5.2444 
4 00 600 0.5 AC 5.2615 

10 00 moo mo 3.9187 
10 00 	diniw' 44" "m• 3.7376 

10 00 600 0,5 AC 40541 
10 00 600 0.5 AC 4.7771 

4 00 -4-* .. 44761 
4 00 ... 4.8628 

4 
4 

00 600 
00 600 0,5 

 A
A
C 
  5.5772 

6 00 ... -- 4.0503 
6 00 ... ..;3.9456 

6  00 600 0.5 AC 4.5017 
6 

10 

00 600 
00 	... 

0,5 AC 4.3308 

-- 3.8560 
10 00 ... 

10 00 600 0.5 AC 3.6893 
10 00 600.  0,5 AC 3.7569 

.00629 

.02274 

.00780 

.02581 

.00841 
403056 

.00819 
.03126 

40051 
.0203 

.00661 

.02476 

.00708 
02380 

 .00860 

.00550 
02083 

00682 
02516 

.00494 

00491 
.02075 

168 .00477 26.075 
720 00376 20.586 

1.68 .00485 26,528 
720 .00388 21.227 

168 .00393 21.465 
720 ;00333 18,213 

168 .00408 22.310 
720 ;00362 19,804 

168 .00384 20.998 
720 .00331 18.122 

168 .00397 21.687 
720 .00353 19,296 

768 .00379 20,743 
20 .00298 16.314 

168 .00384 21.0/9 
720 .00313 17.130 

168 ,00355 19.399 
720 .00322 17.597 

168 .00396 21,643 
724 .00354 19.365 

168 .00335 18.302 
720 .00324 17.690 

168 .00348 19.013 
720 00337 18.410 
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EPEECT OF TEST DURATION ON CORROSION BEHAVIOUR 

TAOLE..5.413 CORROSIVE ENVIRONMENT 1 5* NACL 3 ALLOY B1 

4.T.CONDITION S.R,CONDTTION CORROSION DATA 

TEMPHT TIME 	TEMP TIME HT SpAREA WT.LOSS I D CORROSION RATE 
DEO.0 	DEG.0 HRS 	SQ.CM CMS 	HRS IPY 	MDD 

ASCAST   	1:3123 1411t i2S 	12.lit A SA S T 
A 	 CAS T 	2.2436 .01443 r20 :00392 	1:439 
A S 	CAST 	2.3696 .02051 1080 .00352 	19.234 

ra 	00 •::: 	1:004 .0104
3 

itS :NM 11:111 
900 	 00 ::: 	:: 	:81113 1080 	 11:41 

/ 

900 4 00 600 0.5 AC .416 lsigg 168 Igiii 21.201 
188 	/ 	p lg l'1,-1 ti ,571# .7'01865 ?20 .00417 	22.40 

	

00  4 	0 600 	:5 A 	:6545 :02460 1080 :00377 	20:594 
... . 40 

TABLE..5014 CORROSIVE ENVIRONMENT 1 10* NH4CL / ALLOY B1  

H.T.CONDITION SO4CONDITION CORROSION DATA 

TEMP TIME HT TEMP TIME HT S AREA WT LOSS T D CORROSION RATE 
DEM HRS 	DEG.0 HRS 	Sa.CM  GMi 	'MRS IPY 	-MDD 

ASCAST 	2.0967 
AS CAST 	1.9306 
AS CAST 	1.7431 
A S 	C A S I 	2.2314: 

000 	4 	-00 --- 	'.'"'w ••' 2.8229 
100 	4 	00 ••• 	.....a .6. 3,0147 

la 4 82 ::: ::: :tV7127) 
900 	4 	00 600 	0,5 AC 2.1646 .01548 168 .01868 
900 	4 	00 600 	0.5 AC 2.'2753 .03982 360 .02134 

900  	00 600 	 aig 	: !I 

TA8LE•5.415 CORROSIVE ENVIRONMENT 110% (NH4)2504 	ALLOY.81 

H.T.CONDITION S.R.CONDITIOM CORROSION D A T A 

TEMP TIME HT TEMP TIME HT S.AREA WT.LOSS T 0 CORROSION RATE 
DEC;. HRS 	DEG.0 HRS 	SU.CM CMS 	IPY 	MDD 

AS CAST 

• 1 	t i 
C AS 	AST i 

1.6171 .0 535 168 02480 135,605 

1.9059 :8 (1 141 158 :HIP 105.836
2.0552 .0 563 1080 .01673 	92.589 

900 4 00 
900 4  --- 

900 	4 	00 •••• 
900 	4 	00 ••• 

••• •• 2.5845 02098168 .02121 115,966 

	

2.8600 
	-IN *al 98,3087 

	

-- 2.-262 :02576 1080 :01052 	57:544 

900 	4 	00 600 	0,5 AC 2.2412 .02193 168 .02556 139.784 
900 4 00 600 0,5 AC Hug 1,4i32 	.8118

5 
Tem 

900 	4 	00 
 600 
	0.5  

AC 
 2:3281 :08015,1080 :01399 	76.484 

.01870 168 .02330 
03147 360 .01987 

.05090 720 .01780 

.08712 1080 .01587 

.02383 168 .02206 

.04825 360 .01951 

.055/6 720 .0/126 

.06090 1080 .00905 

127,411 
108,673 
97.334 
86.762 

120,595 
106,699 
61.557 
49.501 

102,165 
111175 
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EFFECT OF TEST DURATION ON CORROSION BEHAVIOUR 

TABLE*5.416 CORROSIVE ENVIRONMENT t 	NACL f ALLOY B2 

NTCONDITION S.R.CONDIT/ON CORROS/ON DATA 

TEMP TIME HT TEMP TIME HT S e AREA WT,LOSS T D CORROSION RATE 
DEG.0 MRS 	DEG.0 MRS 	SQ.CM GMS 	MRS IPY 	MOD 

AST 
A

S 	AST 

1 

0 -8,,- 	6" 0 ... 	... 

8 ::: ::: 
00 600 0.5 

00 600 0.5 00 600 0, 

AS 
A 5 
A 
A
S 

900 960 4 	' 
900 4 

;4108 4 

900 4 

188 
900 4 4 

00;.• 

2.8643 
4,3204 
3.0736 
3.0440 

w- 3.6373 
3.5626 

•• .7592 
.9566 

AC 30289 

3.6831 
AC 4.0363 

00593 168 00541 
*01861 360 *00525 
.02512 720 .00499 
.03323 1080 .00444 

,00663 68 '.00476 
*01261 60 .00432 
.02359 20 *40303 
.03546 1080 .00374 

.00753 168 *00501 

-.B83 :8811; 
.03924 1030 .00385 

29.576 
18,717 
7,243 
4.259 

26,040 

NMI 
20,432 

27.381 

21,121 22.925 

TABLE09.117 CORROSIVE ENVIRONMENT 	10* Milt= / ALLOY 82 

H.T.CONDITICiN S.R.CONDITION CORROSION DATA 

TEMP TIME HT TEMP TIME HT 5' AREA WT LOSS T 0 CORROSION RATE 
DEG.0 MRS 	DEG.0 HRs 	SQ.CM GNI 	MRS IPY 	MOD 
m www 4b4.4"0.0,10rn wwwwwwwww 	 

900 
900 

383 
900 
900 
900 
900, 

AS 	CAST 
AS 	CAST 
AS 	CAST 
A S 	CAST 

4 	10 ••", 
4 	g 

4 	00 •  

4 	00 600 	0.5 
4 	00 600 	0.5 
4 	00 600 	0.5 
4 	00 600 	Q.5 

22,3460 ..01805 169 ,02010 109.913 
 106

.002 
 

2.5967 '08291 

	

2.9971 :13476 1080 .01827 	99.930 
SS :giii2 

	

-- 3.9794 .02257 168 '01482 	81.025 

	

4.041; ,0.37434; 	ofin 	Not 

	

1:11111 :112964 1080 :81418 	77:524 

	

AC 3.530/ .02289 169 .01693 	92,599 
Ai 4.0937 .976g pg lips 114.1:9 
AC  4.14 	*13 	2 
A 3.8134 :19037 1080 :01922 105.109 

TABLE-5A18 CORROSIVE ENVIRONMENT t 10 (484)2804 7  ALLOY  82 
0 

N.T4xoND/TIoN s.R,CONDITION C 0 R R 0 SION DATA 

TEMP TIME HT TEMP TIME HT S.AREA WT LOSS T D CORROSION RATE 
DEG,C MRS 	DEG.0 MRS 	SQ.CM GMS 	MRS IPY 	MOD 

AS CAST 	2.3694 

A
A $ i A S 

T
T 

3 	AS 	3.4444 
3.2214 

AS 	AST 	2,6543 

900 	4 	00 000 	••• 0e 3,4632 

i
g

2 00 •:: 	::: ::Ming     
00 	4 	00 000 	•■• -- 3.8787 

900 	4 	00 600 	0.5 AC 3.5798 

Ng 
	00 600 0.5 AC 3.4752 

900 . 4 	00 600 	0.5 AC 4.0730 

.01966 
A5173 
.10462 
.10499 

.02190 

:09902 
.11995 

.02966 

.05562 

.13698 

.18723 

168 
30 
720 
1080 

168 

730 
1080 

168 
360 
720 
1080 

.02 58 

.01959 
4,01852 
.01608 

.01652 

.01597 

.01257 

.02092 

.01951 

.02045 

.01868 

112.506 
107.054 
101.246 
87,901 

90.338 

87.309 
69:724 

114.372 
106,698 
111.812 
102.152 



S FAST 
S. 

c A sT s. 	C A 	T 

1"4 00 00 

	

500 	4 	88 III" 
900 4 00 

	

88 	00 600 0.5 0 6 

0 
/00 4 fiS I 0,1 
0 4 00 600  0,5 

A 

A 

900 

900
900  

900 

90 900 
900 
900 

0.5 

0,5 
0,5 
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EFFECT OF TEST DURATION ON CORROSION BEHAVIOUR 

TABLE-5,;;119 CORROSIVE ENVIRONMENT z 51 NACL f ALLOY 83 

H.T.CONDITION S.RC0NDITIoN •CORROSI0N DATA 

T 0 C
PY
ORROSION RATE 

MRS I 	
MOD TEMp, 

DEG.0 
TIME HT TEMP TIME HT S,AREA WT.LOSS 
MRS 	DEM HRS 	50,CM GmS 
	0. • 

2,7530 
2.3021 
2.7149 
2.7453 

-- 2.9198 
2.9517 

4.- 3.10 6 
-- 3.21 2 

AC 2.2572 
AC 2,2267 
AC 2.5742 
AC 2.5085 

00580 
.00935 
0
.02537

1775 

.02549 

00413 
.00800 
.01689 
02306 

7

68 000550 
60 00495 
20 .00399 

1080 00376 

168 .00457 
360 00484 
720 .00387 
1080 .00322 

168 ,00478 
360 .00438 
720 ,00400 
1080 .00374 

10,097 

217,fi 

26.44 5.44 
21.15 
17.629 

26.138 
23,952 
21.871 
20,428 

TABLE-50120 CORROSIVE ENVIRONMENT 	1O  NH4C11 ; ALLOY 83 0  
Hil4x0NDITION S.R.COND/TI0N CORROSI ON DATA 

TEMP TIME HT TEMP TIME 
DEG .t HRS 	DEG..0 HRS 
4P VI . 

AS CAS T'  
AS ' CAST 

SI 
S t T 

4 00 ---
4 00.- 
4 00 --- 
4 00 

4 00 600 
4 00 600 0.5 
4 00 600 
4 00 6 	0.5 

2.1460 
1.8581 

1.8630 
1.6378 

2.5003 MO 

3.2310 OPOI 

3.1001 me 

2.7448 

2.0604 
AC 1.8115 
AC 2.1596 

2.0124 AC 

:,S 15
MRS

CORROSION RATE 
RS III 	MOD 0  

76 168 02210 120,847 
963 360 ,02206 120.612 

.0§807 720 .01905 104.176 
'07702 1080 .01459 	79,754 

.02208 168 .02307 126.157 

.05193 360 :81110 107,150 

.05845 72 	8 64.941 

.05925 1080 .00877 	47.969 

,01793 	68 .02274 124,310 
.03500 	,02356 128.804 
.06282 	20 ,01773 	96.964 
05895 1080 .01191 	65,097 

HT S AREA WT LOSS 
S6.CM OMI 

TABLE-50121 CORROSIVE ENVIRONMENT 1 10* (NH4)2504 7 ALLOY 83 

M.CONDITION S.R.t0NOTTION  CDPROSI.ON D A T A 

TEMP 
DEG.0 HRS 	DEG.0 MRS 

1AST 

A 
A S 
S  T  

AST 

900 	t 	88 ... 900 	4 88 ::: 
;881 IS 600 
900 	

00 Igg  	 . 

HT S AREA 
Sa.CM 

1..9704
4411 

1  
2.0329 
2.27.05 

1 

I.* .1252 
04,  '42490 
.. .7588 
.... .0522 

AC 2.0051 
AC 11 
AC 2.,211

778 

AC 2.026 

WT.LOSs T 0 CORROSION RATE 
GMS 	MRS IPY 	MOD 
	0... 

'a ili 
168 .02426 Mali 

i .06, 	20 :0 011 109,974 
.0934 1080 .01673 	91,501 

.02218 168 .01844 101.389 

.03534 360 .01 9 	78,672 

54 95 :(0175R 
720 .01499 ":357 

.01989 160 ,02592 141 711 

"06749
.01954 105:827 

54 101.906 
07111 1080 .01426 	77,983 

TIME HT TEMP TIME 

A s 

A 
A 
S
S 

AS 



0.5 
05 
0
.
.5 
0,5 

00 
00 
00 
Oa 

AC 

AC 
AC 

8 1g 
720 
1080 

168 
360

0  72 
1080 

3.2739 
3.4852 

1:12B 

3.00 
2.2492. 
3.3620 
3.3469. 

OW 

00 

00 
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EFFECT ,Or TEST DURATION ON CORROSION.BENAVIOUR 

• 

IARLE•5A22 CORROSIVE ENVIRONMENT I St NACL  1  ALLOY. 84 

14T.:CONDITION S.A.COND/TION CORROSIO.N DATA 

TEMP TIME HT TEMP TIME HT S.AREA WT LOSS T D CORROSION RATE 
DEG".0 HRS 	DEG.0 HRS 	SO.CM GMS 	HRS IPY MOD 

3.40 
3.491 

76 4. 
3.9895 
12 

3::L13 
3.0499 
4.1954 

kW! 

F? CA S T  
900 
200 

4 
4 

00 
00 ■•• 

900 4 00 
900 4 00 

900 4 00 600 
900 4 00 600 

900 4 83 283 

tli! 1:8 :88r63 
.02542 720 .00454 
.03605 1080 .00420 

.00720 168 .00472 

.016)9 360 .00484 

.02788 720 ,00434 

.02666 1080 .00312 

.00582 168 
60 
 .00499 

.01605 	.00466 
02660 20 ,00469 
'owl() 1080 .00416 

31.550 
30.712 
24.851 
22.944 

25.782 
26.472 
23.728 
17.082 

27.261 
25,504 
29.635 
22.744 

-S 
00 
a. 

AC 
AC 

A 

TABLE-.5.123 CORROSIVE ENVIRONMENT 1 10i NH4CL f ALLOY 84 

H.T.CONDITION S.R.CONDITION CORROSION DATA 

TEMP TIME HT TEMP TIME HT S.AREA NT LOSS T D CORROSION RATE 
OMC H86 	DEG.CARS 	SQ.CM GMS 	MRS IPY 	MDD 
alaiWorom. 

AS 
AS 
A S 

900 4 
900 4 

500 4 
00 4 

900 . 4 
900 4 
900 4 
900 4 

C AST 

CAST S
S

T
T  

Q.1's' 
00 wall' 
00 wo..-  
010 

00 10 0.5 
00 6 0 	0.5 
00 6 0 	0.5 
go 600 0.5 

2.0944 01908 168 

:Mai 08 
3.6661 .15497 i090 

2.7841 .05 99 
4.1657 .13228 

3.5038 02524 
4.4754 .07713 
3.5666 .09555 
4.1702 .19067 

.02380 
02056 
.01839 
01718 

.01945 

.01812 

.01314 

.01291 

,01882 
.02101 
01633 
.01858 

430.142 
112.421 
100.558 
93.937 

106.363 
99,101 
71.825 
70.565 

102,909 
114.896 
89.301 
101.603 

TABLEr54424 CORROSIVE ENVIRONMENT 1 106 (NH4)2504 f ALLOY 54 

14-1.coNDITIom sAitomprTION CORROSION DATA 

TEMP TIME HT TEMP TIME HT3.AREA WT LOSS T CORROSION RATE 
DEG.0 HRS 	DEG.0 MRS 	tQ.CM GMS 	HRS IPY 	MDD 

00 
00 

00 
00 
00 
00 

.0.• 

... 

600 
600 
600 
600 

.4.. 
--- 

0.5 
0.5 
0.5 
0.5 

AC 

tE 
AC 

A S 
AS 
A S 

AC AS  S TT C  

C  
C AST 

A 5 T 
88 ... 

aaa 0.0 aula 
900 

388 
900 

300  200 
v00 
900 

4 
4 
4 

4 
4 
4 
4 

02904168 .02317 

4.1113 3V0) .02227 .01930 
.15012 1080 .01684 

.02/04 168 

.10455 
03403 61 

.12505 108
20  
0 

3.12604 81  il pg 
:i   ieir178A 

126.717 
121,789 
105.508 
92.171 

400.135 
100,865 
103,658 
83.029 

99,628 
118,062 

94.760 
103.573 

.01831 

.01845 

.01896 

.01518 

.02159 
01822 
.01733 
.01894 

S 
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CORROSION BEHAVIOUR OF NODULAR GRAPHITE NIeRESIST CAST IRON 

TABLE•544125 	CORROSIVE ENVIRONMENT t 5 NACL 

R.T,CONDITION S.R.CONDIT/ONCORROSIO N 	DATA 
TEMP 	TIME HT TEMP 	TIME HT $ AREA WT GOSS T D 	CORROSION 

DD
RATE 

DEa.0 MRS 	DEG.0 HRS 	Sa.CM 	GMA 	MRS 	/PY 	M 

A S 	CAST 	1.6951 	.00155 	168 .00239 	13.063 
AS CAST 3.6200 .00533 360 .00180 9.816 
A S CAST 2.0374 :00470 720 .00141 7.690 
A S CAST 3.6012 .00914 1080 .00103 5.640 

TABLE..5:126 CORROSIVE ENVIRONMENT 1 10% NH4CL 

HT.CONDITION S.R.CONDITIONCORROSION DATA 
TEMP TIME HT TEMP TIME HT StAREA WT LOSS T D CORROSION RATE 
DEGC HRS 	DEM HRS 	S&.CM GMS 	HRS IPY 	MDD 

AS OAST 1.8205 '01614 168 :02316 126.654 
AS CAST 1.6922 .02886 360 02079 113.696 
AS CAST . 	1.8866 "03651 720 .01180 64.509 
A CAST 2.831e :03586 1080 .00515 28.140 

• 

'TABLE 5.127 	CORROSIVE ENVIRONMENT t 10% (WH4)2504 

H:T,CONDITION S.R.CONDITIONCORROSIOW DATA 
TEMP TIME HT TEMP TIME HT S AREA WT LOSS T D 
DEC.0 HRS 	DEG.0 HRS 	65.cm GMA 	HRS IPYM 

CORROSION 
DD

RATE 

A S CAST 1.3669 :01102 168 .02106 115.168 
A S CAST 1.4241 .01368 360 .01171 64.042 
A S CAST 2.1465 .03253 720 .00924 50.517 
A S CAST 1.8683 :02203 1080 .00479 26.203 



T-81 
CORROSION BEHAVIOUR OF FLAKE GRAPHITE NI-RESIST CAST IRON 

TABLE 5029 	CORROSIVE ENVIRONMENT t 5% NACL 

HaTaCOND/TION S.R.COND/TIONCORROSION DATA 
TEMP TIME HT TEMP TIME HT S AREA WT LOSS T 0 CORROSION RATE 
DEGaC MRS • DEG.0 MRS 	S ,Cm GMS 	MRS IPY 	MOD 

AS CAST 1.7212 .00128 168 .00194 10.624 
AS CAST 2.0835 .00287 360 .00168 9.183 
AS CAST 2.0269 *00412 720 .00124 6.775 
A 	S -  CAST 2.9803 .00720 1080 .00098 5.369 

400, 	 

TABLE 5.129 	CORROSIVE ENVIRONMENT t 10% NH4CL 

H.TacONDITION S.R.COND/TTONcORRoSION 	DATA 
TEMP 	TIME HT TEMP 	TIME MT legA 	Ness T 0 	CORROSION RATE 
DEG*C MRS 	DEG.0 MRS 	 MRS 	IPY 	MOD 

AS CAST 2.3158 .00998 	168 	.01126 61.564 
AS CAST 1.9748 1.'01479 	360 	.00913 49.928 
AS CAS T 2.1571 *02196 	720 .00621 33.934 
AS CAST 3.8452 .02308 1080_ 	00508 27.796 

TABLE-5030 CORROSIVE ENVIRONMENT 1 10% 1NH4)2SO4 

atm 
HT*CONDITION s.RicogrompocoRRosIoN DATA 
TEMP TIME MT TEMP TIME  HT S.AREA WT,LOSS T D CORROSION RATE 
DEG *C: MRS 	DEG.0 MRS 	SQ.CM GMS 	MRS IPY 	MOD 

A .  S C A S'T 1.7600 .00617 168 „00916 50,002 
AZ CAST 1.7524 .01050 360 .00731 39,946 
AZ C,  A S T 1.9282 .01626 720 .00514 28.109 
A S O. A .  S T 4.2048 *05141 1080 ,00497 27470 

aaa m a .. 
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(c) B4, 900°C, 4h, OQ 	(d) B4, 900°C, 4h, OQ 

(x1000) 	 (x200) 

(e) B4, 900°C, 10h, OQ 	(f) B4, 900°C, 10h, OQ 

(x1000) 
	

(x200) 



F - 3 5 

( b ) 

(c) (d ) 

(1) 
FIG. 5.23 



F-36 

a 	 ( b)  

FIG. 5.24 



F - 36 

Fig. 5.24 

(a) B1, 950°C, 2h, OQ 
	

(b) B1, 950°C, 2h, OQ 

(x1000) 
	

(x200) 

(c) B1, 950°C, 10h, OQ 	(d) B1, 950°C, 10h, OQ 

(x1000) 	 (x200) 
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Fig. 5.25 

(a) B2, 950°C, 2h, OQ 	(b) B2, 950°C, 2h, OQ 

(x1000) 	 (x200) 

(c) B2, 950°C, 4h, 00 	(d) B2, 950°C, 4h, OQ 

(x1000) 	 (x200) 

(e) B2, 950°C, 10h, 00 	(f) B2, 950°C, 10h, 00 

(x1000) 	 (z200) 
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Fig. 5.26 

(a) B3, 950°C, 2h, OQ 	(b) B3, 950°C, 2h, OQ 

(x1000) 	 (x200) 

(c) B3, 950°C, 4h, OQ 	(d) 83, 950°C, 4h, OQ 

(x1000) 	 (x200) 

(e) B3, 950°C, 10h, 00 
	

(f) B3, 950 C, 10h, OQ 

(x1000) 
	

(x200) 
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Fig. 5.27 

(a) B4, 950°C, 2h, OQ 	(b) B4, 950°C, 2h, OQ 

(x1000) 	 (x200) 

(c) B4, 950°C, 4h, OQ 	(d) B4, 950°C, 4h, OQ 

(x1000) 	 (x200) 

(e) B4, 950°C, 10h, OQ 	(f) B4, 950°C, 10h, 00 

(x1000) 	 (x200) 
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Fig. 5.28 

(a) B1, 1000°C, 2h, OQ 	(b) B1, 1000°C, 2h, OQ 

(x1000) 	 (x200) 

(c) B1, 1000°C, 10h, OQ 	(d) B1, 1000°C, 10h, OQ 

(x1000) 
	

(x200) 
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Fig. 5.29 

(a) 	132, 1000°C, 2h, OQ (b) B2, 1000°C, 2h, OQ 

(x1000) (x200) 

(c) B2, 1000°C, 4h, OQ (d) B2, 1000.C, 4h, OQ 

(x1000) (x200) 

(e) B2, 1000.C, 10h, OQ (f) B2, 1000eC, 10h, OQ 

(x1000) 
	

(x200) 
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Fig. 5.30 

(a) B3, 1000°C, 2h, OQ 	(b) 83, 1000°C, 2h, OQ 

(x1000) 	 (x200) 

(c) B3, 1000°C, 4h, OQ 	(d) B3, 1000°C, 4h, OQ 

(x1000) 	 (x200)' 

(e) B3, 1000°C, 10h, OQ 	(f) B3, 1000°C, 10h, OQ 

(x1000) 	 (x200) 
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Fig. 5.31 

, (a) B4, 1000°C, 2h, OQ 	(b) B4, 1000°C, 2h, OQ 

(x1000) 	 (x200) 

(c) B4, 1000°C, 4h, OQ 	• (d) B4, 1000°C, 4h, OQ 

(x1000) 	 (x200) 

(e) B4, 1000°C, 10h, 00 	(f) B4, 1000°C, 10h, 00 

(x1000) 	 (x200) 
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Fig. 5.32 

(a) B1, 1050°C, 2h, OQ 	(b) B1, 1050°C, 2h, OQ 

(X1000) 	 (x200) 

(c) B1, 1050°C, 4h, OQ 	(d) B1, 1050°C, 4h, OQ 

(x1000) 	 (x200) 

(e) B1, 1050°C, 6h, OQ 
	

(f) B1, 1050°C, 6h, OQ 

(x1000) 
	

(x200) 
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Fig. 5.32 

(g) B1, 1050°C, 10h, OQ 	(h) B1, 1050.C, 10h, OQ 

(x1000) 	 (x200) 

(i) B1, 1050eC, 10h, OQ 
	

(j) B1, 1050°C, 10h, OQ 

(x1000) 	 (x200) 
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Fig. 5.33 

(a) B2, 1050°C, 2h, OQ 	(b) B2, 1050°C, 2h, OQ 

(x1000) 	 (x200) 

(c) B2, 1050°C, 6h, OQ 	(d) B2, 1050°C, 6h, OQ 

(x1000) 
	

(x200) 

(e) B2, 1050°C, 10h, OQ 	(f) B2, 1050°C, 10h, OQ 

(x1000) 	 (x200) 
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Fig. 5.34 

(a) B3, 1050.C, 2h, 00 
	

(b) B3, 1050.C, 2h, 00 

(x1000) 
	

(x200) 

(c) B3, 1050.C, 4h, OQ 
	

(d) B3, 1050°C, 4h, OQ 

(x1000) 
	

(x200) 

(e) 83, 1050°C, 10h, 00 	(f) B3, 1050'C, 10h, 00 

(x1000) 
	

(x200) 
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Fig. 5.35 

(a) 84, 1050.C, 2h, OQ 	(b) B4, 1050'C, 2h, OQ 

(x1000) 	 (x200) 

(c) B4, 1050.C, 6h, OQ 	(d) B4, 1050°C, 6h, 00 

(x1000) 	 (x200) 

(e) B4, 1050°C, 10h, 00 	(f) B4, 1050.C, 10h, OQ 

(x1000) 	 (x200) 
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Fig. 5.98 
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Fig. 5.102 
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PIG. 5.107 LINE SCANS OF Cu, Si, Fel  Mn, Cr AND C IN NEW 
PHASE ( 81,1050°C, 4 h, OQ ). 
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Fig. 5.105 
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Fig. 5.104 
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