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SUMMARY 

The present study was concerned with the variation 

of strength with cooling rates in vanadium and niobium 

steels continuously cooled from austenite. The range 

of cooling rates varied from 0.05K. s-l to 500K-s-1 appro- 

ximately. It was found that a peak hardening was obser- 

ved in the high vanadium steels (at = 2JC. s-') , whilst the 

low vanadium and niobium steels produced a less definite 

peak. An. attempt was also made to explain the variation 

of strength through an investigation into the strengthe- 

ning mechanisms in steel. Finally, efforts were made to 

study changes in the microstructure in relation to cooling 

rates. 

To gain an understanding of the effects of vanadium 

and niobium additions to the strength and microstructure 

of low carbon steels, a study of the literature particu- 

larly relevant to the present study was carried out. For 

instance, the relationship between structure and mechani- 

cal properties was studied. Also, the mechanism of for- 

mation of microstructural components observed in the mate- 

rial was reviewed. Before a study of the findings was 

attempted, the instruments used and the experimental methods 

developed in the present study, were described. Strengths 

and weaknesses of these methods were pointed out. 

Following the observation of a peak hardening in 

the steels, interesting results were obtained on aspects 

which could explain the variation of strength with cooling 

rates in vanadium and niobium steels. For instance, two 

V 



distinct groups of precipitates and a near constant of 

1010 dislocations. cm/cm3 were found in vanadium and 

niobium steels. 

The study of the microstructure also revealed inte- 

resting features. In particular, it was observed that the 

peak hardening was obtained in a ferritic matrix. It was 

also shown that the solution treatment influences not 

only the precipitation hardening but also both the macro- 

structure and the microstructure of steels. (In this 

study, microstructure refers to features observed inside 

the grains, whereas macrostructure is generalized to 

include grain structure). 

The present study terminates with a discussion of the 

various strengthening mechanisms in the steels investiga- 

ted. The strength of the materials was measured by means 

of hardness tests which were empirically related to the 

yield strength. The peak was thus ascribed to precipita- 

tion hardening. The largest increase in the height of 

the peak for a given amount of vanadium and niobium addi- 

tion, corresponded to steels of a stoichiometric compo- 

sition of (Nb, V) carbonitride. On the other hand, manganese 

was observed to reduce knd to spread the peak evenly. 

Twinning was found to be present in vanadium steels 

and was observed for the first time in niobium steels. 

The contribution to strength from microtwins was apprai- 

sed, but they appeared to have negligible effect. 

vi 



INTRODUCTION 

There has been a great interest in recent years in 

the possibility of improving the mechanical properties 

of steels from precipitation hardening and from a better 

control of the rolling schedule. Generally, most of 

the mechanical properties are quantified following an 

analysis laid out by Petch. 

Precipitation hardening can be obtained through 

the addition of vanadium, niobium or titanium. These 

elements have a great affinity for carbon and nitrogen 

present in the steels. Added even in small quantity, 

these elements produce precipitation of carbonitrides 

in steels and give rise to considerable improvement 

in strength. The effect is known to be sensitive to 

rolling condition but also has been found to be very 

sensitive to cooling rate alone. 

In most commercial heat-treatments, the steel is 

heated into the austenite range, and then continuously 

cooled to room temperature. Tanino et al. (J. Japan 

Inst. Metals, 1965,29,734) reported an increase of 

hardness in vanadium steel continuously cooled at 1.4K. o-1. 

They associated this finding with a variety of substruc- 

tural features, but no quantitative measurements could 

be provided. This is typical of investigations carried 

out in new fields. 

1 
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In line with the above, the present study aims to 

investigate further the mechanical properties of some 

of the vanadium and niobium precipitation hardening 

steels, after continuous cooling from the austenitic 

solution treatment. Three objectives are thus outlined: 

1- To investigate the variation of strength with cooling 

rates in vanadium and niobium steels of various com- 

position. 

2- To correlate the strength observed with the various 

strengthening mechanisms operating in these steels. 

3- To study the microstructure of these steels and 

attempt to explain change in mechanical properties 

by changes in microstructure. 
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Chapter One. STUDY OF THE LITERATURE. 

Recently, progress has been made in the development 

of high strength low-alloy low carbon steel. The incentive 

was economy and safety requirement for application in pipe- 

line steels, offshore structures and similar structural 

applications. The study of all the literature relevant to 

the effect of vanadium and niobium additions to the strength 

and microstructure of low carbon steel would be a very 

extensive process. 

The present study of the literature aims at gaining 

a better understanding of (1) the relationships between 

structure and mechanical properties, and (2) the mechanism 

of formation of the microstructural components observed in 

the material. The present "Study of the Literature" does 

not pretend to be exhaustive nor comprehensive, but impor- 

tant studies related to steel will be reviewed and discussed. 

Three subjects will be investigated: in section one, 

the precipitation of NaCl - type carbonitride in steel will 

be studied. Section two will look into another important 

microstructural components twinning, whereas section three, 

which concludes this chapter, will be concerned about 

strengthening mechanismsin steel. This chapter is thus 

underlying the present investigation. 
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1.1 Precipitation of NaCl - type carbonitride in steel. 

In continuous cooling experiments, the steels are 

solution treated in austenite and are cooled to room tempera- 

ture through the allotropic transformation j-dom. Depending 

upon composition, changing the cooling rate from 500 K. s-1 

to 0.05K. sy1 allows several structures: martensite, bainite, 

acicular ferrite and ferrite-pearlite structure. 

This section reviews the following aspectse (1) pre- 

cipitation in austenite, (2) precipitation during trans- 

formation from austenite to ferrite, and (3) precipitation 

in ferrite only. 

1.1.1 Precipitation in austenite. 

Precipitation can occur in the austenite during the 

continuous cooling depending upon the composition, the 

cooling rate, the/? -a transformation temperature, and the 

volume fraction of precipitate. The nucleation is a func- 

tion of type, dispersion and density of sites, undercooling 

and interfacial energy of precipitate. 

Solubility data collected by Aronsson 1 (Fig. 1.1.1.1) 

would indicate that at equal solubility product NbCN would 

precipitate more in the äustenite than VCN. A higher volume 

fraction of carbonitride would also increase precipitation. 

It was also found that the kinetics of precipitation was 

slow; however, after holding a Nb - steel for a sufficient 

length of time near the Ac3 , precipitation was observed 
2,3. 

Precipitation of vanadium carbonitride was positively 
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identified in austenite 
4 

for a Fe - 0.4% C-2.0% V steel 

isothermally transformed at 1000°C for 24 hr after being 

solution treated at 13000C. Ccnsequently, it can be expec- 

ted that precipitation would occur if the cooling rate 

is slow enough. The crystal structures of the carbonitrides 

are of NaC1 - type for groups IV and V of the periodic table. 

Thus, it can be inferred that the f. c. c. carbonitrides 

assume the same orientation as the f. c. c. austenite matrix. 

In stabilized austenitic steels Silcock 10 
observed that 

<100> NbC was parallel to <100>-C. 

It is also interesting to note that deformation reduces 

the incubation time for Nb6N precipitation to occur in aus- 

tenite, as schematically described by Gray et al. 
2 However 

it-has been measured by Le Bon et al. 
5,6 that from hot 

torsion studies on Nb - steel, the incubation time depends 

directly upon the amount of deformation induced in the 

material. Using a rotation speed nearly as fast as the 

rotation speed at which dynamic recrystallisation was 

observed to appear, the incubation period for NbCN precipi- 

tation was reduced by about one hundred fo1d. 5. The 
Ra+-e 

n 

corresponding strain is substantially below the equivalent 
6 

strain rate in industrial hot rolling processes At 

high strain rates, precipitation during deformation was 

observed to be negligible 
7. 

From studies on stabilized austenitic steels at 

room temperature, it may be possible to deduce the proci- 

pitation mechanism at high temperature in austenite before 

the allotropic change to ferrite. In austenitic steels, 
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precipitation occurs on dislocations 
8,9,10, 

on stacking 

faults 10,11, 
on grain boundaries , on sub-grain bounda- 

ries 
12 

and probably on vacancies. In ferritic steels, 

prior carbonitride precipitates in austenite are generally 

nucleated on dislocations 9, 
and a slow strain rate is neces- 

sary to increase precipitation 
6 

Having established the feasibility of MCN precipitation 

in austenite, its composition and structure will be compared 

to those in ferrite. The structure of the carbonitride in 

austenite/ferrite is of NaCl - type 13,14, 
whilst the hexa- 

gonal structure does not exist under normal steel composition. 

In respect of MCN composition, it is generally accepted 
4,13-15 

that V4C3 is misleading, whilst it is justifiable to refer 

to precipitation of NbCN, TiCN and to a lesser extent to 

VCN in ferrite. However, there is some controversy about 

the exact ? ICN composition in austenite. For instance, from 

free energy considerations, Roberts and Grieveson 13 
predicted 

a VC0.94 in austenite. However, in a comprehensive review, 

Hollox 14 
suggested VC0.89 as the upper limit of the VC phase. 

Furthermore in a study of precipitation at equilibrium in l- 

and ' of a Fe-0.4% C-2.0% V steel, Meyzaud and Murry 
4 identi- 

fied VC0.86 in austenitet they also detected no significant 

difference with the composition of the precipitate at equili- 

brium in ferrite. It should therefore be pointed out that 

any conclusion based on free energy, due to uncertain and 

unconsistent values, may lead to erroneous predictions, 

and should be considered with reservation 
1507. 
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In contrast with the above, the solubility of VCN in 

ferrite was reported to be a hundred fold less than in 

austenite 
16,17. Thus, a large amount of carbide in 

solution in the austenite will precipitate in ferrite, if 

the volume fraction of carbide present in the material 

allows the solution to become supersaturated in ferrite. 

Preferred locations for heterogeneous precipitation are 

at points of easy nucleation such as grain boundaries 

(e. g. -6 -d- interface) . 
The most suitable moment for heterogeneous precipitation 

to occur is at the allotropic transformation' -d... At this 

point, the solubility abruptly decreases, but the temperature 

remains high enough to enable a fast diffusion of the ele- 

raents. This assumes a sufficiently low cooling rate allowing 

precipitation to occur on the moving interface. 
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1.1.2 Precipitation during the allotropic transfor- 

mation from austenite to ferrite. 

Precipitation in ferrite can be inferred from solubility 

data. Gray et al. 
3 initially described precipitation in 

Nb - steels as the result of two separate reactions occurring 

in austenite and in ferrite; no "row precipitates", later 

named "interphase precipitates", had been observed. In a 

subsequent paper, observation of interphase precipitations 

were made, and Gray and Yeo 2 talked about a coherent pre- 

cipitation during the transformation from austenite to 

ferrite. They postualted that the particles are arranged 

as sheets parallel to the r- a boundary interphase, each 

sheet corresponding to a momentary stop of the moving 

boundary. 

A great deal of work has been done on this subject 

by the Cambridge School, headed by Honeycombe 18-21. 

Davenport et al. 
18,19 

explained that the mechanism of 

precipitation of carbonitrides (M - CN) is controlled by 

the diffusion of the metal across the interphase boundary. 

The motion of the boundary is controlled by the rate of 

carbon depletion in a small zone of the austenite. When 

nucleation occurs, carbon is removed from that zone, 

reducing the stability of the austenite. The interphase 

boundary moves to a new site, where carbon is more abundant; 

and the process is repeated. The growth of the M- CN 

occurs only in ferrite. 

The same school completed further work to obtain 

complementary results: particle size and inter-sheet 
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"spacing" increased with increasing isothermal temperature 18; 

and as one would expect, decreasing volume fraction increases 

the inter-sheet spacing and particle size 
20= decreasing 

the transformation temperature by adding Mn, Cr or Ni, also 

increases these two parameters 
20,21. 

Another model to explain interphase precipitation was 

proposed by Morrison and Woodhead 22 
and'developed by 

Tanino et al. 
23-25. The model suggests that during the 

transformation ''-'d. , the carbonitrides nucleate on (1) 

dislocation dipoles to produce lined-up distribution of 

carbides, and on (2) dislocation loops to produce dis- 

persed carbides. 

The model proposed by Davenport et al. 
18 

appears 

to explain the characteristics of the interphase precipi- 

tation. The model of Tanino agrees less with other expe- 

rimental observation 26; the "row" is explained but not the 

two dimensional distribution of the precipitation. However 

as mentioned by Baker 27, Davenport's model produces hete- 

rogeneous precipitation and cannot explain the coherent 

precipitate sometimes observed. Although no positive 

identification of coherency was effectuated, Baker 28 

suggested that the allotropic transformation i- d-gave 

effect to a supersaturation of V or Nb, C and N at the 

interface. Only when the '' -d interphase boundary has 

moved further in austenite, are the nuclei formed. Thus 

particles are formed and they grow in ferrite only= this 

provides an explanation of coherent particles observed in 

interphase precipitation. Kisman et al. 
29 

observed by 
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thermionic emission microscopy the thickening of a proeu- 

tectoid ferrite plate by a ledge mechanism. Such a mecha- 

nism could also explain the coherency of MCN particles 

observed in interphase precipitation. The model will be 

discussed later in this section with the "rod-type preci- 

pitate". 

In all these models, the habit plane of M- CN car- 

bonitrides was a 
{100} 

plane of ferrite. However, the 

same habit plane was also observed in tempered martensite 
30,31 

In Davenport's study 
18, this is explained by a greater 

diffusion on the <100 > axis, which is the shortest path 

between the allotropic interface and the metal atoms; the 

metal atoms having lower diffusivity than the carbon or 

nitrogen atoms. 

However, the habit plane could be explained by inter- 

atomic upacing considerations between b7 - CN and the ferrite. 

There is a similarity between the interatomic spacing of 

the {100} ferrite and 1100} M- CN. There is an even 

better fit between a 1110} ferrite and 11001 M- CN. In 

the latter case, the conventional misfit is about 2% for 

a VC crystal with the ferrite. This results ins 

M- CN (100) // (100) Ferrite 

(f. c. c. ) (010) (011) (b. c. c. ) 

(001) (011) 

These are the well known Bain 32 
orientation-relationship 

between face-cent red cubic and body-centred cubic 

materials, which is better knovm after Baker-Nutting 
33 

following their study on precipitation. 
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Another interesting feature in steels is the fibrous 

or rod-type precipitate observed occasionally. In Fe - 

C- Mo alloys, Hall et al. 
34'35 

observed Widmanstfttten 

needles and fibrous structures in thin parallel fibres. 

From orientation-relationship and habit direction, they 

concluded that the needles nucleated homogeneously in 

ferrite, whilst fibrous structures were formed from the 

austenite 
36. For vanadium steels, Edmonds 37 

suggested 

that a mechanism of nucleation similar to the one developed 

by Davenport et al. 
13,19 

could apply. The requirements 

would be coherency of the fibre with the interphase boun- 

dary during its formation, and a slow motion of this 

boundary. 

. 
Later, Edmonds and Honeycombe 38 

observed that some 

Mo2C needles had a single habit plane, whilst in some 

other cases they had two habit planes. They suggested 

that-a periodic precipitation at successive position of 

the q -ct. interphase boundary could produce two needle 

habit planes, whereas a ledge mechanism was proposed for 

the formation of one needle habit plane. Mannerkoski 39 

and Heikkinen C 
explained also the very fine bands of 

periodic precipitate parallel to the'`-cL interphase 

boundary by a ledge mechanism. The periodicity of the 

precipitate was elucidated by the nature of the 7 -w- 

interphase boundary which is constituted of two parts. 

One part is immobile, semicoherent, and is the site 

of precipitation. The second part (edge) is disordered 

and can move because carbon nitrogen and metal atoms 

are depleted due to precipitation at the semicoherent 



13 

interface. This latter model can also explain the formation 

of interphase precipitation. The speed of the transformation, 

volume fraction and diffusion of elements would account 

for the transition from coherent or semicoherent precipitate 

to needle shape precipitate. 

1.1.3 Precipitation in ferrite only. 

At high cooling rates, hence high transformation 

rates, the interphase precipitation can be avoided. Jack 
41 

showed that, during a constant activity ageing, the nitride 

precipitation in a ternary alloy followed three stages: 
(1) mixed G. P. zcnes, (2) metastable precipitate, (3) 

equilibrium nitride phase. 

The results of Masianzoni and Buzzichelli 
42 

on a 

Fe - 0.2% Nb - 0.018 % N"alloy support Jack's theory of 

nucleation and growth. They suggested that the conditions 

for homogeneous nucleation may not be restricted to the 

case of constant nitrogen saturation. Furthermore, they 

concluded that the strengthening effect of G. P. zones can 

be higher than that produced by interphase precipitation. 

This section was concerned with precipitation in 

steel. Chapter five, "Study of microstructure" will 

refer to this section. Next section will deal with 

another important microstructural component, twinning. 
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1.2 Twinning in alpha iron and other b. c. c. metals. 

In this section, it is proposed to discuss some 

aspects of twinning in body-centered cubic (b. c. c. ) metals 

and alloys with special emphasis on transformation twins 

in alpha iron. Firstly, the crystallography of b. c. c. twins 

is presentedt secondly, the properties of the twinning 

phenomenon are reviewed; and thirdly follows a discussion 

on the theories and hypotheses of twin formation. 

Recently, Mahajan and Williams 
43 

have reviewed the 

subject of deformation twinning. Fuliman 
44-46 

studied the 

subject of annealing twins, whereas Baker 
47 

discussed 

transformation twins in alpha iron. Several authors have 

dealt with the twinning subject: Cahn 
48, 

Hall 
49, 

Reid 50, 

Reed-Hill et al. 
51 

and Hull 52. 

1.2.1 Crystallography of b. c. c. twinning. 

A twinned crystal is usually defined as a part of 

a crystal which is a mirror reflection of another part in 

a certain plane of the cystal; this plane is named the 

composition plane. On the other hand, Bevis and Crocker 53 

expressed a wider definition of twinning; twinning shear 

is any shear that displaces part of the lattice into a new 

orientation. 

There is no change in the cystal structure of a twin, 

only the orientation is differente from the parent cystal; 

the deformation is then a simple shear. Fig. 1.2.1.1 illus- 

trates this concept. It is convenient to visualize a crys- 

tal sphere that undergoes a twinning shear in the n1 direction. 



Fig. 1.2.1.1 Spatial relationship between 

a her. e and a twinned ellipsoid. 

15 

(adapted from Hall 49) 
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This deformation produces a twinned ellipsoid. Two planes 

are undistorded: these coincide with the sphere diameters 

intersecting with the ellipsoid. The plane K1 has not moved 

and is namod the "composition" plane. The other plane K2, 

(of n2 direction) is sheared in the n1 direction into K'2. 

A knowledge of either (KZ, n2) or (K2, ni) enables the deter- 

mination of twinning completely. 

If (K1, n2) are rational numbers, the twin is called 

twin of the "first kind" or "reflection" twin 8'4g The 

orientation changes esn be achieved by either a rotation of 

r radians about the r: oi-mal to (K1) , or a "reflection" into 

the (K1) plane. If (K,, nl) are rational numbers, then the 

twin is one of the "second kind" or "rotation" twin 
4$049 

The new orientation can be achieved by either a reflection 

in the plane normal to In1' or a "rotation" of yr radians 

about [nj]. However, in crystals of high symmetry, such as 

metals, all four elements are found to be rational numbers, 

and there is no distinction between the two kinds. As a 

consequence, twins in b. c. c. metals are compound twins. 

Following the study of Paxton 54 
and Kelly 55, the 

Neumann bands in alpha iron were proved to be b. c. c. twins 

presenting a 
{112} 

composition plane and < 111> direction. 

Fig. 1.2.1.2 shows the shear motion as the atoms move to their 

new positions in the b. c. c. lattice. The associated electron 

diffraction pattern is shoim in Fig. 1.2.1.3. There are twelve 

different twinning systems in b. c. c. metals. Schmid and 

Boas 56 
numbered them according to their composition plane, 

and thi3 is reproduced in Fig. 1.2.1.4. 
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Fig. 1.2.1.2 Twice yer in b. c. c. lattice. 
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Fig. 1.2.1.4 The Convention of Schmid and Boas 
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the identification of twin systems in 

b. c. c. lattice. 
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Twinning identification from electron diffraction 

patterns is easily accomplished. The prediction or iden- 

tification of twinned spots is readily executed, using 

a stereograu, by performing a reflection 'through the com- 

position plane. The composition plane can be positioned 

on the diffraction pattern from trace analysis on the cor- 

responding. electron micrograph. The method was well illus- 

trated by Johari and Thomas 57. 

When the compositon plane has been unambigously 

identified by trace analysis (a 11121 plane gor a b. c. c. 

structure), the twinned reflection can also be geometrically 

indexed according to the relationship between the twinned 

crystal and the parent crystal 58-61 Basically, the 

matrix reflection (hmkm1m) is transformed through the com- 

position plane (h0kclc) into the twinned reflection (htktlt) 

which is in the matrix direction h*mk*ml#m . The twinned 

reflection has the indices of the matrix reflection, plus 

aXradians rotation: htkt1t= hmkmIM* The location is 

on the direction and at one third of the reciprocal lattice 

vectors g h# 
mk# 

l* 

htktltm r'm Im 

in the direction of h*m = hm -A he 

1.2.1.1 

m 
km -A kc 

1# r1 mm 

where A_ 2(hmhe +k kc +1m1c 

(hc2 + k02 + 1c2) 

A lc 

1.2.1.2 

9 (see Appendix A) 
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which for a (1121 plane becomess A=j (hmhc + kmkc + lmlc). 

1.2.2 Studied properties of the twinning phenomenon. 

Twinning is qualified according to the mechanism that 

is thought to be causal. Twinning is very often connected 

with mechanical deformation, Neumann bands 54,55 for example; 

such twins, are named "deformation twins". A second type of 

twin is called "annealing twins". This is a dominant fea- 

ture, of the microstructures of most annealed face-centered 

cubic metals. Another type of twin was observed by Tamura 
62 

in an as-cast iron and mild steel as early as 1927. This type 

of twin was observed in iron after the materiýi had under- 

gone the allotropic change p- d-; because of this associa- 

tion, they were given the name of "transformation twins". 

After the study of Paxton 54 
and Kelly 55 an Neumann bands, 

Hutton et al. 
63 

using the same microbeam technique conclu- 

ded: (1) that the transformation twins had Q121-Alb 

twinning elements, and (2) that a pair of twinned grains 

can share three {1121 planes. These observations established 

that the"transformation twins" exhibit the same crystallogra- 

phic elements as_ the "deformation twins" in b. c. c. lat- 

tice. These two categories of twins differ by their con- 

nection with one or the other mechanism. 

Alloying produces various effects on twinning. 

Substitutional atoms decrease the stacking fault energy 
64 (SFE) in f. c. c. metals and alloys . If twinning is asso- 

ciated with a dislocation mechanism in which a unit dislo- 

cation is dissociated into partials, a decrease in SFE 
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will promote twinning. The ease of twinning in the Nb -V 

system (b. c. c. ) 65 
could be explained by a decrease in 

SFE. In alpha iron, a theoretical SFE of 110 erg. cm-2 

was proposed 
66, 

hich agrees reasonably with an experimental 

value 
67 

of 140 ± 40 erg. cm-2. However, a stacking fault 

on a {112} or even [110} plane is unstable if based on the 

hard sphere model for b. c. c. lattice. It was also mathe- 

matically demonstrated that whilst large single stacking 

faults cannot exist in the metastable configuration in the 

b. c. c. structure 
68, 

three layer faults 
69 

on 1112} are 

metastable and might be of some importance in twin nucleation. 

On the other hand, the apparent decrease in the ability 

to cross-slip might result from solid solution increasing 

the lattice friction stress, and not necessarily because 

solid solution decreases the SFE 700 

In V, Ti or Nb steel, the carbonitride has a greater 

capacity for holding interstitials. In twinning which appears 

to be associated with the ''--d, phase transformation, Baker 
47 

observed that a suppression of the pearlite reaction may be 

essential for the phase transformation to produce a twin 

in c L- iron. This observation can be explained from the 

study of Magee et al. 
71. Assuming the concept of a twinning 

stress, there is an increase in twinning stress due to the 

presence of interstitial atoms in b. c. c. metals; these 

interstitials are not sheared to the correct octohedral sites 

during twinning. The association of twinning with neighbouring 

carbonitrides (MCN) particles could be explained from the 

observation that in YICN areas, there is a depletion of C and 

NI the rc: zava1 of interstitials (C, N) decreases the twinning 
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stress and allows twinning to occur noro easily. This 

effect would be independent of the twinning nucleation 

mechanism. 

VCN is more soluble in gamma iron than NbCN, but the 

solubility is very low in alpha iron. However, the depletion 

effect of the metal could be associated *ith an inhibition 

of cross slip due to solid solution. If slip is inhibited 

perhaps twinning could relieve the local stress in the matrix, 

where the inhibition of cross slip is sufficient to produce 

a stress in the matrix of the order of the stress to pro- 

duce a twin. 

In alpha iron, twinning stress can be related to 

the grain size by the Petch equation in a similar manner 
to the lower yield stress 

66, 

O"t = dt + kt d-"1.2.2.1 

cr$ = o's + ks d-ý 1.2.2.2 

where o't, ds are the lower yield stresses for twinning and 

slip respectively. The "d" is more dependent upon the 

temperature for slip than for twinning. Inversely, "kt" 

has been found to be more temperature dependent than its 

counterpart for slip. Moiseev 
66 

then conlcuded that 

twinning has a high nucleation stress (i. e. kt >ks) but 

a lower frictional stress for twin propagation. 

From the equation 1.2.2.1, a larger grain size 

would tend to promote twinning more readily; the transition 

from slip to twinning is occasioned by the temperature depen- 

dence of "d" and "k". Also, an increase in strain rate 

promotes deformation by twinning. This again emphasizes 

the close relationship of slip and twinning. 
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1.2.3 Twin nucleation in b. c. c. metals. 

There is a tendency in the literature to explain 

twinning nucleation by a dislocation reaction mechanism 
72-77. 

From twinning models in the literature, twinning is gene- 

rally believed to nucleate heterogeneously. The well known 

pole mechanism for twin nucleation in a b. c. c. lattice 

was proposed by Cottrell and Bilby 72. Under stress, a 

i<111> Burgers vector lying on a 
1112} 

plane could dis- 

sociate into two partials s 2<111>, X1/6<11i>+ <112>. 

The dislocation 1/6<111> (twinning disloca tior. ) , revolves 

around the 3< 112> (pole dislocation), and produces a twin 

layer on the {121} plane. Unfortunately, no experimental 

confirmation can be found as yet in the literature. 

A similar dislocation mechanism was suggested by 

Sleeswyk 73 to explain twinning. In this model a s<111> 

screw dislocation can dissociate into three twinning par- 

tials, 1/6 <111>, each of them being located in one of 

the three {112. planes that intersect symmetrically on the 

< 111> pole dislocation. Under stress, the twin "embryo" 

could develop when one or two of these partials spiral 

around the -ý<111>', creating a three layer twin. The 

existence of these partials is postulated on the basis of 

energy considerations. A similar model proposed that the 

twin is produced by edge unit dislocations instead of screw 

dislocations 74. In studies on a Mo - 35 at. % Re alloy 

(b. c. c. ) Mahajan "5'77 
supported Sleesv. yk's model and 

concluded that slip and twinning are very closely related 
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phenomenal which is in good agreement with the preceding 

discussion. 

Recently, Sleeswyk76 proposed another nucleation 

mechanism described by the equation: 

<001> 3 <112> +2X 116<111>. 

However, the twinning partials would not be parallel to 

the parent glide dislocations 77 
whilst the parallelism 

was obeyed in the former model of Sleeswyk 73. It is 

proposed that a simple dislocation reaction governs inter- 

relationship between slip and twinning 77: 

<111> twinning 3X 1/6 <111>. screws blip 

This suggestion indeed emphasized the close relationship 

of slip and twinning. 

The twin nucleation models previously discussed 

were all associated with a dislocation reaction of some 
kind. All these models were also concerned with defor- 

mation twinning. It is not therefore surprising that these 

siiodels were studied in relation to slip. Similarly, models 
to explain nucleation of transformation will tend to esta- 

blish some connections with the allotropic transformation 

and be less associated with dislocation reactions. Inter- 

phase precipitation occurs at the j -d. transformation in 

iron alloys. A connection between these features and the 

transformation twins can reasonably be postulated. 

In one model 
78, the nucleation of a transformation 

twin in vanadium steel was associated with the stress 
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produced at the edge of a VCN band formed at the rI-& 

interface. The model proposed by Heikkinen is shown 

on Fig. 1.2.3.1. Once nucleated, the twin would grow 

lengthwise with the movement of the' /d. boundary. How- 

ever, as mentioned by the author, the model fails to 

explain twins which are not observed in connection with 

the band colonies. The exact mode of twin nucleus for- 

mation is not yet clear. In this respect Heikkinen's 

model tends to support the homogenous twin nucleation of 

Orowan 79, in which a stable lens-shaped twin nucleus 

could be formed in the presence of stress concentration. 

The twin nucleation mechanisms based on dislocation 

reactions are energetically favourable, and indeed very 

elegant. In all the twin nucleation models it has been 

emphasized that under stress the twin nucleus could deve- 

lop. However none of the models explained what are the 

necessary conditions for twin nucleation and why twins 

should be formed. The ambiguity slip twinning has still 

to be resolved together with the connection of transforma- 

tion twins with interphase precipitation. 

In this section, three aspects of twinning in b. c. c. 

metals were discussed, namely crystallography, properties 

and nucleation of twins. This part of the "Study of the 

Literature" on twinning will be considered again in Chap- 

ter five of the present study, where discussion of some 

micrographs will be carried out. 
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1.3 Strengthening mechanisms in steel. 

Several contributing factors can account for the 

strength of steel: (1) the grain size, (2) hardening 

from solid solution, (3) dislocation density, and (4) 

precipitation hardening. 

1.3.1 Strengthening effect of grain size. 

Hall 
80 

and Petch 
81 

related the grain size (d) of 

low carbon steels to the yield stress (o` )s 

o'y = o'o + kyd-ý 1.;. 1.1 

The symbol "do" is the lattice friction stiess, that is 

the resistance of the lattice crystal to the movement of 

dislocations. It is equal to the stress required to move 

dislocations during yielding: the stress is influenced 82 

by both interstitials and substitutional atoms, precipitation, 

temperature of testing and strain rate. 

The symbol "ky" is a stress intensity factor depending 

upon the material. It is related to the difficulty of 

spreading slip adross grain boundaries. The generation 

of fresh mobile dislocations is believed to occur proba- 

bly at or near grain boundaries or sub-grain boundaries 

as mentioned by Kouwenhoven 82 

Improving the strength by controlling grain size 

appears an advantageous procedure because grain size 

affects both the yield strength and the fracture resis- 

tance. An indication of toughness can be obtained by 

measuring the ductile-brittle transition temperature (To) 
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in ferritic steels 
83: 

Tc -'A- Bd- 1.3.1.2 

where A and B are some constants. 

Early attempts to control the grain size in steel were 

carried out by aiding Al to produce A1N. Aluminium ni- 

tride and transition metal additions hinder grain growth. 

An alternative method is to refine grain size by use of 

thermomechanical. treatments. This latter method can also 

be used with transition metal additions to restrict grain 

growth after mecha-alcal treatments. 

The ferritic grains are usually nucleated at the 

austenite grain boundaries. Small austenitic grains 

produce more grain boundary areas per unit volume, more 

ferritic nuclei and a finer grain size at the allotropic 

transformation. As a consequence, thermomechanical treat- 

ment in austenite is also a means of controlling the fer- 

ritic grain size. All these procedures led to "controlled" 

rolling of steel. Some studies on this subject were carried 

out at the University of Strathclyde 17,84-ß6. The asso- 

ciation of a grain boundary with an inclusion or a second 

phase particle results in a reduction of the total grain 

boundary energy. According to a current theory, reviewed 

by Reed-Hill 87 
and Gladman 88,89, there is a critical 

particle size radius (rc) above which grain coarsening 

occurs; rc is a function of the product of the average 

matrix grain radius R and the volume fraction (f) of 

particlesin the microstructure. 

rr; -4R. f1.3.1.3 
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. This equation is known as Zener's relationship 
90 

Particle radii larger than the critical radius (rc) 

can no longer restrict grain growth, therefore smaller 

particles more effectively hinder grain growth. 

Another theory proposes that solutes impede grain 

boundary migration. The first quantitative treatment 

on the interaction between grain boundaries and solute 

atoms was suggested by Lücke and Detert 91. Later, one 

of the authors (Lücke and Stüvwe 92) 
and recently Higgins 93 

reviewed the subject. The drag effect of solute is caused 

by the motion of the boundary which breaks the symmetric 

distribution of solute on both sides of the böudaryt 

the bigger the assymmetry, the larger is the resulting 

drag effect. 

1.3.2 Strengthening by solid solution. 

Contrary to the genetic phenomenon, two weak parent 

metals, Cu and Zn, when mixed together produce a stronger 

material "brass", which has been known for centuries. In 

f. c. c. brass, Cu atoms are replaced by slightly bigger 

Zn atoms, which produce a substitutional "solid solution". 

Pure iron can also form a substitutional solid solution. 

The strengthening effect of solid soluticn can be attributed 

to various factors, such as lattice distortion, electro- 

mechanical affinity and ordering (o. g. CuAI2). 
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In this study, the main substitutional element in 

iron is manganese. Pickering and Gladman 94 
adopted a 

modified Petch relationship to include the effect of 

solid solution: the latter was observed to affect the 

lattice friction stress only: 

dy = oo + os s+ 
ky d 1.3.2.1 

where: ors is the contribution of solute to friction 

stress. However, Kouwenhoven 82 
observed that manganese 

had no effect on the lattice friction stress (do) of 

alpha iron, but had an effect only on the lattice friction 

stress component of to pearlite contribution to yield 

strength. Fig. 1.3.2.1 shows the contribution of solutes 

to the strength in polycrystalline iron. 

1.3.3 Strengthening effect of dislocations. 

Dislocations can contribute to strengthening, 

provided they are present in sufficient numbers. Keh and 

Weissmann 96 found an empirical relationship between dis- 

location density and flow stress (of): 

df = do + dd + kd-2' 1.3.3.1 

dd d. Gb \r 1.3.3.2 

where: G is the shear modulus, 

b is the Burgers vector, 

is a constant, 0.38 for polycrystalline iron 

0.31 for single iron crystals 
14#97 

o'd is the contribution to flow stress from 

dislocation density. 

N is the number of dislocations. cm/cm3 
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Work hardening mechanisms predict that dy is a function 

of (G. b. VN)t consequently, the hardening mechanism of 

dislocations do not emerge clearly. However back stress 

effects of dislocation pile-ups, and inhibition of move- 

ment of dislocatiorsfrom others could offer some expla- 

nations on how dislocations contribute to increase strength. 

For' polycrystalline iron, the equation 1.3.3.2 thus 

becomess (G = 8.06 X 1010 Pa 'b=0.248 nm): 
d(dis1. 

-density) 
- 7"6 X 10-4 V-11 1.3.3.3 

MPa 

The modified Petch equation 1.3.2.1 thus becomess 

yoo+o'dd+o'ss+kyd 1.3.3.4 

whores O'dd is the contribution to the lattice friction 

stress from dislocation density. 

1.3.4 Strengthening effect of carbonitride dioporsion. 

The precipitation hardening contribution to strength 

was found independent of the grain size, and can be rela- 

ted to the Petch equation through the flow stress compo- 

nent 
9L1'9a 

o'ya'oý-o'p+odd+o +kyd-ý 1.3.4.1 

where: (, ) 
is the contribution to the lattice friction 

stressfroh the precipitation hardening. 

The effect of pearlite which is a second phase cons- 

tituent, was related to the Hall-Petch equation 
80,81 

by Kouwenhoven 821 

clyr = fd yd + fpcy, 1.3.4.2 
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where dyr is the resulting lower yield strength of the 

material, 

fd ' fp and dya , dp are the volume fraction and 

lower yield strength of alpha iron and pearlite 

respectively. (o' is dy in equation 1.3.4.1). 
yot 

The strength of dispersion alloys is attributed to 

the influence of particles on dislocation movements along 

slip planes. Accordingly, second phase particle behaviour 

with dislocations could be divided into two groups, 

(1) particles can be impenetrable to dislocations, and 

on the other hand, (2) if dislocations can but through 

particles, these particles are deformable or non Orowan. 

The former are the "non-deformable particles" (Orowan 

particles), which the dislocations can bypass following 

the Orowan 99 
mechanism. The intrinsic properties of 

the latter particles is not important in determining 

the level of strength. The particles should be strong 

enough 
100 to force the dislocations to bow between them 

before the dislocations bypass them. In defining the 

deformable particles, Kelly 101 
wrote: "The second- 

phase particles may be cut or sheared by the glide dis- 

locations at stresses below the Orowan stress". This 

suggests that less energy is required to cut through a 

certain particle size than to bypass the same particle 

size because the dislocation cannot shear it. It is 

therefore possible to visualize that the strengthening 

effect of deformable particles is less important than 

if it originated from undeformable particles. 
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It has been emphasized by Nicholson 100 that at 

some stage, there is a transition from deformable to 

undeformable particles at a critical particle size. The 

transition was shown tooccur before peak hardening in 

tempered material. A study by Papaleo and Whiteman 102 

produced convincing microstructural evidence for such 

a transition in Fe - Si - Ti alloy. Recently, Kelly 101 

discussed second phase particle strengthening. 

Fig. 1.3. L. 1. shows a dislocation bowing out between 

two particles. The obstacle strength F is related to 

the dislocation line tension E by: F= 2E cos (T /2). 

At the critical moment when the dislocation is unpinned: 

(1) If T=OP the particle behaves like an impenetrable 

obstacle (Orowan particle). (2) If T> 0t the particle 

has been sheared (deformable particle). At this critical 

event, the shear stress necessary to cause the unpinning 

of the dislocation is: 

T=F 2E cos (P /2)1.3.4.3 

b 'S bS 

where b is the Burgers vector; 

S is the effective interparticle spacing. 

With = 0, this equation becomes T= 2E / bS, 

which is the original Orowan equation 
99 

It is possible to take into account the interaction 

between bowed dislocation branches. The effect is to 

lower the energy by a quantity which depends upon the 

separation between the two adjacent segments of the dis- 

location. With this correction, Ashby 103 
showed that 
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the energy reaches a maximum before T=0. This is 

in line with observations of dipoles in the present 

study. A dipole (tf 0) possesJE, s: less energy than 

a bowing dislocation at tp critical, a dipole is there- 

fore a metastable configuration. 

Bearing in mind the correction, Ashby 103 
produced 

two equations: (assuming a' =KT, where K is a constant) 

dp (edge) = Gb . K"ln (2r/r0) 

2'tS 

dp (screw) = Gb .1. yln (2r/r0 ) 

2 zL S (1-v) 

the geometrical mean of these two equations being: 

0'p = Gb 1. K"ln (2r/ro) 1.3.4.4 

2nS (1-v) 

where o'p is the contribution from precipitation har- 

dening to the lattice friction stress: 

G is the shear modulus; 
b is the Burgers vector; 

S is the effective interparticle spacing; 

v is the Poisson ratio; 

r is the particle radius; 

ro is the dislocation core radius (= 4b). 

Hirsch and Humphreys 104 
mentioned that an equation based 

on the geometrical mean, provides a fair estimate of the 

actual friction stress. The above argument is only valued 

when the critical bulging ofadislocation is at y 0, 

however, theT critical was shown to be greater than 

zero 
103. Although cross slip occurs in certain alloys 
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Ashby 103 
maintained that it does not permit bypassing 

at a stress significantly lower than the Orowan stress. 

The equation 1.3.4.4 represents the currently accepted 
101 

Orowan equation. According to Ashby 103, this formula 

should be in 30% agreement with measured values. Gladman 

et al. 
105 

suggested (K ! 2, a'= 2T): 

dp =-1.2 Gb nA2K In (r/b) 1.3.4.5 
' 

2.36 n 

where nA is the number of particles per unit area of the 

slip plane and nA is the centre to centre interparticle 

spacing. They 
105 further modified the equation to take 

into account the volume fraction and precipitate size 

onlya the relationship is reproduced on Fig. 1.3.4.2. 

An important parameter present in equations 1.3.4.1 

to 1.3.4.4 is the effective interparticle spacing (S). 

Corti et al. 
106 have reviewed the various definitions 

of interparticle spacing. They are critical vis-a-vis 

publications that do not produce the mean particle size 

and volume fraction data. This would have enabled these 

published data to be converted to a single form for com- 

parison purposes. Since the precipitation strengthening 

mechanism depends upon planar dislocation movements, the 

present study adopted a definition of interparticle 

spacing based on the average distance between particles 

in the slip plane. This general definition was also 

adopted by Kelly 101j Ashby 103 
and Gladman et al. 

105. 

The effective interparticle spacing (S) as illus- 

trated on Fig. 1.3. k. 1 iss 
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S= BL ' and L=1- 2r 

nAi 

where B is a constant equal to 1.2 for a random array 

of impenetrable obstacles 
107,108; 

L is the interparticle spacing; 

nA is the number of particles intersecting the 

slip plane; 

r is the mean particle radius. 

The equation 1.3.4.4 becomes: 

dp ý Gb 1K. In(2r/ro) 

2.4 n (1-v) 2 (1 / nA2 - 2r) 

1.3.4.6 
The relationship with the volume fraction and measured 

particle size will be discussed in section 3.3. 

When considering deformable particles, this equation should 

be multiplied by cos 2) and the breaking angle should 

be measured. 

Other sources of contribution to o' are possible. 

These were recently reviewed by Kelly 101 
and Brown and 

Ham 109 to mention only two sources. In steel, supple- 

mentary hardening can originate from: (1) difference 

between elastic modulus particle-matrix. This is equi- 

valent to an increase of 3% in the effective particle 

radius of MCN. (2) coherency stresses; these are 

caused by misfit and different thermal expansion coeffi- 

cients between particle and matrix. (1) and (2) produce 

"butterfly" shapcdprecipitate when "seen" in transmission 
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electron microscopy. They probably cause a strengthening 

effect; however, Brown and Ham 109 did not find any 

convincing calculation of the magnitude of the strengthen- 

ing effect. They suggested that a critical particle 

size in the order of a third for the size at which coherency 

was lost would produce maximum hardening. 

Assuming a Baker-Nutting 33 
orientation relationship 

for MCN, and a loss of coherency at 50% misfit, a simple 

calculation based on conventional misfit predits a loss 

of coherency at 0.2 - 0.1 nm thick to 4.0 -6.0 nm`large3 

for VCN, and 0.2 - 0.4 nm thick to 1.0 - 1.5 nm«large' 

for NbCN. 

Other sources of strengthening, which were less 

relevant to the present study; includes (3) higher 

energy matrix-particle surface when the particle is 

sheared; (4) strengthening by ordered precipitate; 

and (5) strengthening effect from difference in stacking 

fault energy (SFE), for close packed particle-matrix 

system. 

In this section, an attempt was made to describe 

strengthening mechanisms in steel. This section which 

ends the "Study of the Literature" will be used in 

connection iith Chapter Six: "Interpretation and Dis- 

cussion of results". 
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Chapter two: EXPERIMENTAL PROCEDURES. 

In contrast to the study of the literature, which 

offered underlying reflections about some of the major 

principles or assumptions discussed in the present study, 

this chapter initiates the description of the experimental 

work carried out during the present study. 

Three main aspects are presented: (1) the descrip- 

tion of the material used, (2) the instruments developed 

or adapted (e. g. end quench test) and (3) th3 preparation 

of specimens for metallography and electron microscopy. 

Another dimension of the experimental work, that is 

the experimental methods, will be discussed in the next 

chapter. 
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2.1 Materials and Analysis. 

The materials used in the present investigation 

were vacuum melted by the British Steel Corporation, 

(The Corporate Laboratories - BISRA). The manufacturer 

also undertook a spectral analysis. Each alloy was 

subsequently analysed by a Quantovac in the Metallurgy 

Department. The analysis of the materials is shown 

in Table 2.1. 

2.2 Heat-Treatment. 

2.2.1 Fast cooling rates (> 2 K. s-1) 

Standard end-quench specimens (100 mm long by 25 

mm D) gave cooling rates in the fast range. Each spe- 

cimen to be solution-treated was sealed in silica glass 

under a low pressure of argon. An electric furnace having 

an actual hot zone bigger than 40 cm X 15 cm D was brought 

to the predetermined solution temperature. One hour at 

the soaking temperature was the standardized time, except 

that a five hour time was selected for Fe - 0.02C - 0.14Nb 

(material A)i the solution temperatures are shown in 

Table 2.2. At the end of the heat-treatment, the furnace 

was filled with argon and the capsule was broken into 

pieces inside the furnace, and finally, the specimen was 

transferred to the end-quench tank unit. The specimen 

support was made of Sandanyo material to minimize heat 

losses. Four seconds represented a typical transfer time. 
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Material Solution temperature 

predicted* adopted 

Fe - 0.02C -. 0.14Nb 

Fe - 0.040 - O. o6Nb 
Fe - 0.12C - 0.46V 

Fe - 0.13C - 0.45V 

Fe - 0.019N- 0.14V 

Fe - o. oo6N- 0.13V 

(A) 1365 ± 50K 
(N) 1350 K 

(B) 1280 K 

(D) 1285 K 

(F) 1380 K 

(v) 1265 K 

5hrs at 1525K 

1 hr at 1425K 

1 hr at 1325K 

1 hr at 1325K 

1 hr at 1425K-- 

1 hr at 1325K 

# Formulae used to calculate predicted temperature 

for complete solution of Tvl -X in '-iron. 

Nb C: 

VC: 

VNs 

log [Nb] [CI -- 

log[v]'/3[C] 

log [vi [N] 

2.96 - 7510 ± 0.2 
ref. 110 

T 

7.06 - 10,800 

T ref. 16,17 

3.46 - 8.330 

T ref. 111 

Table 2.2 Solution temperatures. 
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2.2.2 Intermediate cooling rates (0.2 K. s-1 < CR. <2 K. s-1) 

Initially, the intermediate cooling rates were obtained 

using various sizes of mullite tubes (A16Si2013) filled 

with fused silica surrounding a round bar specimen. A 

thermocouple was placed in the centre of the actual speci- 

men and the variation of temperature against time was 

monitored. To investigate more closely the effect of 

cooling rates on the transformation temperatures a Linseis 

dilatometer apparatus equipped with a vacuum furnace 

was adopted: the actual hot zone was 5 cm long X 2.4 cm D. 

By removing the furnace at various speeds over the 1.0 cm3 

specimen, the desired cooling rates were achieved. 

2.2.3 Low cooling rates (<0.2 K. s 
1) 

The same vacuum furnace coupled to a dilatorneter 

apparatus provided the low cooling rates. The former 

was regulated by an AEI temperature controller which 

with thyristor action produced a very stable solution 

temperature. By driving the ten turn potentiometer, 

which set the controller, via a synchronous motor joined 

to interchangeable gears, it was possible to obtain 

different cooling rates down to 3X 10-3 K. s-1. 

2.3 Dilatometry. 

The Ara, Ar 1 and Ds, BF, whenever possible, were 

recorded by means of a Linseis differential dilatorleter 
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operating under vacuum. The apparatus provided cooling 

rates between 2 K. s-1 down to 3X 10-3 K. s-'. All the 

heated parts of the apparatus were silica glassware. 

Since silica glass began to collapse at 1475K, all spe- 

cimens, except Fe - 0.020 - 0.14Nb (material A), were 

reheated in the austenitic range at the previously deter- 

mined solution treatment for one hour, before cooling. 

2.14 Meta11ography. 

2.4.1 Sample preparation. 

An identical technique was used to prepare samples 

for either motallographic examination or hardness iden- 

tation. The usual practice of polishing through emery 

papers and ending on a one micron diamond wheel was 

standardized. Etching in 5% nital for ten seconds was 

observed to be sufficient to reveal all ferrite grain 

boundaries for all specimens except material A. Optical 

micrographs were taken on a Zeiss Ultraphot II. 

2.4.2 Grain size measurement and second phase 

determination. 

Grain sizes were measured as mean linear intercepts 

by counting a total of 500 grain boundaries from two 

right angle generated test lines. A Metals Research 

Quantimet (QTM) could have been used to obtain the grain 

size. However, this technique was not used because: 

(1) a bias could have been easily introduced by the 
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operator, (2) the QTM could also not differentiate the 

bainite from the ferrite, and (3) the QTM could not 

measure tiny grain sizes. Second phase was evaluated 

by a method of linear intercepts; verniers were moved 

alternatively over each phase. 

2.5 Electron Microscopy. 

2.5.1 Apparatus. 

Electron microscopy examinations on carbon extrac- 

tion replicas and thin foils were performed at 80 KV 

and 100 KV respectively in a Philips E. M. 200 fitted 
ftLt 

with a high"goniometer stage (± 45°), a 360° rotation 

holder and a decontamination device., On a few occasions 

an AEI EM7 (1 Mev) equipped with a double tilt specimen 

holder (T ± 45°, T+ 60°) was used. This microscope 

was located at the Imperial College, University of London. 

2.5.2 Preparation of carbon replicas. 

The sample was metallographically prepared following 

an identical method to the one used for optical microsco- 

py up to etching procedure. This method however, was 

modified as follows: (1) after the polishing with the 

one micron diamond polishing wheel, washing with soap 

under hot running water was carried out, (2) spraying 

with alcohol whilst still under water, (3) transfer- 

ring the specimen to an alcohol bath and ultrasoni- 

cally cleaning to remove any adherent particles, (4) 
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etching the dried specimen in 2% nital for 5-15 socondo, 

anf finally, (5) thoroughly washing with alcohol and 

drying prior to carbon coating. 

Inside a Balzer's high vacuum coating unit Micro 

ß. A. 3., spectroscopically pure carbon was sprayed when 

the pressure gauge indicated lower than 5X 105 mm of 

Hg. The change in colour produced by carbon deposition 

on a piece of Al previously covered with a thin gold 

layer (20 nm), permitted an estimate of the film thick- 

ness. The usual floating on deionised water followed 

the etchning in 5% nital and alcohol washing. According 

to the standard practice, 200 mesh copper grids suppor- 

ted small pieces of replica with an adjacent single 

crystal gold piece for calibration of the diffraction 

patterns. 

2.5.3 Preparation of thin foils. 

A suitable specimen for transmission electron micros- 

copy should present the following characteristicss (1) 

the specimen must be thin enough to allow electrons to 

be transmitted without too much scattering, (2) it must 

be thick enough and sufficiently carefully prepared to 

be representative of the structures of the material, and 

(3) because iron is a magnetic material, the specimen 

should be small and even to reduce astigmatism produced 

by the interference of the specimen with the electron 

beam and the magnetic field of the objective lens. The 

useable thickness is limited to between 0.15 - 0.30 JIm, 
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the latter figure representing the utmost limit at 100 

' KV. 

Samples were prepared by standard techniques. A 

spark erosion process produced one millimiter slices 

which were planed to 0.25 mm. A further thinning with 

a solution consisting of 10% hydrofluoric acid (1i0% 

W/V) in 90% hydrogen peroxide (5 vol) reduced them to 

about 0.03 mm. The electropolishing tArminatcd the 

preparation. 

An electropolishing solution which operates at a 

low temperature avoids local heating of the fo;. l during 

the actual reaction and reduces etching when the speci- 

men is removed from the solution. The electrolyte used 

in the present study was one V/0 perchloric acid 

(70% W/V) in methanol; an additional amount of two- 

butoxyethanol equivalent to 10 V/0 was added to reduce 

the speed of the reaction. The foil was immersed 

between two parallel stainless steel sheet cathodes 

at a potential of 34 volts in the electrolyte kept at 

200 K±3K. 

After polishing, the foil was carefully washed 

in methanol, ethanol and finally left in absolute alcohol 

ready for cutting. Whenever storage was required, the 

foil was kept under glycerol, in which it was possible 

to preserve a specimen in a viewable condition for up 

to three months. A small cut sample sandwiched between 

two 100 mesh copper grids was examined in the electron 

microscope. Clean specimen holders and fresh dessicating 
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agent (P205) in the camera chamber helped to prevent in 

situ oxidation of the foil. 

2.5.1 Important measurements. 

Dislocation density measurements were carried out 

from micrographs taken under two-beam conditions and 

with foil'thicker than 0.16 micron. A line intercept 

method using concentric circles as test lines was uti- 

lized. The detailed method is described in section 3.2. 

Precipitate was sized from carbon extraction repli- 

cas. The carbon replicas did not suffer the disadvan- 

tage of foils, that is the particle-matrix effects. A 

fine grain 35 mm film recorded the highly magnified par- 

ticles and had the double advantages of economy and a 

capacity of forty exposures for a single session. The 

actual size determination was executed from electron 

micrographs enlarged to about 150 K for the 2-10 nm 

precipitate size range. 

2.6 Mechanical tes tin;, 

2.6,1 Method for Hardness Tests. 

Diamond Pyramid hardness measurements, were deter- 

mined by means of a Ernst Leitz Gmbh Wetzlar machine= 

the test was standardized using a load of one Kg. With 

this load a surface prepared similarly to metallographic 

specimens was sufficient. The rate of loading of appro- 

ximately fifty ai. s-i was used to keep the transient 
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load as small as possible. The duration of the full load 

application was ten seconds. The overall experimental 

procedure of the ASTM E384 (1969 - Method of Microhardness 

of Materials) was adopted. 

Ten parallel and equally spaced identations were 

performed at any one location on end-quench specimens, 

and at least fifteen measurable identations for other 

specimens. A Fortran program, provided the arithmetic 

mean with a five percent significance level on the arith- 

metic mean assuming a Student's t distribution for small 

samples. 

2.6.2 Method for Tensile Tests. 

Standard Hounsfield no 12 specimens were machined 

after heat-traatment. The average diameter of each spe- 

cimen was measured at the nearest 0.01 mm. Specimens were 

finally tested until 'failure on an Instrom machine at a 

constant cross-head speed corresponding to a strain rate 

of 2X 10-4 s-1. The load cell was calibrated according 

to the manufacturer's recommendations and proper full 

scale loads were used; a zero suppression permitted 

expansion of any particularly interesting portion of the 

curve on a full scale of one KN9 the most sensitive scale. 

The curves were measured according to B. S. 18 

(1971 - Method for Tensile Tests part two) to obtain 

ultimate tensile stress, upper and lower yield stress 

or the 0.2% offset proof stress, percentage elongation 

and area reduction. By unloading rapidly at the 



52 

maximum point of the strain-stress curve, and reloa- 

ding, the Young's modulus was derived. Three specimens 

were tested for each heat-treatment investigated with 

this mechanical test and the mean values were recorded. 

In this chapter, the experimental procedures used 

in the present study were reviewed. Most of the ins- 

8 truments were fairly standard. Howcver, a great deal 

of care and patience was required in the manipulation 

of those instruments, which was imperative in electron 

microscopy. 

The cooling rates obtained by end quench specimens 

will be evaluated in section 3.1, whereas the charac- 

teristics of the cooling curves for the various studied 

cooling rates will be discussed in section-A. 2. 



53 

Chapter threes EXPERIMENTAL METHODS. 

In relation to the "Experimental Methods", the follow- 

ing aspects were reviewed: 
(1) Strengthening mechanisms in steel (Chapter 1.3) 

(2) The instruments used in the present study (Chapter two). 

The "Experimental Methods" is the part of a project 

which describes most of the techniques developed in rela- 

tion to the parameters investigated; in the present study, 

these viere mainly related to strength. However, before 

investigating the various components to strength, the 

cooling rate had to be determined for the end quench 

specimens. This will be discussed in the first section. 

The methods developed to measure dislocation densities, 

particle size and grain size are explained and discussed 

in sections two, three and four respectively. 

This chapter is one of the major divisions in this 

study with respect to the handling of results (Chapter 

four), because they depend upon the methods used. The 

next chapter will present the findings. 
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3.1 Cooling rates for end quench änecimens. 

This section is concerned with the derivation of cooling 

curves for end quench specimens. Standard 112 
end quench 

specimens were used to provide cooling rates in the 2-500 

K. s-1 range. The cooling curves could have been produced 

solely from empirical data, but in addition a mathematical 

treatment was considered for matching with available data 

from the literature. During cooling, heat was lost from 

specimens throughc (1) the air surrounding the specimen 

and the radiation emitted from the specimen, (2) the water 

from the quenched and. 

The heat lost through air and radiation alone was 

measured by inserting a thermocouple in the centre of the 

specimen and monitoring temperature changes against time. 

This data was plotted as dimensionless temperature against 

time, and used for Amy value of the initial temperature 

(solution temperature) of the specimen. 

To evaluate the heat lost through the quenched end, 

the standard end quench specimen was considered to be a 

half portion of a solid bounded by two parallel planes 

(a finite slab). A solution to this problem was propo- 

sed by Carslaw and Jaeger 113. 

The solution found its origin from the well known 

Fourier equation for an unsteady heat flow: 

T (v. lzvT) 3.1.1 Cp 

where 
Lp 

is the density of the solid 
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Cp is the specific heat at constant pressure 

T is the temperature 

k is the thermal conductivity 

t is the time 

If the thermal conductivity is independent of the tempera- 

ture and position, equation 3.1.1 becomes: 

DO - 
a2 e 3.1.2 

c -V n2 

where: e= (T - Tr) is the dirilensi onless temperature 

(To - T) 

and To. Tf are the initial and final temperature respectively. 

n= y/b: dimensionle-cs length, at y mm opposite 

to quenched end over the total length b. 

Z= cL t/b21 dimensionless time at t seconds 

cu = k/(S. Cp)t thermal diffusivity of the solid 

for the initial condition of T= 01 0=1, and for the 

boundary conditions of n=+I, 9 0. 

The solution is then expressed in the form of an infi- 

nite series: 

e=2E_ 
i-0 + 

cos (i +) tr n 
[e2tt2] Z 

3.1.3 

This model requires modifications because it is assumed 

that the thermal diffusivity (d. ) is a constant indepen- 

dent of the temperature and position. The algorithm 

used for correction is represented as follows: 

(1) To permit exact calculation of the thermal diffusivity 
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(cý), the dimensionless temperature (8) of equation 3.1.3 

was fixed. Consequently, a trial and error method was 

used to determine the dimensionless (1). 

(2) At a certain selected distance "h" from the quenched 

end and for es > 0, there is a variation of temperature 

from e=0 at the quenched end to 0= 8s at the distance "h". 

As a. is temperature dependent, an average value of thermal 

diffusivity had to be found. 

(3) The detailed procedures involved the following: 

(i) The specimen was divided into a multitude of small 

segments. For a particular temperature, d was consi- 

dered constant in the whole segment. Consequently, 

at any time during quenching, the values of d. and 

thus % varied as discrete quantities along the bar. 

(ii) For the first segment near the quenched end, the 

equation 3.1.3 was calculated for Z with a- as a 

function of e only. 

(iii) At a distance "h" from the quenched end, d is given 

the value corresponding to the selected es. The 

value of Z's is thus found by solving equation' 3.1.3. 

Values of e corresponding to 2"s can be found for 

each segment between the quenched end and the segment 

at a distance "h" from this end. Corresponding values 

of cl were assigned to each segment, and an average(; (- 

was obtained. The equation 3.1.3 can thus be recal- 

culated using this "new" value of oc. . 
(iv) The process in (iii) was repeated until the difference 

between the "old" ot. value and the "new" a value caused 
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the value of t (time) to change less than 0.001 second 

in the dimensionless 2". 

Thermal diffusivity (GL) data used in the present model was 

that for pure iron 114. However, the effect of impurities 

(I) and quench efficiency (Qe) reduced the thermal diffu- 

civity (CL )I 

c41 = Qe (I. d) or d' = Eff. 3.1.4 

This situation was considered by replacing d by d'in equa- 

tion 3.1.3" 

The modified equation 3.1.3 was written in Fortran 

computer language and processed by an IBM 370/158. A 

run time of 300 s (CPI. ) vas needed for every combination 

of initial temperature (To) and efficiency (Eff). The 

flowchart in Fig. 3.1.1 illustrates the overall pattern. 

After values of' time (t) were obtained for water 

quench only, the effect of air and radiation losses were 

added: 

11 
+1 

D &twater 

(eq. 3.1.3) 

stair + rad. 

(empirical) 

The cooling rate at 975K was calculated as an average 

cooling rate between 985K and 965K. A comparison with 

an empirical cooling curve for end quench specimens was 

necessary to assign a proper value to the "Eff". 

Russell and Williamson 115 
produced empirical values 

of cooling rates for end quench specimens, using steels 

containing approximately the same amount of impurities 

as the steels used in the present work. The values 
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8: dimensionless 
temperature 

: dimensionless time 
N: dimensionless 

length 

TI actual temperature at 8r 
tp: time previously calculated 
di: "i" mm from end quench 
d,: thermal diffusivity 

Fig. 3.1.1 Flowchart of the end quench algorith n. 

"Time (t) to cool from initial temperature 
to a selected dimensionless temperature es. " 
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obtained from the model are shown in Fig-3.1.2, whereas 

comparison with Russell can be seen in Fig. 3.1.3. At 

1125K# the combination of impurities and quench efficiency 

produced an "Eff" of 27%. Near the quenched end, the 

cooling rates predicted after computation were higher than 

those found by Russell et a7.. 
115. An explanation for 

this difference might be that whilst the efficiency of 

the quench was approximately constant during the whole 

quenching, it was not constant at the earliest stage, 

when the water was vaporized at the quenched end, thus 

reducing the efficiency. 

The end quench test is generally described as a 

test in which a 25 mm bar undergoes water quenching at 

one end whilst the other end is air cooled only. From 

a solution treatment at 1125K, a 25 mm D bar would pro- 

duce a cooling rate of 1.75K. e-1 at 975K if air cooled. 

In Fig. 3.1.3 is reproduced the ASTM curve: "approximate 

cooling rates for an end quench specimen" 
6. 

From the 

maximum austenitising temperature recommended by the 

ASTM method (1195K) and from comparison of the ASTM curve 

with Russell's curve, both the ASTM and Russell's curves 

can be assumed to have originated from a similar initial 

temperature. 

However, at a distance of 40 mm from the quenched 

end, the ASTM departs from Russell et al. to reach the 

equivalent air cooling rate of 25 mm D bar (1.75K. s'1) 

at 63 mm. The knowledge of the cooling rate produced 

by water quenching only at 63 min from the quenched end 
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100 I. 

20 50 

50 Q To= 1125K 

b To = 1325K 

c To= 1425K 

d To=1525K 

initial temperature (To ) 

10 

25 10 20 50 

[mm] from end quench 

Fig-3-1.2 Cooling rate as a function of distance from end 
aupnch (computed from modifiedÜr, uation 1.?. 3) 
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can indicate if the water quench effect is negligible 

vis-a-vis the air cooled effect. The axial cooling 

rate of a 200 mm D water quench bar was calculated to 

be 1 K. s-1 according to Atkins and Andrews data 117. 

Although the 1 I:. s-1 cooling rate for a 200 mm D is 

faster thin a 200 mm thick slab (equivalent to an end 

quench specimen), it indicates that the cooling rate 

produced by water only is of the same order as the 

one produced by air cooled only (at 63 mm from the 

quenched end). 

The present model thus predicts faster cooling rates 

compared to the ASTM results. A possible explanation 

of the discrepancy between this finding and those of the 

ASTM is that the latter perhaps wanted to emphasize the 

accepted definition of an end quench specimen acting as 

a 25 mm air cooled bar at the opposite end to its quenched 

end. 

Consequently, whilst the predicted cooling rates 

near the quenched end are possibly too high, the faster 

cooling rates on its Apposite end are thought to be of 

greater accuracy than those proposed by the AST1 results. 
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3.2 Determination of dislocation densities. 

In this section, the method for determining disloca- 

tion densities will be described. Prev3ous studies 
118,119 

showed that it is possible to determine the density of 

dislocations by counting the number of dislocation inter- 

cepts with'a test line of known length. For instance, 

Hirsch 118 
mentioned that a series of concentric circles 

used for test lines might overcome the effect of a possible 

anisotropic distribution of dislocations in the plane of 

the foil. Moreover, the requirementsof randomness 
120 

are better met with a circular test line. 

In the present study, dislocation densities were mea- 

sured by counting dislocation intersections with a test 

line of two concentric circles. The same procedure was 

used by Stacker and Holt 121. 
However, the present test 

line had an outside radius of 5 cm and an inside radius 

of 5/\, rl-O cm. The choice of the outside radius Rout 

Rinner intended to produce an inner area ten times 

smaller than the area encompassed by the larger ones this 

produced a pseudo-magnification (10X) of the former. 

For random dislocations, 

per unit volume (cm3) is: 

the density (j) in cm length 

2 PL 3.2.1 
t Vb 

where: PL s number of dislocation intercepts with the 

test line per unit length of test line. 

(PL is a symbol largely used in Stereology 120) 
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t: thickness of the foil 

Vb : proportion of visible Burgers vector for 

a particular low two-beam operating reflec- 

tions (see Fig. 3.2.1) 

Also, images of dislocations are not mathematically thin, 

but they possess a finite width. When a dislocation 

appeared to be tangential to a test line, a count of 2 

was registered. The number of tangent touche, should 

indicate the magnitude of the experimental error 
120. 

In the present study, a "sample" refers to the result 

of one measurement made with the test line (equation 3.2.1). 

In any one sample, there were at least fifty intercepts 

counted with a circular test line (Router °5 cm); fifty 

intercepts were considered to be sufficient 
119. The dis- 

locations were counted from the projected image of the 

electron micrograph on a white sheet containing the circu- 

lar test lines. The magnification was adjusted in order 

to produce between fifty to one hundred intercepts with 

the present test line; thus it was a compromise between 

counting a sufficient number of dislocations per test line 

and the tedious work of counting very many per test line. 

At intermediate cooling rates (:: 2: 1 K. s-l), the 

electron micrographs were taken at magnifications of 9K 

to 20 K times, whilst the projected images were about 45 K 

times. Two to three " samples " were obtained from 

different areas of each micrograph. A number of thirty 

samples was considered to be statistically sufficient to 

represent the population 
122 (dislocations) according to 
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g. b 

g <110> <200> <211> 

b gob g"b 9"b 

2<111> 0 1 0 

2<111> 0 1 1 

2<111> 1 1 1 

2< 111 > 1 1 2 

vb 0.5 1 0.75 

Fi . 3.2.1 Fraction of visible dislocations (erb) 

under different two-beam operating reflections. 
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the normal curve; this represented about ten different 

areas of foil. Sampling was avoided in regions where 

sub-boundaries or recovery structures were present. Count- 

ing in these regions can result in dislocation densities 

ten times higher than the surrounding matrix. No dislo- 

cation determination was carried out in areas where 

grains intercepted the specimen edge. 

The electron micrographs were taken under two-beam 

operating reflections to take into account the exact pro- 

portion of missing Burgers vectors of dislocations as 

shown in Fig. 3.2.1. Imaging in such a condition avoided 

also multiple images of the same dislocation, thus impro- 

ving the quality of the micrograph. In an attempt to 

find out the type of Burgers vector present in b. c. c. 

iron, Hale and Dingley127used numerous low and high order 

two-beam operating reflections to identify separately 

each type of Burgers vector. However, France and Loretto 124 

pointed out that two-beam high order reflections produced 

images of dislocations from "missing" Burgers vectors. 

In a subsequent paper, Hale and Brown accepted that the 123 

majority of dislocations present in iron were of 2 a<111> 

type. In the present study, the dislocations present in 

iron were all considered to be 2 a<111> type, in order 

to calculate the proportion of visible dislocations under 

a particular low order two-beam condition (Fig. 3.2.1). 

Another important quantity used in the determination 

of dislocation densities (eq. 3.2.1) is the foil thickness. 

The thickness of the foil was measured on occasions by 
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stereo-pair micrographs, but mainly by counting grain 

boundary fringes. The stereo method seemed interesting; 

however, the greatest difficulty occurred when measuring 

the length of dislocations. For instance, in an illus- 

tration 125 
of the method in Al - Cu, a thickness of 212 

nm + 100 nm was obtained with a tilt of 200 at 100 KV. 

Whilst an error of 100 nm is acceptable when viewing a 

thicker specimen at One Mev, the stereo-pair method does 

not seem more accurate for measuring foil thickness in 

iron than the grain boundary fringes method. 

The thickness of the foil is obtained by counting 

grain boundary fringes in the latter method. In bright 

field, usually white fringes 118 
are counted. However, 

Fig-3.2.2 shows that when black fringes are counted 

instead of white fringes, the thickness is given by: 

t=ng Wg ±ýFWg, where gis the extinction distance 

depending upon two-beam reflections= the error can be 

further reduced due to different values of n9 W9. 

Studies 126 
on the HVEM showed that the representa- 

tiveness of the bulk material is preserved when the thick- 

ness is greater than 100 nm. However, in the present 

study, it was found that in foil thickness between 100 

to 150 nm, the measured dislocation density (P) had a 

lower value than p measured in areas thicker than 150 nm. 

Therefore, micrographs used for dislocation density 

determination always had a foil thickness greater than 

150 nm (about 66 
110) and were typically between 200 

and 270 nm. 
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3.3 Analysis of R"CN particle size distributions in metal- 

lic materials using carbon replicas. 

The technique for preparing a clean carbon replica 

was described in section 2.5.2. The F4CN particles were 

assumed to be small and hard, and therefore they were not 

sectioned when the specimen was sectioned, polished and 

replicated. Ashby and Ebeling 128 
mentioned that a carbon 

replica is suitable for measuring particles in the 10 - 
1000 nm range; carbon replicas are not however, suitable 

for determining the volume fraction of particles. When 

the volume fraction was known, the method was believed 

to enable the determination of the number of particles per 

unit area (nA) and the spacing between them 128,129. 
In 

previous studies 
128,129 

an insistence was placed upon: 

(1) the care in preparing carbon replicas and (2) the 

systematic error in the determination of nA* 

In those studies 
128,129 the particle analysis was 

based on a surface distribution of particles. Although 

it seems an acceptable treatment for large particle 

sizes, it is important to ascertain what thickness of 

material the carbon replica extracts, as shown in Fig. 3.3.1. 

Consequently, the distribution of a small particle size 

in carbon replicas is more likely to be a volumetric 

distribution as opposed to a surface distribution. 

The use of direct carbon replicas from metal surfaces 

was preferred to thin metal foils to perform the measure- 

ment of particle size in the range 2- 10 nra. The main 
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restrictions for particle size dctermination in thin foils 

are: (1) the particle-matrix interactions (e. g. strain 

fields and dislocation loops around particles), (2) sain- 

pling (several samples are needed for one measurement) 

and (3) overlaps of particles which should be mathemati- 

cally corrected. It has been mentioned that the correction 

method for overlapping particles is very tedious, and 

also that the determination of particle size and volume 

fraction in thin foil is somewhat pedantic 
130. 

The limiting factors for a replica are its thickness 

and its self structure. There is little self structure 

for a carbon replica as compared to a plastic replica, 

and it is easy to prepare a carbon replica as thin as 

15 - 20 nm. The resolution obtainable in the electron 

image of inherent details in a carbonaceous specimen 

(e. g. biological specimens, plain carbon replicas) is 

in the order of a tenth its thickness 131. Practically 

a difference of 2 nm in the thickness of a carbon replica 

can be detected. The failure to attain high resolution 

in carbonaceous specimens was ascribed to lack of contrast 
1319 

However, the maximum resolution of inherent details in the 

carbon replica was less important since the measurement 

of individual extracted metallic particles was the main 

parameter investigated. The scattering factor of VC is 

four times the scattering factor of Carbon, and it certainly 

improves the contrast. This could explain why high reso- 

lution was claimed in carbon extraction replicas 
132,133. 

It is thought that the resolution achieved was of the order 
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of the resolving power of the instrument, which is about 

1.0 - 1.5 nm when fitted with a goniometer stage. The 

direct carbon extraction replica was mentioned earlier 

on to produce a volumetric distribution of particles as 

opposed to a surface distribution. It is assumed that 

all particles in Fig. 3.3.1 are captured. These particles 

are embedded to different depths in the surface of the 

specimen and are touching or intersecting the specimen 

surface. The component "T" is the effective thickness 

of the volume of precipitate, and it is dependent upon 

the precipitate size. To assume a surface distribution 

would lead to an erroneous result in the volume fraction 

and the mean particle size. 

When the determination of particle size is effectuated 

through the sizing of particles into different class inter- 

vals, there is a specific volume for every interval. The 

different "volume" of precipitate can be normalized and 

a corrected mean is therefore obtained. However, the result 

is a corrected mean; the uncorrected mean and standard 

deviation are presented in Chapter fours RESULTS for 

comparisons with other studies. 

Different quantities of MCN will precipitate at dif- 

ferent cooling rates: the measured volume fractions obtai- 

ned from carbon replicas were mathematically normalized 

with respect to the cooling rate producing the highest 

volume fraction measured. Following this treatment, 

other measured volume fractions at different cooling rates 

were adjusted according the the calculated theoretical 
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volume fraction. 

Small MCI; particles were observed to be disc shaped, 

and the latter can be approximated to an oblate ellipsoid 

(ellipse rotated around the minor axis). The ratio, major 

axis to minor axis was determined by the ratio of the con- 

ventional misfit in the Baker-Nutting orientation relation- 

ship with alpha iron. This ratio was considered constant 

(YON: =15) over the whole range of particle size. This 

aspect will be discussed further in section 4.5. The three 

dimensional parameters of a particle are then completely 

defined when the ma. -for axis of the two-dimensional projected 

image is measured. 

kn attempt was also made to measure the effective 

thickness (T). If the ratio major axis (D) to thickness 
2 

(t) of the particle is large, as it is for VCN, the value 

of T is dependent upon only D and the angle 1f that the 

major axis of the particle makes with the surface. Fig-3.3.2 

illustrates this concept; therefore cos (f )=D min , 
D max 

where D max is D measured, and T= 2D sin (f ). However, 

the particles can be misoriented during the extraction. 

A value T= 2D produced better results from volume fractions, 

and this relationship was adopted throughout the present 

study. 
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3.4 Estimation of the error on grain size measured 

by the linear intercept method. 

Grain size is often expressed as the mean intercept 

length 94,134,135. This method implies counting grain 

boundaries intercepting a test line of known length. 

The method is simple but offers no way of finding a sta- 

tistical error, except by measuring several times the 

same specimen with either the same number of counts 

each time or the same length of test line. This section 

discusses a method of evaluating the error made when 

measuring grain size by linear intercept method. The 

error was related to the number of grain boundary inter- 

cepts counted. 

In the present study, the scheme adopted was to gene- 

rate test lines at right angles to each other, and to 

record the number of intersections as the specimen 

moves under the crosshairs of the microscope. This scheme 

had the double advantage of being able to establish the 

degree of preferred orientation and was easily adaptable 

to record the percentage of second phase. 

In the intercept method, the intercept length over 

a grain varies from zero to a maximum dimension for every 

grain measured in a. particular cross section of the material 

investigated. Another important consideration is that the 

cross section plane cuts only a few grains at their maxi- 

mum size. The conversion of mean intercept length to true 

volume diameter requires the assumption of an. arbitrary 
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grain shape; this subject has been reviewed by Thompson 136 
. 

However, the important quantity to consider is some average 

distance across randomly orientated grains, rather than a 

maximum dimension 137. Following the above approach, the 

mean intercept method, being such an average, was adopted 

to evaluate grain size throughout this study. 

To estimate the statistical error in evaluating the 

mean intercept, the standard deviation had to be derived. 

This was achieved by measuring each individual grain on 

the test line. This was extensive time consuming work. 

An average value was sought for application to each specimen 

in the present study. All the materials, on w1ýich grain 

size determination was carried out, had been previously 

solution treated in austenite and continuously cooled. 

There was, also, no sign of preferred orientation in these 

materials. Therefore this suggested that the distribution 

of grains from one sample to another should be alike. Follow- 

ing this assumption, the ratio: standard deviation (s) 

to arithmetical mean (X) should be almost constant. This 

occurred for a few investigated samples of various compo- 

sitions and grain size. The ratio S/X was a constant equal 

to 2/3. Consequently, the 95% confidence limit (LAY) was 

expressed as a function of X only: 

Y= 1.965/ÜN , LY= 1.37/TN 3.4.1 

where: 7 is the arithmetical mean (the mean intercept) 

for N grains. 

Data collected on a test line intercepting 250 grains 

would produce an L X/ = 8.2% for 951 confidence limit on 
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the mean. There is good agreement with the 8% value quoted 

by Pickering and Gladman 99 for similar conditions. In 

the present study, it was usual practice to evaluate the 

mean intercept after counting at least 500 grains. There- 

fore, less than 6' of the error (A7 /X) might be attri- 

buable to this process. 

With this section, the main experimental methods deve- 

loped and used in the present study have been discussed. 

Strengths and weaknesses of these methods were pointed out, 

but these aspects will be re-appraised in detail in the 

next chapters THE RESULTS. 
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Chapter fcurc RESULTS. 

This chapter, the results, is concerned with the 

findings gathered, from the instruments used, or from 

the experimental methods developed, in the present stu- 

dy. An attempt will be made to answer two of the objec- 

tives set out at the beginning of this study, namelys 

(1) How does the strength vary with cooling rate in 

vanadium and niobium steels? 

(2) How can this variation be explained (i. e. an inves- 

tigation into the strengthening mechanisms in steel). 

The third objective, which was concerned With the changes 

in the microstructure in relation to cooling rate, will 

be studied in the next chapters STUDY OF MICROSTRUCTURE. 

Before commenting upon the results, a word should be 

said about the use of SI units 
138,139. A special 

effort was made in the present study to use SI units 

whenever possible. The SI units system is a coherent 

system with only one unit for each physical quantity, 

well defined symbols and decimal prefixes. "Le systeme 

international d'unitds" (SI) is not a new idea and 

found its origins in the "16th century. However, the 

year 1790 could be regarded as an official dates that 

is when the "Assemble nationale franqaise" requested 

l'Academie des Sciences" to work out a system of units 

for world wide adoption. It is believed that the use of 

an international system of-units will permit greater 

cooperation and better universal understandirg. 
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4.1 Hardness (Kg. mm-2) against cooling rate (K. s-l) 

Hardness (111V = lKg. mm-) using a one Kg load was 

plotted against cooling rate (K. s-1) for each material 

investigated. Two groups of steels were selected: (1) 

three steels with vanadium additions, and (2) two steels 

with niobium additions. In the vanadium steel group, the 

carbon content was approximately 0.1C weight percent (w. %) 

for all the three steals. The first material (Fig. 4.1.1) 

had a vanadium content (0.46 w. % V) adjusted to produce 

a stoichionietric conmosition of VC; 1.5 w. % manganese 

was added to the second steel (Fig. 4.1.2). The third 

steel was modified to the typical of a commercial com- 

position (Fig. 4.1.3); this required the vanadium to be 

reduced to a maximum of 0.15 w. % approximately. 

In the niobium steel group, one steel had a compo- 

sition chosen to produce a stoichiometric composition of 

NbC (Fig. 4.1.4). The volume of additions was limited 

by the maximum temperature attainable by the furnaces 

used in order to achieve complete solution of NbC. The 

second Nb steel (Fig. 4.1.5) was typical of a commercial 

niobium addition (i. e. 0.6 - 0.7 w. % maximum). 

In the figures, the length of the bar at each loca- 

tion on the cooling curve represents the error of hardness 

measurement; its value represents the 95% confidence limit 

on either side of the calculated mean. Fast cooling rates 

(> 2K. s-i) were measured on end quench specimens= the 

conversion Iron measured distance on end quench specimens 
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to cooling rates were previously described in section 

3.1. Although the conversion model contains limitations, 

it is believed that the experience gained in locating 

the distance on end quench specimens (therefore the 

equivalent cooling rate), has reduced the error to a mini- 

mum. The lower cooling rates were-read directly from the 

recorded'time-temperature curves of continuoulsy cooled 

specimens. 

All the curves were traced by free hand and it can 
be noted that a peak hardness is present in every figure. 

For niobium steels, these peaks are magnified due to a 

change of hardness scale on the ordinate axis. In 

Fig. 4.1.1, it was possible to measure independently both 

the hardness of the bainite and the ferrite= in this 

'e - O. 1C - 0.46V steel, the rise in hardness follows 

the appearance of the first fei^ritic grains in the mate- 

rial. In Fig. 4.1.2, the addition of manganese seemed 

to have caused the peak to appear at a lower rate than 

in the material without a manganese addition. 

The effect of the decrease in vanadium content seems 

to have produced more of a plateau than a definite 

peak (Fig. 4.1.3). In Fe - 0.020 - 0.1LNb steel, the 

hardness started to increase even at very high cooling 

rates (80K. s-1) corresponding to the presence of a 

low carbon martensitic structure (Fig. 4.1. i). Where 

the curve is showing a sharp decrease in hardness 

(^ 2K. s"1), the structure was observed to have changed 

from bainite to almost all ferrite. The Fig. L. 1.5 
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shows a typical commercial composition of a niobium 

steel. The addition of manganese produces a plateau 

instead of a peak. The same effect was observed in 

vanadium steels. 
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4.2 Cooling curves. 

In the present study, the material was investigated 

over a large range of cooling rates. Two means of obtai- 

ning the necessary cooling rates were adopted: namely: 

a modified end quench test in the high cooling range, 

(this is explained in section 3.1) and a controlled 

vacuum furnace in the low cooling range (see section 2.2). 

Typical cooling curves produced by the two techniques 

are shown in Fig. 4.2.1. 

In the present investigation, a wide range of cooling 

rates was used. The shape of the cooling curves was not 

as important as the congruence of the curves in order 

to allow comparisons between different cooling rates. 

For example, precipitation is very dependent upon the 

characteristics of heat-treatment, and the shape of a 

cooling curve illustrates the characteristics of the 

heat-treatment in continuously cooled specimens. How- 

ever, when precipitation is studied as a function of 

the cooling rates, the curves should be congruent to 

allow a comparison to be made. 

It can be seen in Fig. 4.2.1 that the shape of 

the curves changes progressively and regularly from 

a high cooling rate to a very low cooling rate. At 

the cooling rate of 2K. s-1, two curves can be seen 

in Fig. 4.2.1. These curves represented the common 

boundary between the cooling rates obtained from 
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end quench specimens and from the vacuum furnace des- 

cribed in section 2.2. The two curves almost coincided, 

thus indicating the reliability of the two methods at 

2 K. s-S. 

It was therefore felt that comparisons between 

different observations at different cooling rates could 

be affected using the cooling rate as a criterion. 
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4.3 I. 4echanical. testing results. 

This section is concerned with the mechanical pro- 

perties of the studied alloys. These tests were carried 

out in order to find a basis for comparison between the 

tensile properties of the alloys and the hardness values. 

The increase in the hardness of the alloys (see section 

4.1) seemed to be associated with a reaction in ferrite. 

Consequently, the alloys received a heat-treatment to 

insure that the structure was all ferrite, or at least 

that no bainite was present in the structure. This made 

possible an equivalence between ferritic hardness and 

some tensile valuest this will be discussed further 

in Chapter six. 

The mechanical properties are shown in Table 4.3.1. 

The mechanical tensile test figures represent the average 

values from three specimens of each material, except for 

VT1 and VT3, where two specimens only were tested (more 

material was not available). The corresponding hardness 

tests were carried out initially on one of the tensile 

heads for every tensile specimen of steel "B" (Fe - 

o. lc - o. 46V). Fig. 1+. 3.2 illustrates selected mechanical 

values for the three specimens BT2. The hardness values 

represent the arithmetic mean of at least fifteen measu- 

rable identations on any one tensile head. Each4error" 

AH on hardness values was calculated at the ?; % confiden- 

ce level on the arithmetic. mean, assuming Student's t dis- 

tribution for small samples. The throe tensile specimens 
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(BT2) were cut out of the same piece of material. The 

hardness results in Fig. 4.3.2 thus indicate that the 

hardness tests can be reproduced. Therefore, three 

statements can be inferredfrom Fig. 4.3.2: 

(1) the material is homogenous, 

(2) the hardness test is reproducible within the error 

linit, (reliability of the measurement) 

(3) the variation of hardness values in the three BT2 

specimens is not intrinsic to the material, but is 

due to statistical fluctuations. 

The above considerations made it possible to carry out 

further hardness tests in other materials using only one 

tensile head instead of three. This procedure was also 

applied to the grain size determination and pearlite 

content. 

An example of hardness distribution can be observed 

in Fig. k. 3.3. This distribution was obtained by combi- 

ning all the hardness measurements carried out in the 

BT2 specimen, using one standard deviation unit (z) for 

the class size. It can be observed that the distribu- 

tion is (slightly positively skewed, but the skeweness 
[3(median 

- mean) /standard deviation] is less than 

0.2. It is therefore justifiable to use the Student's 

t distribution for small samples, which should be 

used whenever the distribution is approximately normal, 

but the sampling contains fever than thirty elements. 

Other dimensions could have also been studied, 

e. g. the influonce of alloying elements on the ductility. 
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It can be seen in Table 4.3.1 that the material DT2 

(0.45V) had a 0.2% proof stress value which was 45% 

higher than in material VT1 (0.13V). At the same cooling 

rate, both materials had the same grain size and a similar 

composition except for the vanadium content. Generally, 

an increase in strength corresponds to a decrease in 

ductilityt however, in the present study, these materials 

exhibited a similar ductility at room temperature. 

Another relevant aspect to investigate would be 

to compare a niobium steel with a vanadium steel. The 

steel NT2 (Fe - 0.04/' - 0.06Nb - 0.7Mn) had similar mecha- 

nical properties to the steel VT1 (0.1C - 0.13V - 1.51M11n), 

although it contained only half the alloying additions. 

A more complete study of the influence of alloying elements 

on the ductility would have been interesting, but this 

was beyond the scope of the present study. 
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4.4 Grain size measurements. 

Grain boundaries interfere with slip in polycrystal- 

line metals and grain cize strongly influences the strength 

of metals. An empirical relationship between the yield 

strength and the square root of the grain size was origi- 

nally proposed by Hall and by Petch independently 80,81 

(see equation 1.3.1.1). This equation has been successi- 

vely modified to take into account other strengthening 

mechanisms in steels. Similarly, in the present study, 

the contribution of grain size to strength was taken into 

consideration through a modified Hall-Petch equation. 

The ferritic grain sizes were measured by a linear 

intercept method and the accuracy of the method was dis- 

cussed in section 3.4. The ferritic grain size values 

are presented in Tables 4.4.1 to 4. L. 3. 

The usual method to reveal prior austenitic grain 

boundaries is to etch the specimen in a solution of 

picric acid and a wetting agent. The solution etches 

the region there impurities segregated during the 

austenitic heat treatment; this region corresponds 

to the prior austenite boundaries. It was not possible 

to reveal auctonitic grain boundaries with this method 

in the present investigation. The failure could be 

explained by the very high degree of purity of the 

alloys used in this study. 

However, the ferritic grains were observed to nucleate 

at the prior austenitic grain boundaries as shown in 
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Fig-5.1 and ? ig. 5.2 (; 6.5K. s"1). Consequently, selecting 

a sample corresponding to the cooling rate where the 

ferritic grains started to appear, enabled the determi- 

nation of the austenitic grain sizes to be made. Table 

4.4.4 shows an estimation of the auotenitic grain sizes. 

In one material (Steel "D"), individual austenite 

grains were measured to verify if the relationship esta- 

blished between the arithmetic mean (R)and the standard 

deviation (S) were still valid (see section 3.4), that 

is S: = 2/3 Y. The relationship found was S=0. S8 Y 

which agrees reasonably well with the emp3 : rioa1 . rela- 

tionship. The distribution of the austenitic grain 

sizes in the steel "D" is shovm in Fig. 4. L. 5. 

As can be observed, the distribution is skewed 

positively and cannot be approximated to a normal dis- 

tributicn. A similar shape in the distribution was 

obtained from ferritic grain sizes. Such a distribu- 

tion was expected because the linear intercept method 

was used, which entails that the probability of cutting 

a grain at its maximum dimension is less than the pro- 

bability of cutting it at any smaller dimension. How- 

ever, the intercept method is widely used to estimate 

grain sizes, because the method produces an average 

dimension of the grains instead of a maximuwn dimension. 

This is the important quantity used to describe the 

bulk properties 
137. 
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Fe - 0.1C - 0. L6V steel 

Cooling rate Grain size Bainite Pearlito 

K. s-1 }im N Region size % size 

dim 

1ßi 0 -- 100 --- -- -- 
4.0 14 63 220 -- -- 
2.5 14 13 75 -- -- 
2.0 . 17 00 -- -- 
0.17 45 -- -- -- -- 

-- -- -- -- 0.06 97 

Pe - 0.1C - 0.45V - 1.5Mn steel 

Cooling rate Grain size Bainite Pearlite 

K. s-1 ym % Region size % size 

Jim 1.1m 

4.0 -- 100 --- -- -- 

1.6 16 19 27 -- -- 
1.4 17 16 28 -- -- 

0.65 21 1 -- -- -- 

0.17 23 -n -- 2.9 10 

0.08 24 -- -- 3.7 -- 

0.06 34 -- -- 5.8 11 

Table 4.4.1. Ferritic grain size measurements in high 

Vanadium steels. 
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Fe - 0.1C - 0.13V - 1. 5rrin steel 

Cooling rate Grain size Bainite Pearlite 

K. s-1 jim % Region size % size 

11m urn 

18.0 -- 100 --- - 

4.0 9.4 60 --- -- 
2.0 10.0 53 29 -- -- 

1.9 11.0 45 27 -- -- 

0.6 15.0 14 --- -- -- 
0.37 16.0 9 --- -- -- 

0.31 18.0 7 --- -- 
0.17 21.0 -- --- 9.4 -- 

0.08 23.0 -- --- 15.0 20 

o. o6 24.0 -- --- .2 -- 
0.003 59.0 -- --- .2 -- 

Fe - 0.030 - 0.14V steel 

Cooling rate Grain size Bainite Pearlite 

K. s- Jim % Region size % size 

tm üm 

0.17 69 0000 

Table 4.4.2 Ferrite grain size measurements in low 

Vanadium steels. 
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Fe - 0.02C- 0.14Nb steel 

Cooling rate Grain size Bainite Pearlite 

K. s-1 % Region size % size 

FJ Ain 
. '- ' 

3.3 45 83 540 0 -- 
1.75 145 0 --- 0 -- 
0.03 248 0 --- 0 -- 

Fe - 0.01C - 0.06Nb - 0.7Mn steel 

Cooling rate Grain size Bainite Pearlite 

K. s-1 JIM % Region size % size 

tzm um 

3.3 12 60 145 -- -- 

1.9 21 30 180 -- -- 

0.08 21 0 --- 19 21 

o. o4 24 0 --- 14 19 

Table 4.4.3 Grain size measurements in niobium steels. 
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MATERIAL 

Fe - 0.020 - 0.14Nb 

Fe - 0.040 - 0,06Nb - 0.7Mn 

Fe - 0.1C -0.46V 

Fe - 0.1 C - 0.45 V - 1.5Mn 

Fe - 0.1 C - 0.13 V - 1.5Mn 

GRAIN SIZE 

(A) 650 Jim 
(N) 230 jim 

(B) 220 jim 

(D) 50 Jim 

(\r) 60 pm 

Table 4.4.4 Estimation of the austenitic grain sizes. 

15 

ý1o U 
gl. 
0) 

CS 

r- 5 
%e 

Z 

Fig. 4.4.5 Austenite grain size distribution in Fe - 0.10 - 

0-45V - 1. Mn steel by the linear intercept 

method. 
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4.5 Particle size and volume fraction. 

It i5 necessary to know the particle size and the 

volume fraction in order to evaluate the theoretical con- 

tribution from precipitation hardening to the strength 

of a material, 

The vanadium, and niobium steels are usually conside- 

red as precipitation hardened steels. In the present 

study, the strengthening effect of the carbonitride 

particles (MCN) was evaluated by means of measuring their 

size and volume fraction direct from carbon replicas. 

The method was described in detail in section 3.3. 

The particle sizes and volume fractions are presen- 

ted in Fig. 4.5.1 to 4-5-3. Two distinct groups of 

particle size can be distinguished in every steel. Two 

methods of calculating the volume fraction were used; 

a preliminary calculation was carried out assuming a 

surface distribution of hard\and unsectioned particles, 

following Ashby and Ebeling 127. A successive calcula- 

tion used a volumetric distribution which considered 

that the carbon replicas produced a thick film contai- 

ning the particles. The MGN particles were observed 

to be disc shape and some fixed ratios of diameter to 

particle thickness wore assumed. These ratios were cal- 

culated from the conventional misfit of the MCN particles 

with the alpha ircn matrix. These ratios were 16 for VCN 

and 4.5 for. NbCN. Although the ratios were calculated 

for lost coherency only, they were taken as constant 
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over the complete range of particles sizes. The volume 

fraction was normalized over the maximum volume fraction 

obtained at any particular cooling rate. Generally, 

the maximum volume fraction was found by adding succes- 

sively the volume fraction of small and large particle 

size distributions at low cooling rates. 

Before moving on to the subject of the validity of 

the volume fraction measurements (i. e. the extent to 

which the measurements are dealing with what they are 

supposed to measure), the reliability of particle size 

measurements will be appraised (i. e. the extent to which 

repeated measurements produce the same results). 

4.5.1 Validity and reliability of particle size 

iieasurement$. 

The mean particle size (X) presented in Fig. 4.5.1 

to 4.5.4 was the arithmetic mean of sized particle 

distributions. An average of five hundred particles 

was measured in each case in several areas (^- 6) of 

carbon replicas. The reliability of a test carried out 

following the above conditions has to be assessed. 

When the test was repeated in the areas of material 

previously investigated, the arithmetic mean was found 

to vary by a factor of less than 2% compared with the 

original value. Similarly, when the test was repeated 

in new areas of the micrographs, the new arithmetic mean 

showed a typical variation of 5%. Furthermore, when a 

new carbon replica was prepared and the entire test 

a 
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repeated as shown in Fig. 4.5.4, the new arithmetic mean 

showed again a 5% variation. If one takes into consi- 

deration that the magnification calibration of the elec- 

tron microscope is of similar accuracy, the agreement 

between the two results shown in Fig. 4.5.4 was excep- 

tionally high. In line with the above, the 95% confi- 

dence limit on the arithmetic mean was about 0.1nmt 

therefore, both results are surprisingly in complete 

agreement within the statistical error. 

An example of the distribution of particle sizes 

is presented in Fig. 4.5.5. It can be seen that the 

distribution shape is skewed positively and cannot 

approximate to a normal distribution. Furthermore, 

all the distributions exhibier approxi mately the same 

degree of skewness and this was found to be indepen- 

dent of the average particle size. This was also obser- 

vod when the two distinct groups of particle sizes were 

compared in any material at a selected cooling rate. 

An example of this observation is presented in Fig. 4.5.6, 

together with an illustration of particle size measured 

in carbon replicas and in foils. The latter comparison 

illustrates the validity of the tests both the shape of 

the distribution and the statistical, values are in reasona- 

ble agreement. Consequently, because (1) the relia- 

bility of the test can be reasonably ensured, (2) simi- 

lar shapes of the distribution of different particle 

cizos are observed and (3) because comparison of particle 

distributions in carbon replicas with particle distributions 
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in thin foils can be achieved, the distributionsehown 

in Fig. 4.5.1 to 4.5.3 are thought to be a fair represen- 

tation of the particle distribution present in the steels 

investigated in this study. 

4.5.2 Va? 
_idity rand reliability of volume fraction 

measurements. 

In order to evaluate the validity and reliability 

of the voj. ume fraction measurements, the following com- 

ments must be considered. Concern was expressed about 

the volume fraction estimated from carbon replicas 

(see section 3.3), because the volume fraction is an 

important quantity used in the calculation of strength 

from precipitation hardening. The study of Ashby and 

Ebeling 127 
and the present experimental work raise 

doubts about the reliability and the validity of volume 

fraction values. 

Leaving aside temporarily the validity of the volume 

fraction values, a few tests were carried out to assess 

the reliability- of volume fractions measured. In the 

high vanadium steel "B", the measurements on the specimens 

cooled at 4. OK. s- 
i 

showed a scatter of ± 8% about the 

mean value. In niobium steels, an example is shown in 

Fig. l. 5. L. This figure illustrates the best agreement 

obtained: + 4% between different carbon extractions. 

These tests in vanadium and niobium steels were performed 

from different extractions. However, these results can- 

not be conclusive as the following discussion will 
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demonstrate. 

One ^f the main problems appeared to be how many 

particles should be counted, or similarly, hove many 

areas of the material should be investigated. This 

question pnses the problem of the representativeness 

of the areas examined in the material under study. More- 

over, doubts about representativeness of sampling raise 

further doubts about the evaluation of the error involved 

in carrying out a gest. Therefore, the problem is how 

to ascertain the representativeness of samples. 

Briefly, in the present study, the method used was: 

(1) a two millimeter square of carbon replica was exa- 

mined thoroughly under the microscope to ascertain the 

suitability of the replica (i. e. MCN rings on diffrac- 

tion patterns clean and very thin replica,... ), (2) 

familiarization by the operator with the structure and 

(3) thereafter, at least ton micrographs of so-called 

representative areas were taken for every distinct group 

of particle sizes observed to be present in the replica. 

After this process was completed, the micrographs were 

re-examined to find out smaller areas where the particle 

size distribution and the volume fraction determination 

could be carried out. The representativeness is thus 

limited by the operator himself. The experience gained 

was an important asset; however, the limiting factors 

present in the operator made it impossible to assess 

quantitatively the error encountered during the whole 

process of the investigation. 
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One solution to the problem would be to use a sampling 

technique based on the linear intercept method. One can 

think of a very thin region bounded by two parallel lines 

traversing a large portion of the specimen as with the 

intercept method. But it would be ludicrous to expect 

a determination of the particle sizes. A solution to 

the problem of representativeness will only be found when 

a method is developed which ascertain that particular 

areas could represent the material under study. Conse- 

quently, the measured volume fraction and particle sizes 

have some unsatisfactory characteristics, but they may 

well be as good as any others at present obtainable. 

To evaluate the validity of the volume fraction. 

measurements, two criteria will be discussed: (1) 

agreement between the measured volume fraction and the 

predicted volume fraction, and (2) the variation of 

the measured volume fraction with cooling rate. 

Volume fractions calculated assuming a surface 

distribution (% f, Ashby) can be seen in Fig. 4.5.1 to 

4.5.3. Consistently, they produced higher values than 

the volume fraction calculated from composition. However, 

the carbon extraction replicas produced a volumetric 

distribution instead of a surface distribution, and the 

particles were thin disc shapes rather than spheres. 

Volume fractions calculated using a thick MCN film 

concept (% f, t-film) are also included in Fig. 4.5.1 to 

1.5.3. In high vanadium steels (Fig. 11.5.1), the volume 

fractions were lower than the calculated volume fraction 



107 

from composition (f0). In Fig. 4.5.2 disagreement between 

measured volume fraction (t. -film) and f0 started to 

appear, whilst the volume fractions calculated in Fig. 

4.5.3 (Nb steels) were ten times larger than fc. This 

observation raises doubts about the validity of the 

volume fraction measurements. 

However, if the measured volume fractions were nor- 

malized and plotted against cooling rates, the volume 

fractions can be seen to change systematically with 

cooling rate. A comparable pattern was obtained for 

every material as shown in Fig. 4.5.7 to 4. x. 11. These 

graphs illustrate also the existence of two distinct 

groups of precipitates. 

Some comments may be made about the validity of 

the volume fraction measurements. It can be observed 

from Fig. 4.5.7 to 4.5.11 that a genuine variation in 

the volume fraction of precipitate is present an a 

function of cooling rate. The value of the measured 

volume fractions nay be connected with the predicted 

volume fraction (fc) although the measured values appea- 

red inaccurate to begin with. If a relationship exists 

between measured volume fraction and predicted volume 

fraction, it is possible that the relationship is suffi- 

ciently linear to enable a comparison between the diffe- 

rent volume fractions measured; but this would require 

further study for confirmation. 

In resume, the validity and reliability of particle 
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size determination from carbon replicas were confirmed. 

However, in respect of volume fraction determination, 

both the validity and reliability were appraised, and 

the uncontrollable limitations of the techniques were 

considered. This section will have a bearing on the 

discussion of the calculated contribution from precipi- 

tation hardening. 
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Fe 0.10 - 0.46y steel (From comp osition f= 0.7851) 

Cooling rate X S -% f %f %f 

K. s`1 nm nm Ashby t. -film norm. 

4.0 3.9 1.7 7.0 0.22 25 

2.0 4.2 1.5 5.9 0.19 21 

2.0 12.0 3.8 2.7 0.08 9 

0.17 50.0 17.0 15.0 o. 46 52 

0.06 18.0 6.4 16. o 0.49 56 

0.06 66.0 36.0 13.0 0.39 44 

Fe - 0.1C - 0.45 V-1. 5Tn steel (From composition f -- 0.762%) 

Cooling rate S %f %f %f 

K. 0- 
1 

nm nm Ashby t. -film norm 

4.0 4.2 1.7 5.7 ''0.18 
, 

14 

1.4 4.4 1.3 2.9 0.09 7 

1.4 18.0 9.3 37.0 1.20 93 

0.17 5.1 1.9 4-6 0.14 11 

0.17 20.0 9.6 7.6 0.24 19 

0.06 17.0 7.2 15.0. 0.45 36 
0.06 64.0 23.0 22.0 0.68 55 

Fig. 4.5.1 Particle size (X ) and volume fraction (f) 

measured in hi gh vanadium steels. 
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Fe - 0.1C - 0.13V - 1.5Mn steel (From composition fc= 0.212%) 

Cooling rate S%f%f%f 

K. s-1 nm nm Ashby t. -film norm. 

4.0 3.1 0.7 14.0 0.39 90 

2.0 3.3 0.8 15.0 0.42 99 

0.37 6.3 2.1 10.0 0.29 68 

0.37 17.0 5.0 5.0 0.14 32 

0.17 4.1 1.1 6.6 0.18 43 

0.06 4.0 0.9 8.1 0.23 53 

0.06 34.0 14. o 2.4 0.07 15 

Fe - 0.03C - 0.14V steel (fc = 0.23%) 

Cooling rate X S %f %f %f 

K. s»1 nm nm Ashby t. -film norm. 

0.17 74 22 5.5 0.15 52 

0.17 300 95 5.2 o. 14 48 

Fig. 1.5.2 Particle size (X) and volume fraction (f) 

measured in low vanadium steels. 
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Fe - 0.02C - 0.14Nb steel (From composition fc = 0.16%) 

Cooling rate XS%f%f%f 

K. s-1 nm nm Ashby t. -film norm 

3.3 6.7 2.2 9.5 1.0 100 
1.7 6.7 2.2 5.1 0.56 56 

1.7 32.0 9.2 1.4 0.16 16 

0.03 4.5 1.4 3.3 0.37 37 

0.03 54.0 22.0 5.0 0.56 56 

Fe 0.040 - 0.06Nb - 0.72 Mn steel (From composition . fc=0.054/) 

Cooling rate XS%f%f%f 

K. s`1 nm nm Ashby t. -film norm 

3.3 3.2 0.8 3.5 0.39 39 

1.9 4.5 1.3 7.0 0.79 79 

0.6 4.7 1.0 5.5 0.62 62 

0.6 7.9 1.3 3.4 0.38 38 

0.06 4.5 1.1 5.9 0.66 66 

0.06 22.0 12.0 2.5 0.28 28 

Fig. 4.5.3 Particle size (X) and volume fraction (f) measured 

in niobium steels. 
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Cooling rate XS%f%f 

K. s-1 rim nm Ashby t. -film 

Ö. 06 1.46 1.15 5.9 0.66 

0.06 4.66 1.04 6.4 0.71 

Fig. 4.5.4 Three month interval test in Fe - 0.04C - 0.06Nb - 

0.7Mn steel. 
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TvIateria_1 E Fe - O. 1C - 0.45V - 1.5 Mn steel 

Samples Carbon replica 

Relative frequency (Ff) against standard deviation unit (z) 

_of F'° 

20 

10 

x=4.2nm 
s=1,7nm 

-2 -'i 0123 

CR=4.0 K: s-1 

F% 

20 

10 

x= 5.1 nm 
s= 1.9nm 

0 

. x=4.3nm 

s=1.3nm 

-2 -1 0123z 

CR=1,4 K, s-l 

x=17. nm 
s=7.2nm 

a 

-2 -1 0123z -2 -1 0123z 

CR=0.17 K. s-1 CR - 0.06K. s-1 

rig. 4.5.5 Distribution of small. 7article sizes in 

ynnadiur steel. 
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Material As Fe - 0.02C - 0.14Nb steel 

N# Fe-0.040 - 0.06Nb - 1.5Mn steel 

Relative frequency (F¢) against standard deviation unit (z). 

o/. 

20 

10 

V 

x=4.5nm 
s=1.4 n rn 

x=54"nm 
s=22"nm 

. ., 

1 
I t 

-2 -1 0123Z -2 -1 0123Z 
SMALL PARTICLE SIZE LARGE PARTICLE SIZE 

A(C R=0.033K. s-1) , CARBON REPLICA 

F% 

20 

10 

=7.9 nm 
" s=1.3 nm 

. C 

II II 

" R=8.1nm 
s= 1.8nm 

"2 -1 0123Z -2-1 0123z 
CARBON REPLICA THIN FOI L. 

N(CR =0.55K. s-1 ) 
Fig-4-5.6 Distribution of particle sizes in niobium steel. 
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4.6 Estimation of dislocation densities. 

Dislocation densities 

to take into consideration 

The materials studied were 

niobium steels which were 

position. - 

In the present study, 

viere investigated in order 

their contribution to strength. 

those of low vanadium and low 

of a typical commercial com- 

the dislociation den3ities were 

measured by counting the dislocation intersections with 

a test of two concentric circles. The method was des- 

cribed in detail in section 3.2. In brief, the method 

consisted of taking electron micrographs of areas of 

known thickness in the material, and to cover each area 

with the test line. Areas wore sufficiently large to 

often allow space for two or three test lines; corres- 

pondingly two or three samples were obtained per area. 

The density of dislocations was evaluated for each 

sample. Thus, from an average of ten micrographs per 

material investigated, twenty to twenty five samples were 

obtained. The arithmetic mean and the standard deviation 

of these samples were calculated. The "error" X was 

defined as the 95% confidence level on the arithmetic 

mean, assuming Student's t distribution for small samples. 

The results arc shown in Fig. 4.6.1. An example of 

the distribution of the dislocation density for a Fe - 
O. 1C - 0.13V - 1.5Mn steel is shown in Fig. 4.6.2, using 

one standard deviation unit (z) for the class size. All 

the values were contained between the z=+3 boundaries. 
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As can be seen in Fig. 4.6.1, the dislocation densities 

decrease with decreasing cooling rates. However, from the 

peak hardening (_ 2K. s-1) to a cooling rate ten times 

slower than at the peak, the dislocation densities were 

approximately a constant of 1010 dislocations. cm per cubic 

cm. Also, the majority of results are contained within 

the 10; error limit. To reduce this error by a factor 

of two, it would be required to increase by four the number 

of micrographs l6 k' is a function of the inverse of the 

square root of the number of micrographs, following the 

requirements of statistics. This would have probably 

led to a better representation of the dislocations pre- 

sent in the materials. However, it was felt that a reduc- 

tion of the 10% error would be unjustified when the 

accuracy of every evaluation for each sample is taken 

into consideration. The limiting factor, as stressed 

in section 3.2, was the measurement of the foil which 

at the moment does not permit more than about 90% 

accuracy. Furthermore, the error on the magnification 

should also be considered. For example, the error on 

material V (0.37 K. s-1) is a good illustration of the 

error that is present in the process of evaluating 

dislocation density. It is thus felt that the results 

presented in F, ig, 4.6.1 are acceptable considering the 

techniques used. 



0 v-N 'o It O O 
ý` o0 d 

co ti 

v I "0 O cn rn N. c^ \ Q ' r-i . -i 
Ö 

0 ö Ö 
U 

ý+ (! 1 N 
v 0 

''d 
" M i- \p T-1 u1 \. c 

" " " " " 

-P 
(1) Cd N O N . -I O 

0) b U 
0 

r1 
N 

. rq 
b 

I. X cd 
A-1 "r4 N. N . ýD --' 
. rI ý, Cii Cam- " $4 (L C1 (V O cl; 
Cd C) 0a . -1 ri 

r 

4-4 
0 fl) 'd 0 C) 

ý 
, fJ ý fLS a-i (Yl rý 

u) .a Z0 

CH s; 
o P4 

Q) 
w o cn o 

z o 
. -t 

(1) 
+21 
Cd k 

.ým H 
o 
0 
0 

122 

cý 
C) 

v) 
C) 
rd 
r. 
0 
. 4-21 

U 
0 

U) 
K-l 

4-i 
0 

O 
. rl 
i> Cd 

U) 
W 

\O 

bi 

w 

' --AcT'0-OS'0-a3 uLýTZ'0-q. N9®'0-040-0-a3 
(ZooI. s A) (Taos qN) 



123 

30 

20 

N 

z 

W 

10 

1.37 * 1010 dislocations. cm/cm3 

cf= 0 27 

Fig. 4.6.2 Frequency distribution of dislocation densities 

in Fe - 0. iC - 0.13V - 1.5Mn steel continuously 

cooled at 0.06 K. s-1. 
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4.7 Estimation of the allotropic transformation tern- 

peratures. 

The determination of the allotropic transformation 

temperature is important in view of its association 

with some microstructural features of alloy steels, 

particularly interphase precipitation and twinning (see 

Fig. 5.16 for examples). The experimental procedures used 

to estimate the allotropic transformation temperatures 

were described in section 2.3. Cooling rates had a 

very marked effect on the allotropic transformation as 

can be seen in Fig. k. 7.1. This variation was taken into 

consideration in the design of quenching experlment3 

during continuous cooling. 

It was noted in the literature that the Ara and Art 

values often were obtained from rod specimens placed in 

a vacuum furnace fitted with a standardized differential 

dilatometer. The fastest cooling rates obtained from 

such equipment were generally of the order of 0.1 - 0.2. I;. s-ý'. 

However, the Arl and Ar 3 values obtained were someti:, ies 

used as a basis for the design of experiments such as a 

rolling schedule. This procedure could lead to misinter- 

pretations of the real conditions of the experiments 

carried out. In the present study, a 25 mm air cooled 

round bar corresponded to a cooling rate of approximately 

2K. s+1. Therefore, if the Ar 1 and Ar 3 readings at 0.17K. s-i 

(see Fig. 1.7"1) had been used to design any experiments 

based on the allotropic transformation temperatures, the 
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design of the experiment would have been erroneous because 

the real transformation temperature at 2K. s-1 would have 

been lower by as much as 70K depending upon composition. 

Finally, the effect of the various alloying elements 

on the allotropic transformation can be assessed from 

rig. 4.7.2. As expected, manganese depressed the Ara and 

Art temperatures, as did niobium whereas vanadium raised 

them. 
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Fe - 0.12C - 0.46V 
Cooling rate i; o & transformation Bainite sol. treat. 

K. s-1 Ar 3 50% Art Bs Bf K 
KKKKK 

2.0 1070 991 928 543 532 1325 
0.55 1126 1042 969 1325 
0.17 1148 1068 1008 1325 
0.17 1148 1068 1013 1475 
0.08 1163 1094 1011 491 451 1325 

Fe - 0.13C - 0.45V - 1.5Mn 
Cooling rate trto& transformation Bainite sol. treat. 

K. s- Ar. 3 50% Ar1 DfK Be 
V 

K IL KKK 

1.6 995 893 773 513 484 1325 
1.4 1010 890 770 1325 
0.65 1015 910 851 513 482 1325 

0.17 1069 989 921 510 477 1325 

Fe - 0.10C - 0.13V - 1.53Mn 

Cooling rate ' to a transformation Bainite sol. treat. 
K. s- Ar3 50% Ar1 Bs Bf K 

KKKKK 

2.0 1015 956 866 1325 
0.17 1036 981 878 1325 

0.06 1060 993 912 1325 
0.003 1076 1031 960 1325 

Fig. 4.7.1 Effect of cooling rates on the allotropic trans- 
formation in vanadium steels. 
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MATERIAL 

, ytod, transformation 

Ar 3 50, E Ar1 

KKK 

sol. treat. 

K 

Fe - electrolytic iron 1177 1175 1156 132.5 

Fe - 0.12C - 0.46v 1148 1068 1008 1325 

Fe - 0.13C - 0.45V - 

1.7Mn , 1069 989 921 1325 

Fe - 0.10C - 0.13V - 

1.53Mn- 0.006N 1036 981 878 1325 

Fe - 0.10C - 0.15V - 

1.58Mn- 0.021N 1047 957 854 1500 

Fe - 0.040 - 0.13V - 

1.47Mn- 0.004N 1106 1055 986° 1425 

Fe - 0.03C - 0.14v - 

1.5Mn - 0.023N 1070 1034 970 1500 

Fe - 0.030 - 0.14v - 

0.019N 1165 1126 1084 1425 

Fe - 0.04C - 0.06Nb - 

0.72Mn 1044 982 901 1425 

Fe - 0.02C - 0.14Nb 1167 1167 1026 1425 

Fig. 4.7.2 Effects of alloying elements on the allotropic 

transformation at 0.17K. s-1. 
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In this chapter, following the objectives outlined 

at the beginning of this study, an attempt was made to 

present and describe the findings which were gathered 

from various instruments and methods. 

One of the objectives was concerned with the varia- 

tion of strength with cooling rates in vanadiuum1 and 

niobium steels. In brief, a peak hardening was observed 

in the high vanadium steels whilst the low vanadium and 

niobiun steels produced a less definite peak (plateau). 

The reliability and the validity of these results were 

considered and were found to be satisfactory. 

In order to explain the results, which was the second 

objective outlined in this study, several aspects were 

considered (e. g. dislocation densities, precipitation sizes). 

These aspects will be correlated with the variation of 

strength with cooling rates in steels, in Chapter six: 

INTERPRETATION AND DISCUSSION OF RESULTS. 



129 

Chapter fives STUDY OF MICROSTRUCTURE. 

This chapter, as a complement to Chapter four, dis 

cusses the third objective of the present study which is 

to compare the structure of the material investigated at 

various cooling rates. The vanadium and niobium steels 

will therefore be compared in detail. This chapter will 

serve two purposes: (1) to complement the results pre- 

sented in the last chapter by means of illustrations 

and (2) to examine the structure in depth. 

Microscopical metallography found its origins in 

the nineteenth century, that i3 when Professor H. C. 

Sorby of Sheffield initiated the systematic practice of 
14o 

microscopical examination of metals , i41 From then 

on, the structure of material was divided into two 

main groups: the term microstructure was reserved for 

the structure as seen with an optical microscope, whilst 

the term macrostructure was only used in connection with 

the structure seen by-the naked-eye, or with a low 

power magnifying glass. The event of the electron micros- 

cope did not change the terminology. However, in this 

study, the term microstructure was restricted to struc- 

ture observed inside grains whilst macrostructure was 

extended to describe groups of grains. 

This chapter will therefore attempt to tackle four 

aspects of the study of micrographs. The first section 

will be concerned with the comparison between the macro- 

structure of vanadium and niobium steels at various 
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cooling rates. The second section will give an account 

on the MCN solubility experiments carried out to ascer- 

tain the validity of the equations for solubility. These 

equations were used to calculate the solution temperature 

of steels (see Fig. 1.1.1.1 and Table 2.2). The last two 

sections of this chapter will be concerned with the 

microstructure as seen by transmission electron micros- 

copy. This study will be restricted to the vanadium 

and niobium steels of commercial composition. Thus, 

the third section will-discuss precipitation morphology 

and precipitation/dislocation interactions in the steels. 

A brief comment will be added about the indexation of 

the micrographs. Finally, the fourth section will deal 

with twinning and its nucleation mechanism. 
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5.1 Effect of cooling rate on the macrostructure of steels. 

This section compares the macrostructure of vanadium 

and niobium steels at different cooling rates. The hardness 

of these steels was observed to change as a function of 

cooling rate, and a peak hardness was obtained at a cri- 

tical cooling rate (. 2h. s-1), (see Fig. 4.1.1 to 4.1.5). 

Typical macrostructures of vanadium and niobium 

steels continuously cooled from the austenite are shown 

in Fig. 5.1 to 5.3. The variation of cooling rates caused 

the usual macrostructures in low alloy steels to appear: 

for example in Fe - O. 1C - 0.13V - 1.5'Mn (Fig; 5.1), mar- 

tensite (450K. s-1), bainite (6.5K. s-1) and ferrite-pearlite 

(0.06K. s-1). The formation of these structures was a 

function of cooling rate (Fig-5.1) and a function of the 

composition of the steels (Fig. 5.2 and 5.3). 

In order to gain an understanding of the macrostruc- 

tures studied in the steels, a detailed explanation of 

the structures found in Fe - 0.1C - 0.13V - 1.5Mn steel 

as a function of cooling rate is presented (see Fig-5-1). 

In this steel, martensite was observed from 500K. s-1 

down to approximately 85K. s-. Martensite has a body- 1 

centered tetragonal crystal structure, for which the 

lattice parameters were found to vary linearly with 

carbon content 
142 Due to this specific crystal struc- 

ture, martensito is a well defined phase in steel as 

are austenite (f. c. c. ) and ferrite (b. c. c. ). The marten- 

site is nurleated from the austenite. The habit plane 
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and orientation relationship of martensite with the auste- 

nite varies according to the carbon content 
143. This 

happens because the parent austenite and the martensite 

change their lattice parameter by different amounts depen- 

ding upon the carbon content. Consequently, the martensite 

is expected to show different characteristics in the five 

alloys investigated. 

At a lower cooling rates (1,85K. s-1), the structure 

of 0.13% vanadium steel. (see Fig. 5.1) was composed of a 

mixture of carbide and ferrite as revealed by the electron 

microscope using carbon replicas. This needlelike shape 

structure was identified as bainite. At the cooling rate 

of 6.5K. s-1 the prior austenitic grain boundaries appeared 

to be outlined by small ferrite grains. This observation 

made it possible to carry out an estimation of the auste- 

nitic grain size for which a value of 60 jim was found 

(see section 4.4. ). The ferrite grains were found to be 

relatively free of largo carbides compared to their adja- 

cent bainite areas. These particular ferrite grains were 

probably formed in the ' tod transformation range of ten- 

peratures because, in this hypoeutectoid steel, only 

ferrite could have been formed before the eutectoid tem- 

perature was reached during continuous cooling. 

On the other hand, in this 0.13% vanadium steel, 

it is at a cooling rate of 2.1K. s that a peak hardening 

was observed (see Fig. J. 1.3). The structure was composed 

of a mixture of 11'5% ferrite grains (X = 10 jim) and 55% 

bainite (see Fig. 5.1). Like the 0.45% vanadium steel, 
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an attempt was made for this 0.13% vanadium steel to 

determine with certainty the hardness value of the ferrite 

(HVf ± 4f) and of the bainite (HVb ±A b). This however 

could not be achieved for the 0.13% vanadium steel because 

the hardness of the ferrite and the bainite were too closely 

related (i. e. 1HV 
f- HVb 1 

'4 
Vf -Qb I). 

However, from the cooling rate of 2.1K. s-1 down to 

0.06K. s-', the bainitic structure was progressively replaced 

by a pearl; to-ferrite structure as illustrated in Fig. 5.1. 

At a cooling rate of 0.003K. s-1, it can be seen also in 

Fig. 5.1 that all the pearlite had disappeared. The pearlite 

was replaced by spherodized cementite as revealed by the 

electron Microscope. 

A similar morphology of structures discussed for the 

low vanadium steels (Fig. 5.1) can be observed in high vana- 

dium steels(Fig. 5.2) and in niobium steels (Fig-5-3). In 

Fig. 5.2, the two high vanadium steels were compared with 

respect to their manganese content. It can be seen that 

the manganese promoted the formation of bainite at lower 

cooling rates. A similar effect was found in the niobium 

steels (see Fig. 5.3); (it should be noted that there has 

been a change of scale for magnification in order to take 

into account the larger grain sizes of the 0.020 - 0.14Nb 

stool, as compared to the 0.040 - 0.06Nb steel). The 

manganese was observed to lower the T-allotropic trans- 

formation in steel (see section 1.7) and is known to dis- 

place to a longer time the "pearlite nose" of a plain carbon 

steel in a time-temperature-transformation (TTT diagram). 
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Thus, for an equivalent cooling rate in the manganese 

steel of Fig-5.2, (1) less ferrite will be formed in 

the I1-d, range, because the nucleation rate is at a lower 

equilibrium temperature, and (2) the curve might not 

have penetrated sufficiently into the austenite to pearlite 

transformation area, to allow pearlite to form, whilst 

the cooling rate was yet sufficiently slow to penetrate 

into the austenite to bainitic transformation area, thus 

allowing a bainitic structure to be formed. 

Fig. 5.4 illustrates the mixed structure of bainite 

and ferrite for the low vanadium and low niobium steels 

studied in the present investigation. In the bainitic 

areas, the dislocation densities were approximately esti- 
w 

mated to be 10 times higher (1011 dislocations. cr1/cm3 

than in the ferritic areas. At peak hardening, the vana- 

diu-n steel contained 55% bainite compared to the 30% 

found in the niobium steel. It can also be deduced from 

Fig-5.4 that many specimens wore required to determine 

the dislocation density in ferrite. The study of ferritic 

areas in both materials was important because the peak 

hardening appeared to be associated with the presence 

of ferrite in the macrostructure of the steels. Conse- 

quently, the bainite and martensite were not studied further 

and the work was concentrated at the cooling rate where 

ferrite could be formed. 
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In resume, the effect of the variation of cooling 

rates on the macrostructure in vanadium and niobium steels 

was. studied. For instance. it was shown that the peak 

hardening observed previously (see section 4.1) corres- 

ponded to the appearance of small ferrite grains in the 

macrostructure. 
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5.2 Solution treatments of the steelp. 

This section presents an account of the experiments 

carried out to determine the temperature at which complete 

solution of MCN was achieved in jironp bearing in mind 

that a predicted temperature was available from solubility 

equations. ' The effect on the macrostructure of a partial 

solution treatment is also illustrated. 

The solubility equations used in the present study 

are shown in Table 2.2, whilst these equations and others 

collected by Aronsson 1 
are shown in Fig. 1.1.1.1. Large 

undissolved particles were sometimes observed in specimens 

quenched in iced brine after one hour Beat-treatment at the 

_SOLurion. 
te`tnj'eRAtVRe PReoi. cteM from solubility equations. 

However, this observation was largely confined to the niobiuw 

steels (see Fig. 5., 5 and 5.6), whereas the vanadium steels 

were relatively free of such particles. 

In Fe - 0.03C - 0.19x1 - 0.14V steel, the predicted 

temperature for complete solution of VN in ''iron was 1380K 

(see Table 2.2). To investigate the effect of a partial 

solution of VCN compared to a complete solution of VCN in 

the microstructure and in the macrostructure, two heat- 

treatments were selected at a temperature below and above 

the predicted temperature for complete solution. Two 

samples underwent solution treatment at 1325K and 1425K 

before being quenched in iced brine after one hour heat- 

treatment. Carbon replicas were prepared from the two 

samples and examined in the electron microscope. The 



137 

material heat-treated at 1425K showed a very small volume 

of small precipitates which were detected at high magns- 
fication (using electronic gun tilt dark field). The 

specimen heat-treated at 1325K, 55K below the predicted 

temperature for complete solution, showed areas where 

precipitate had grown to 50 nm in size. Such an area 

can be seen in Fig. 5.7. The ring diffraction pattern 

obtained from the above area corresponded to a VCN crystal 

structure and lattice parameter. In the three other vana- 

dium steels used in the present study, the same procedure 

was repeated at a selected temperature (1325K, which was 

above the predicted temperature for complete solution). 

In all these steels (see Table 2.2), no such areas as those 

seen in Fig-5.7 were observed. The selected temperature 

was therefore adopted for further solution treatments to 

achieve complete VCN solution in those steels. 

In Fe - 0.040 - 0.06Nb - 0.7Mn steel, complete 

solution of NbC was expected to occur at 1350K ± 50K 

(see Table 2.2). However, the same procedure used for 

Fe - 0.03C - 0.14V steel was repeated with two niobium 

steel samples heat-treated at 1425K and 11+75K respectively 

for one hour. The results are shown in Fig. 5.5. Whilst 

no area was observed where precipitate had grown (such 

as shown in Fig. 5.7), large undissolved particles were 

revealed, as can be seen in Fig. 5.5. The 114'25K solution 

treatment was adopted for this material becausei (1) 

no area was observed where precipitate had grown, and 
(2) a smaller austenitic grain size was found at 1425K. 
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The problem of large undissolved particles was met 

also in the Fe - 0.02C - 0.14Nb steel. The composition of 

the steel was adju3ted to produce a stoichiometric compo- 

sition of NbC. From the NbC solubility equation (see 

Table 2.2), it was predicted that the NbC would be comple- 

tely dissolved at 1365K ± 50K. The procedure described 

for Fe - 0.03C - 0.14V steel was used on samples heat- 

treated one hour at 1125K, 1475K and 1525K. In all samples, 

areas such as those shown in Fig-5.7 were observed as illus- 

trated in Fig. 5.6 (NbC rings in the electron diffraction 

pattern), whereas after a three hour heat-treatment at 

1525K, areas pimilar to those shown in Fig. 5.6 were seldom 

seen. 

However, large undissolved particles were still pre- 

sent in the structure after the above heat-treatment. These 

large undissolved particles were found to contain niobium 

as revealed by X-ray scans for NbKd.. It should not, how- 

ever be concluded that they were NbC particles, but in 

any event, complete solution implies that niobium atoms 

would be substituted for iron atoms and vice versa. Never- 

theless, it can be postulated that the reaction occurred 

at the particle-matrix interface and that a long time 

might be necessary to dissolve a large particle such as 

is shown in Fig-5.6 as well as to replace it with iron. 

Considering the above observation, a five hour solution 

treatment at 1525K was adopted. 

The importance of a solution treatment producing 

complete or incomplete solution can be considered in terms 
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of its effect on the macrostructure and the microstructure. 

This effect is illustrated in Fig. 5.7. As mentioned earlier, 

the predicted temperature for complete solution was 1380K. 

In the two specimens continuously cooled from the austenite, 

twinning was not seen in the microstructure of the specimen 

heat-treated at 1325K (55K below predicted -temperature 

for full solution) whilst it was seen in the other specimen 

(1425K). The macrostructure of the latter was a regular 

grained structure compared to a mixture of small and large 

grains in the former. This last observation can be explained 

by applying the Zener relationship 
90 (see section 1.3.1). 

The maximum volume fraction of VCN at 1325K was calculated 

from a solubility equation shown in Table 2.2. This value 

corresponded to 40% of the total volume fraction of VCN 

in the Fe - 0.03C - 0.019N - 0.14V steel. The average 

particle size was 50 nm. According to the Zener relation- 

ship 
9o 

with these values of particle size and volume 

fraction, grain size up to 70 jim should have a restricted 

growth from the pinning action of the particles, whereas 

larger grains should grow at the expense of smaller ones. 

Another experiment, cycling through the if-d trans- 

formation, was designed to investigate if twinning could 

be observed again when the solution temperature was too 

low to dissolve all the VCN. Samples were heat-treated 

at 1325K for one hour before being cycled 50 times between 

two temperatures (cooling ratet 2K. s-1, heating rate =1K. s-1). 

An illustration of this experiment can be seen in Fig-5.8. 

It was thought that the same structure could be repeated 
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at every cycle towards the end of the cycling test, if 

a sufficient number of cycles were completed. At the 

end of the cycling experiment, the samples were cooled 

at 0.17K. s-1 from their maximum temperature to enable 

comparisons to be established with the "one cycle" ma- 

crostructure of Fig. 5.7. For this Fe - 0.030 - 0.019N - 

0.14V steel, the Ar3,50%, -c and Ar1 were 1165K, 1126K 

and 1084K respectively. It can be seen in Fig. 5.8 that 

twinning is not present in the microstructure. According 

to ? 4oiseev 
66, 

a larger grain size should promote twin- 

ning more easily. In line with this, the 1225i1. - 925K 

sample was examined under the electron microscope (see 

Fig. 5.8). The microstructure showed recovery networks 

but no sign of twinning. 

The macrostructure of the 1325K - 925K sample (see 

Fig. 5.8) exhibited irregular grain boundaries which resul- 

ted from pinning by particles. The 1225K - 925K sample 

showed large grains with regular grain boundaries which 

arose from unrestricted growth. The particles were 

assumed too large to pin the boundaries. However, in the 

1125K - 925K sample, the grains were much smaller (50% 

T-d at 1126K). It is possible to explain this grain 

refinement in terms of small grains of austenite formed 

during reheating from d to Tiron. The nucleation sites 

for, iron and then ford iron were probably increased 

(in number) by the presence of large particles in the 

matrix, and more so by the large particles at the grain 

boundaries. 
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In resure, it has been shown in this section, that 

complete solution is not only important to obtain the 

full benefit of precipitation hardening, but it also has 

an influence on the microstructure as well as on the macro- 

structure obtained. 
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5.3 Precipitation morphology in vanadium and ni. obium steels. 

This section will give an account of the features 

observed in the steels mainly by transmission electron 

microscopy. The present description is restricted to 

the vanadium and niobium steels of commercial composition. 

Precipitation and dislocation/interactions are illustrated 

and commented upon. 

Before commenting upon the subject of precipitation, 

a note should be included about the indexation of micro- 

graphs. The information obtained from an electron micro- 

graph is limited unless the corresponding electron diffrac- 

tion pattern could be indexed. It is necessary to associate 

structural features with crystallographic planes and di=ec- 

tions in order to identify them with confidence. The 

electron penetration is maximized when the crystal is 

orientated slight y positively to the first order Bragg 

position in 100 KV electron microscopy. 
144 

. The electron 

transmission is very poor at the position of symmetry and 

consequently, the two-beam approximation was used throughout 

the present study. Each diffraction pattern was indexed 

according to the standard practice and was subsequently 

drawn on the micrograph, taking into account the rotation 

of the image relative to the diffraction pattern. 

On the subject of precipitation, interphase precipi- 

tation was found in the ferrite of every material investi- 

gated in the present study. An example is shown in Fig-5.9. 

The subject of interphase precipitation was reviewed in 



143 

section 1.1.2. Similar patterns of interphase precipitation 

were observed: occasionally, the rows followed the general 

contour of the grain boundaries, whilst at other times they 

formed acute angles with the grain boundaries. Their wavy 

nature (see Fig. 5.10,0.17K. s-1) indicates that the rows 

did not follow any particular crystallographic direction 

and did not possess any definite habit plane. An illus- 

tration of the large particle size found in the high vana- 

dium stools at 0.06K. s-1 is shown in Fig. 5.10. At this 

particular cooling rate the mean particle diameter was 

66 nm with a standard deviation of 36 nm. The particles 

had a thin platelet shape. 

Precipitates exhibiting strain fields were found in 

Fe - 0.1C - 0.13V - 1.5Mn steel from 2K. s-1 down to 0.003K. 

s- Such precipitate can be seen in Fig. 5.11 for a steel 

cooled at 0.003K. s-1. There is no displacement fringe 

contrast inside the precipitate and there is a line of 

no contrast perpendicular to the direction of the reciprocal 

lattice vector (g). Such precipitates were seldom seen 

in appreciable numbers and size at higher cooling rates, 

and a partial analysis was thus carried out. 

First, it was attempted to explain these features 

as a result of a thermal strain. Assuming the particles 

forded at high temperature in alpha iron, during cooling 

to room temperature, the precipitate would be progressi- 

vely stressed from the combined thermal contraction of 

the iron matrix and of its own structure (other factors, 

such as ? CN diffusion were omitted in this consideration). 
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A strain value of 3.5 X 10-2 was calculated from thermal 
145 

equations for carbides and matrices There is a 

relation between the state of strain in the matrix sur- 

rounding spherical particles and the image width measured 
1L6 

on micrograph under a particular g vector Assuming 

a thermal strain from a spherical particle, it was calcu- 

lated that such a spherical particle would have a diameter 

of 17 nm. However, such a particle size could easily be 

seen in vanadium steel (e. g. in Fig. 5.9) by contrast of 

the particle alone. Such a particle size cannot be seen 

in Fig. 5.11, and consequently, this explanation must be 

rejected. 

Secondly, the strain field observed in Fig. 5.11 

can have originated from strain due to coherency of the 

particle with the matrix. Assuming that coherency would 

be lost after 50% misfit between the particle and the 

matrix, it was calculated that this would correspond to 

a spherical particle of 7 nm in diameter. However, such 

a particle size can be observed in vanadium steel by 

contrast of the particle alone, and as previously stated, 

this explanation has to be rejected. 

Finally, a similar relationship between the state 

of strain and image width measured on micrographs was 
146 

found. for disc shape particles Two assumptions 

were thus made: (1) the ratio, thickness to particle 

diameter, was assured. to be related to the Baker-Nutting 

orientation relationship 
33 for f. c. c. particles in a 

b. c. c. matrix. (2) Iahe normal to the disc plane was 
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assumed to be in the [020] direction as shown in Fig. 5.11 

(i. e. the edge of the disc was perpendicular to the beam' 

directions. Following these assumptions the particle 

parameters were 1 nm thick and 16 nm diameter. One nano- 

meter is the upper limit of resolution of the microscope 

fitted with a goniometer stage. The last finding appeared 

to be the-only plausible one and, clearly, other studies 

are required to elucidate this particular problem. 

A possible mode of formation of lined-up precipitate 

is illustrated in Fig. 5.12. Edmonds 37 
explained these 

fibrous structures by a similar mechanism to the Davenport 

model 
18: that is, under conditions of coherency of the 

fibre with the interphase boundary, the fibre could form 

with a slow motion of the interface (see section 1.1.2 

for a discussion of the mechanisms). In the (111) plane 

(see Fig-5-12), the usual characteristics of the interphase 

precipitation are absent. Although there are rows of 

aligned precipitate, these rows do not formed genuine 

interphase precipitation, but are thought to be the first 

stage of the formation of "rod" type precipitate. It is 

possible to understand the reasons that have made some 

earlier. workers 
23-25 

postulated the formation of inter- 

phase precipitation from the lin? ng up of precipitate on 

dislocations (see at point A,. Fig. 5.12). However, this 

latter model does not explain the "rows" seen in the 

(001) plane (see Fig. 5.12). 

The rod typo of precipitate is thought to form as 

follows: (1) dislocations are generated at 7r/2 radians 
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to the interface boundary in alpha iron, (2) according 

to Davenport et al. 
18 

or the Baker 27 
model for the for- 

mation of interphase precipitation, the growth of the 

precipitate in the row occurs in ferrite only, (3) 

if the MCN supersaturation is sufficiently high in ferrite 

for homogeneous precipitation to occurs the incubation 

time required for heterogeneous precipitation is less 

than the time required for the former. Consequently, 

the MCN precipitate will tend to form on the site of the 

dislocations (see point B, Fig. 5.12), and also on the 

small nuclei, (4) however, the dislocations allow pipe 

diffusion and 'according to the Gibbs-Thomson effect 

(Ostwald ripening) 
147, large precipitates grow at the 

expense of small ones (small closely arranged precipitates 

can be regarded as a large particle by the surrounding 

area), (5) the lines of precipitates are progressively 

filled up (see point C. Fig-5.12) until there is no more 

material available due to the establishment of a depletion 

zone and insufficient time and' temperature (in continu- 

ously cooled material) for more growth. 

The pinning effect on the dislocations by the preci- 

pitates can probably account for the relatively high dis- 

location densities (1010 dislocations. cm/cm3) found in 

continuously cooled materials (see Fig. 4.6.1). There is 

a change in volume of one percent due to the allotropic 

transformation of gamma iron to alpha iron, which probably 

causes the generation of dislocations, to accommodate the 

internal strain. An illustration of these dislocations 
N 
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is presented in Fig. 5.13 and 5.14. 

In Fig-5-14, it was possible to image both the dislo- 

cations and the interphase precipitation by using an objec- 

tive aperture to cover the[011]Fe and[020] VCN simultane- 

ously. This shows the importance of considering that 

under special conditions, the reciprocal lattice vector 

(g) of the oxide, MCN precipitate and alpha iron could be 

nearly equivalent in terms of dimension and orientation. 

Assuming that the Baker-Nutting 33 
orientaticn relation- 

ship is obeyed for both iron oxide (Fe304) and MCN with 

respect to oc iron, all three reflections will appear closely 

related in the diffraction pattern 
17,148= 

(e. g. d110 d -Fe =ý0.203nni, d 200 MMCN - 0.207nm, 

d400 Fe3O 4=0.210nrn). 

Finally, in Fe - 0.1C - 0.13V - 1.5Mn steel, precipi- 

totes surrounded by loops were observed at low cooling 

rates (0.17K. s-1). These loops were larger in the Fe - 

0.03C - 0.14V steel and seemed also to be associated with 

precipitate exhibiting strain field. However, the deter- 

mination of strain is difficult (see Fig. 5.11 and text) 

and so is the characterization 
149 

of associated loops. 

The execution of these techniques was complicated further 

because there is only one particular magnification (9K) 

where both the bright field image and the diffraction 

pattern can be in focus (with an EM 200). However, Burgers 

vector determination carried out (as in Fig-5.15) suggested 

that the loops could be of < 1117 . Further work is needed 

to clarify these interesting features. 
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5.4 Twinning in vanadium and niobium steels. 

A fascinating feature was noted in the steels exami- 

ned in the microscope: twinning. The investigation was 

carried out with regard to the effect of cooling rate in 

continuously cooled vanadium and niobium steels of com- 

mercial composition. The effect of twinning on strength 

will be appraised in section 6.4. 

Every time that twinning was revealed by the electron 

microscope, the material exhibited an optical microstruc- 

ture with features similar to "slip bands" also observed 

in deformed material. This observation is illustrated 

in Fig-5.16. It can be seen that all the bands are parallel 

to each other and that their common direction changes from 

grain to grain (e. g. in 0.13%V - 1.5%Mn steel). The dimen- 

sions of the bands decrease also with the addition of man- 

ganese, which is known to reduce the temperature at which 

the allotropic transformation begins in steel. In the 

0.13%V - 1.5%Mn steel, each band probably corresponded 

to an entire twin colony (see Fig. 5.20) whilst in 0.14%V - 

0.0%Iqn steel, small grain (few dim in size) were observed 

to be in a (112)/, 111 > twin orientation relationship with 

respect to the ciron matrix. 

Twinning was identified by trace analysis. Using a 

stereogram, the trace of the composition plane 1,112) was 

determined. The indexing of the twin reflections wad made 

easier by the use of equations predicting the position of 

a twin reflection with respect to a matrix reflection 
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and known composition plane (see equations 1.2.1.2 and 

test). These equations were computed (Fortran computer 

language) for several reflections with respect to the 

twelve possible (112) composition planes, and the results 

are presented in Appendix A. 

Twinning has been reported 
23927,47#78 in vanadium 

steels, but has been said to be absent in niobium steels 
23,27,47,78 However, twinning was identified in Fe - 

0.04%C - 0.06%Nb - 0.72%Mn steel from the peak hardening 

(:: ý: 2K. s-1) down to 0.06K. s-1. In Fig-5-17, twins were 

imaged under different reflecting conditions. Displace- 

rent fringes at the twin matrix interface can be seen 

in bright field contrast and in dark field contrast under 

a 
\2001 matrix two-beam condition. - In this dark field 

micrograph, the twin crystals were completely dark (not 

imaged) whilst they were all imaged when using aj o-111 

twin reflection, which did not image the matrix. 

In Fig. 5.18, twinning is observed at a cooling rate 

of O. 5K. s-. A small grain is observed to be in a twin 1 

orientation relationship with the iron matrix. It is 

possible for twinning to play a role in recrystallisation. 

This small grain grew from a small twinned crystal. A 

high dislocation density (1010 dislocations. cm/cm3, see 

Fig. 4.6.1) and a slow cooling rate may favour this phe- 

nomenon. However, the effect of manganese on the r+- a 

transformation temperatures could be the essence of the 

difference between the band features observed in the man- 

ganese and in the non-manganese niobium and vanadium steels 

(see Fig. 5.16). 
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This last finding leads to the postulate that the 

mechanism of twin formation can be related to the T 

transformation. In Fig. 5.19, -twins are observed near a 

grain boundary. One twin located at the point "A" is sited 

on this unusual ragged grain boundary. The small grain at 

the point "B" can be seen to grow along one of the coherent 

twin-matrix interfaces. One could interpret these findings 

as leading to twin growth and not necessarily to twin 

nucleation. If the grain boundary was moving to the twin, 

because the grain G1 was growing at the expense of the 

grain G2, the twin could have acted as a particle (e. g. 

at point A) and would have impeded the grain boundary motion. 

Under suitable conditions, these twins could have grown 

(e. g. at point B) when the boundary tried to advance fur- 

ther into grain G2. Because the material is continuously 

cooled this process is slowed down and finally ceases, 

due to a lack of thermal activation. 

The size of the twins in niobium steel did not appear 

0 

to changesignificantly with the cooling rate; if any change 

occurred, their size seemed to be reduced with cooling rate 

(see Fig. 5.17 to Fig-5.19). The same consideration applies 

to the twins found in the vanadium steels of Fig-5.20. 

The twin colony in vanadium steel was observed to contain 

more members than its counterpart in niobium steels. The 

smaller dimensions of the twins in vanadium steel can be 

explained by the higher manganese content in this steel. 

The finding that manganese seemed to reduce the size of 

individual twins was shown in Fig. 5.16. 
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An attempt was also made to calculate the volume 

percent and number of twins per unit volume in vanadium 

steel (see Fig-5.20). Each individual twin is assumed to 

have the shape of an ellipsoid. This assumption was consi- 

dered to apply so long as the apparent length of the twin 

was large vis-a-vis the apparent width and apparent thick- 

ness of the twin (i. e. only uninterrupted thickness fringes 

could be seen in the interior of the twin observed in Fig. 

5.20, but not in Fig. 5.17). An illustration of the method 

used appears in Appendix B. However, it can be seen in 

Table 5.4.1 that the volume occupied by one twin and the 

volume fraction of twins corresponding to their numbers, 

decreased with decreasing cooling rate. At a cooling rate 

of 0.003K. sr1, examination carried out at 100KV and 1000KV 

did not reveal twinning in this material. 

Aligned precipitate (or "rod" type precipitate) was 

occasionally observed in the neighbourhood of small twins 

in vanadium steel. Similar findings were reported by 

Heikkinen 78 
who inferred that the twin nucleation could 

be related to a mechanism involving VCN precipitate. An 

illustration of this mechanism is shovm in Fig. 5.21. It 

can also be seen that one of the twins is completely wrapped 

by spiralling dislocations imaged under different reflec- 

ting conditions. This can be interpreted as the twin 

acting as a hard particle and interacting with dislocations. 

The bright field image shown in Fig-5.22 seems to 

support Heikkinen's idea that the'tw; n nucleations are 

associated with precipitate-like features. However, a 
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Cooling rate (K. s-1) 2. OK. s-1 0.06K. s-1 
(peak) 

Average volume occupied by one twin 1.7X10-4 1.4X10-4 

JZm3 JIm3 

Number of-twins in the immediate 3.1X1020 2.5X1020 

area (twins. m-3) 

Grain size 10 dun 24 ym 

*Approximate volume % of twins 3.8X10-5% 6.9X10-6% 

*Appro;: Jmate number of twin 2.6X1015 4.2X1014 

(twins. m-3) 

Dislocation density (dislocations. 1.4X1011 

nvm3 
) 

Equivalent sphere diameter 69 nm 64 nm 

Mean surface to surface inter- 74 ym 190 JIM 

twin spacing 

# The volume of one grain was cdlculated using the assump- 
tion that grains are equivalent to a distribution of 

spheres, for which the average volume can be deduced from 

Fulman 150: 
3 

volume = (tc/48). D . One grain in evey ten contained twins. 

Fig-5.4.1 Variation of twin frequency as a function of coo- 
ling rate in Fe-0.1C-0.13V-1.5Mn steel. 
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closer examination reveals that dislocations can be seen 

bowing between the particles. 

Furthermore, in a bright field image presented by 

HQikkinen as evidence of twin nucleation, the electron 

image of the "precipitate" (Fig. 6 of ref. 78) exhibited 

oscillatory effects which were similar to the oscillatory 

effects at images of inclined dislocations near the foil 

surfaces 
146a. 

In Fig. 5.23, it can be seen that the particles asso- 

ciated with the twin (upper part of the twins with respect 

to the page) are all associated with a dipole (D). Although 

not every dipole nucleated a twin, evey twin is associated 

with these features. This leads to the suggestion that 

twin nucleation may occur when another dislocation attempts 

to by-pass a pinned dipole 151. 

In brief, twinning was found in niobium and vanadium 

steels. The effect of a manganese addition to these steels 

was to reduce the individual size of the twins. The dimen- 

sions, volume and frequency of the twins appeared to decrease 

with decreasing cooling rates. 
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This chapter has attempted to complement the results 

described in Chapter four. From the micrographs discussed 

and many others not included in the presentation, it can 

be concluded that no texture was developed. Also, the 

macro and the microstructure eiere related to cooling 

rates. It was found that the peak hardening observed 

in section 4.1 were obtained from a ferritic matrix. 

The solution treatment has been shown to influence not 

only the precipitation hardening but also both the macro 

and the microstructure (e. g. presence of twins) in steels. 



LE 
CD 
n 

U) 

'7 
N 

4.0 

U) 
Co 

ýs 
". ýý. , ,, .ý ;ýý,. 

. ýý.. 
rkýt d 

"ýý 

"'\.. 

.. - ý'i 's 

ý" 

,' 

s 

` tr ý. 

O 
O 

O 

O 

O 

i 
N 

Y 

O 

. ýr in ' ß, r`1 T 
cn 

LC) 
,. v 

ýt rte; ý4 A.. 

N 

LO 

c+ý 
0 

U 

O 

O 

a, 
I- 

U 

L 

U, 

0 
L 

U 
C) 

E 
d) 
L 

0 

U) 
Q) 
O 
L. 

rn 
C 

O 
0 
u 

'- O 

0) 
"«- 
W 

X- 
U) 

CT) 

La. 



E 
D 
0 
0 

N 
Y 
M 
N 

i 
Cl, 

Y 

L 
LU 

i 

Y 

Lc) 
Co 

Y 

O 
LC) 

CC 

O 
Z r' 

40- 0 

I- 
7 

U 

0 L 
U 

O 
E 
C) 

L 

O 

C) 

C 
O 
c) 

'D 
C 
d 
U, 
N 

O 

0) 
C 

0 
0 
U 

O 

U 
Q) 

LU 

N 
U") 

LL 

v) 

c) 

LO 
Ö 

U 

0 



E 
n 
0 
0 

ti) 

Y 

r- 

Y 

0 
LC) 

N 

LO 

O 
O 
M 

E 
Z 
uý 

(I) 

0) 
O 

U) 

.0 Z 

9- 
O 

O 
L 

U 

O 

U 

E 
C) 

t 
4- 

C 
O 

C) 

01 
C 

O 
O 
U 

O 

r-ý 
U 
Q1 

4- 
"4-- 
Ui 

(') 

L! ) 

CA 
U- 

C 
Uz 

-N LO 
OO 

0O0 

C 
UZ 

N (N 
OO 

OOO 



C 

r-- 

CY) 

O 

U 

T- 
O 

Li 

C 

N 

O 

10 
Z 

0 

O 

U 

O 
O 

c) 
U- 

E 

0 

C 

C 
N 

'U 
I- 
O 

L 

y 
d 
c) 
a 

O 

U) 

L- 

U 

U) 

L 



50pm 

Quenching from 1425 K Quenching from 1475K 

1.0 Pm 

Quenching from 1425K 
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in 
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Chapter eixs INTERPRETATION AND DISCUSSION OF RESULTS. 

The present chapter discusses further the strengthening 

mechanisms observed in the steels investigated. In chapter 

four, it was shown that a peak hardening was obtained at 

a critical cooling rate. Also, an attempt was made to 

quantify the strength obtained in terms of the various 

strengthening mechanisms. These aspects were reviewed in 

detail in section 1.3. To complement these findings, the 

microstructures obtained in these materials were illus- 

trated in chapter five. 

A means of conversion from hardness to yield strength 

is proposed in the first section, whereas the effect of 

alloying additions with respect to the hardness increase 

and the cooling rate at which the peak was obtained, is 

examined in the second section. An attempt to correlate 

the different strengthening mechanisms is made in the 

third section, in order to study the causality for the 

peak hardening. Finally, a brief comment is included 

about the contribution to strength from twinning. 
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6.1 Hardness and strength correlation in low alloy 

vanadium and niobium steels. 

A relationship between the yield strength and the 

steel hardness was sought for comparison and analysis 

purposes. The reader is referred to section 2.6 and 

4.3 for details about the experimental procedures and 

results of the mechanical testing. 

In the present study, a plot of the yield strength 

against the hardness of steels is shown in Fig. 6.1.1 (see 

also Table 4.3.1 and text). These steels wor3 all conti- 

nuously cooled and contained low alloy additions. It can 

be seen that a linear relationship exists between the 

tensile stress (UTS) and the Diamond pyramid (HV). A 

similar relationship was also obeyed between the yield 

strength (o'. ) and the hardness. The relationships are 

represented in the following equations: 

UTS = 3.3 HV 6.1.1 

dy = 2.1 HV 6.1.2 

The UTS and dy are in MPa with the HV expressed in 

Kg. mm-2. 

More than twenty years ago, a proportional rela- 

tionship was proposed between the Diamond pyramid 

hardness (HV) and the tensile stress (UTS) of metals 
152: 

UTS = HV (1-n) 12. nn6.1.3 

C1-n 

In this equation, the HV and UTS adopt the units of 

Kg. mm-21 n is the strain hardening coefficient and 
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n=m-2, where m is the Meyer's hardness coefficient. 

The constant of proportionality "C" was empirical and 

equal to 2.9 for steel. This constant was approximately 

equivalent to the stress at a strain of eight percent 
152. 

The representative deformation itself corresponded to 

eight or ten percent. 

More recently, Cahoon produced an alternative 

equation 
153, 

UTS = HV nn 

2.9 0.217 
6. i. 4 

When an average value of the Meyer's hardness coefficient 

for steel is taken into consideration, i. e. m2 2.2 (from 

Tabor 152), the equations 6.1.3 and 6.1.4 become: 

UTS HV 

2.9 
6.1.5 

A linear relationship between the yield strength 

(cs, 0.2% offset) and the Diamond pyramid hardness of 

metals was also proposed in the literature 155. The 

relationship varied for different materials and should 

be determined by comparison with the material investi- 

gated 
154. The Cahoon et al. relationship between the 

yield strength (o') and the hardness (HV) of a metal 

was 
1551 

=H=HV (O. l)n 
3.0 

6.1.6 

The average Meyer's hardness coefficient for steel 
152 

can again be substituted in equation 6.1.6, and a direct 

relationship obtained between the yield strength (dy) 
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and the hardness (HV) of steelst 

dH 
Y 6.1.7 

4.75 

The dimensionless ratios HV/UTS and HV/('y of equations 
6.1.2 and 6.1.1 can be compared with the ratios of 

equations 6.1.5 (3.0 against 2.9) and 6.1.7 (4.7 against 

1,. 75). 

It can thus be inferred that a correlation exists 

between the tensile stress (UTS), the yield strength ( y) 

and the Diamond pyramid hardness (HV) in the materials 

investigated. These relationships were shown to agree 

reasonably well with others proposed in the literature. 

Thus, the Diamond pyramid hardness provided a simple 

technique to obtain y 
in the present study. The tech- 

nique was particularly suitable for testing end quench 

specimens, whereas tensile testing would have been very 

complicated, if not impossible to use (tensile specimens 

would require to be very thin). 
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6.2 Peak hardening in continuously cooled vanadium 

and niobium steels. 

This section compares the peak hardening obtained 

at critical cooling rates in continuously cooled vana- 

dium and niobium steels. The effect of alloying elements 

is also discussed. 

The cooling curves of Fe - O. 1C - 0.46v steel (B) 

and Fe - 0.1C - 0.13V - 1,5Mn steel (V) are reproduced 

together with a Fe - 0.20 - 0.53V steel (T) of Tanino et 

al. 
23 in Fig. 6.2.1. It can be seen that the total height 

of the peak hardness and the total increase in hardness 

are equivalent for both steels B and T. The percentage 

of increase (^ 60%) is defined as the ratio of the total 

peak height on the lowest hardness value obtained at 

a higher cooling rate than the peak. The cooling curves 

of the three vanadium and vanadium-manganese steels of 

the present study are reproduced in Fig. 6.2.2. The 

addition of manganese displaced the peak to a lower 

cooling rate and decreased the importance of the peak 

vis= a-vis the curve itself. The cooling rate and the 

height increase values of the peak are shown in Table 6.2.3. 

At the time of writing, it appears that the Tanino 

et al. 
23 

study is the only one reported in the literature 

concerning the effect of cooling rates on the hardness of 

vanadium and niobium steels. In brief, the microstructure 

of the vanadium steels investigated by Tanino et al. 
23 

consisted of ferrite and pearlite between O. 1K. s-1 and 
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2. OK. s+1 with a grain size of about 50 ym. The peak 

hardening was reported to be located between 1. OK. s-1 

to 1.4K. s-1. However, the exact values taken from the 

graph of Tanino et al. 
23 

are reproduced in Table 6.2.3. 

The heat-treatment was carried out on 0.3 - 1.0 mm thick 

specimens and the strengthening effect of vanadium was 

ascribed, to the formation of substructures and to preci- 

pitation of fine carbides ('--- 5nm) on both dislocation 

loops and dislocation dipoles. Substructures were clas- 

sified In three categories: (1) dispersed dislocation 

loops and elongated dislocation dipoles, (2) dispersed 

and lined-up carbide particles, and (3) microtwins. 

Similar "substructures" were also observed in the present 

study. Tanino et al. 
23 found that the substructures 

changed with vanadium content and cooling rates, although 

most of their investigation was carried out at 0.67K. s-1. 

All the substructures were said to be present at this 

cooling rate. In the present study, it was easier to 

study structures at lower cooling rates than at the 

peak hardening; there was more ferrite present in the 

steel and the "substructures" were better developed. 

It can be expected that an increase in vanadium 

content would produce a higher peak hardening (see Fig. 

6.2.1). However, the 0.53% vanadium steel produced the 

same value of hardness at the peak as the 0.46% vanadium 

steel. The Fe - 0.12C - 0.46v steel had a quasi stoichio- 

metric composition of VC whereas the Fe - 0.18C - 0.53v 

steel was rich in carbon. However, the 0.53% vanadium steel 
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should have produced a volume fraction of VC 15% higher 

than the 0.46% vanadium steel. Three explanations should 

be considered: (1) the increase in hardness is not a 

linear function of vanadium content, (2) the I-dltrans- 

formation temperature is influential on precipitation 

(if the peak is due to precipitation hardening), (3) 

because vanadium has an affinity for carbon and nitro- 

gen atoms, it slows doom their diffusion similarly to 

manganese. 

On the other hand, a large increase in the percentage 

height of the peak was found, when the addition of vanadium 

was doubled and tripled from 0.21%V to 0.53%V and 0.13%V 

to 0.15%V respectively (see Fig. 6.2.3). The first expla- 

nation suggested above is therefore unlikely, unless 

the effect produced by the vanadium additions ceased 

after 0.46 weight percent. The most suitable moment for 

precipitation in steel is at the allotropic transforma- 

tion i$-22. However, vanadium carbonitride was also 

found to precipitate in austenite .A decrease in 

the temperature of theV-a transformation could lead toe 

(1) more precipitation in /p, (2) a lower volume 

fraction of the interphase precipitation, and (3) a 

lower diffusivity of the elements (C, V, N) in alpha iron. 

The percentage of the volume fraction of vanadium 

carbide in solution at particular equilibrium tempera- 

tures is shown in Fig. 6.2.4, for the 0.53% and 0.46% 

vanadium steels. If precipitation of vanadium carbide 

(VC) occurs in p-iron at a specific level of supersaturation 
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of VC9 the feasibility of this occurring will be greater 

in the Fe - 0.180 - 0.53V steel. Manganese was reported 

to slow down the diffusion of nitrogen 
156. Vanadium 

which has a greater affinity than manganese for carbon 

and nitrogen should have a similar effect as manganese 

on the rate of diffusion of these two elements in iron. 

Low l -d transformation temperatures of the 0.53% 

vanadium steel also decrease the diffusivity of the 

vanadium, nitrogen and carbon elements in4t iron. This 

can account for the lowering of the peak and for the 

shift of the peak io a lower cooling rate in Fe - 0.180 - 
0.53V steel compared to the Fe - 0.130 - 0.46V steel. 

Although Taninb et al. 
23 

may have calculated the cooling 

rate in a different manner than the present study, the 

broadening of the peak and the general hardness enhan- 

cement of the 0.53% vanadium, suggiest that the above 

(2) and (3) explanations are acceptable. 

Similar considerations can be inferred for the three 

vanadium steels presented in Fig. 6.2.2. The manganese 

reduced the -o transformation temperatures and it may 

interferealso with the carbon diffusion. In the Fe - 

0.45V - 0.12C - 1.5Mn steel, the peak percentage was 

reduced: there was a general enhancement of the curve 

(leaving aside the effect of solid solution) and a shift 

of the peak to lower cooling rates. 

The effect of niobium additions in steels is similar 

to the effect produced by vanadium additions, as can be 

seen in Fig. 6.2.5. The Fe - 0.02C - 0.11Nb steel contains 
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a stoichiemctric composition of NbC. A greater change 

in the shape of the curve was noticed, compared with the 

two other niobium steels. This can be related to the 

steep change of the curve of 0.1.6% vanadium steel (see 

Fig. 6.2.2). The effects of an excess of carbon or an 

addition of manganese in. niobium steels were similar 

to those-produced in vanadium steels. However, contrary 

to the vanadium, the niobium cannot be added to produce 

the same volume fraction of carbonitride; the NbC is 

less soluble than the VC (see Fig. 1.1.1.1) in ? -iron. 

This can account for the less marked "peak" e ., feet of 

niobium additions compared to vanadium. 

In resume, a peak hardening was obtained at a cri- 

tical cooling rate in niobium and vanadium steels. 

The steepest peaks were produced for steels of a stol- 

chiometric composition of (Nb, V)C. In those steels, a 

successive addition of carbon or manganese produced a 

spread of the peak with its consequent decrease, and 

caused the peak to appear at lower cooling rates. This 

observation was ascribed mainly to the effect of a lower 

-c( transformation on the diffusivity of the V or Nb, 

C and N. The reduced effect in niobium steels resulted 

from the lower volume fraction of niobium carbide present 

in those steels. 
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PEAK HARDENING 

STEEL COMPOSITION Cooling rate 

K. N-1 

Percentage 

increase 

T' 0.21V - 0.17C Ref 23 1.4 10.0 

T 0.53V - 0.180 Ref 23 0.90 59.0 

B 0.46V - 0.12C 2.5 60.0 

D 0.45V - 0.130 - 1.5Mn 1.7 20.0 

V "0.13V - 0.100 - 1.5Mn 2.1 5.5 

Table 6.2.3 Coolie rate and percentaCe increase at the 

. peak hardening In vanadium steels. 

TEMPERATURE 
% Volume fraction 

equilibrium 

in solution at 

Remarks (K) 0.18C-0.53V steel 0.12C-0.46V steel 

1320 100% 100% 
Solution 1270 55% 100% 

Intermediate 1200 15% 27% 

1163 8% 14% 

vtocc starts 1133 4.6% - 

Table 6.2.4 Volume fraction of vanadium carbide in"solution 

. as a function of temperature. 
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6.3 Study of causality for peak hardening.. 

This section tries to explain how the peak hardening 

observed in vanadium and niobium steels has occurred (see 

Fig. 6.2.2 and Fig. 6.2.5). The Hall-Petch equation is 

used to correlate the different strengthening mechanisms 

in steel and to find out if precipitation hardening makes 

a major contribution to strength. 

6.3.1 Identification of the strengthening mechaninns 

causing the peak hardening observed. 

There are four main hardening mechanisms in steel 

(see section 1.3), (1) grain size hardening, (2) solid 

solution hardening, (3) dislocation density hardening 

and (4) precipitation hardening. The steels were conti- 

nuously cooled and a texture hardening is thus not consi- 

dered in the present study. In this sub-section, each 

hardening mechanism is studied successively with respect 

to its contribution to the hardness obsorved, (see Fig. 

4.1.1 to 4.1-5). 

First, the Hall-Petch equation 
80,81 

was used as 

a means to calculate the grain size hardening: 

dy = do + ky drz 6.3.1.1 

wheres dy is the lower yield stress 
do is the lattice friction stress 

ky is a stress intensity factor 

d *is the grain size. 

Some Hall-fetch constants (dog ky) for low carbon 
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steels are listed in Table 6.3.1.1. It can be seen that 

the do and ky values are dependent upon the composition 

but also they depend upon the thermal history of the 

materials (e. g. Imai and Shino's values). It was also 

shown, in a. carefully written paper 
159, that the "ky" 

value in quenched low-carbon steels returned to its satu- 

ration value in subsequent ageing, ky=0.675 MN m-3/2. 

Consequently, the values of do and ky selected, were those 

of materials and conditions closely related to the experi- 

mental conditions and the materials used in the present 

study. The values of Cracknell and Petch 170 (do=71 MPa, 

kv = 0.716 MN m-3! 
2) 

were found applicable to the vanadium 

steels of the present study. Values 170 
of do = 47 MPa, 

ky = 0.708 NN m-3/2 from the same authors were also adop- 

ted for the niobium steels. The contribution to strength 

from the grain size was thus calculated, but could not 

account for the peak hardening observed. 

Second, the hardening from solid solution of vanadium 

and niobium is very small 
94, (see also Fig. 1.3.2.1) 

and can be neglected. It was also expected that niobium 

or vanadium would combine with the intertitials of carbon 

and nitrogen. This therefore cannot explain the peak 

hardening observed. 

Third, the strengthening effect of dislocation density 

was also investigated. In the present study, it was shown 

that the number of dislocations in niobium and vanadium 

steels was about 1010 dislocations. cm/cm3 from the cooling 

rate of 2K. s-1 down to 0.06K; s-1 (see Fig. 4.6.1). Thus, 
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once more, this strengthening mechanism cannot account 

for the peak hardening observed. 

Finally, the contribution to strength from precipita- 

tion was sought. The Hall-fetch equation 
80,81 (equation 

6.3.1.1) was used as a means of isolating the contribution 

to strength from precipitation hardening. One of the pro- 

blems is. whether precipitation hardening influenced the 

do and ky terms separately or whether both of them were 

affected simultaneously in the Hall-fetch equation. 

A recent study 
135, 

carried out on vanadium steels, 

related the grain sire and precipitation to the lower 

yield strength through the Hall-Petch equation. The do 

and ky components for the vanadium steels were compared 

with plain carbon steels of similar composition. A varia- 

tion in the "do" value was observed whilst the "ky" term 

remained approximately constant in the steels with or 

without vanadium additions. 

Also, there has been a tendency in the literature 

to express the Hall-fetch equation 
80981 

as a succession 

of additive components 
9'+160-162; "ky" is taken as a 

constant. A similar interpretation was adopted in the 

section 1.3 of the present study. The precipitation 

hardening component can thus be isolated from the equa- 

tion 1.3.4.1: 

dp = dy - ( d' 
o+ cfdd + dss + Icy d-' ) 6.3.1.2 

wheres dp is the contribution from precipitation har- 

dening to the lattice friction stress 

dy is the yield stress 
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d'o is the inherent lattice friction stress 

ddd is the contribution from diclocations to the 

lattice friction stress 

dsS is the contribution from solid solution to 

the lattice friction stress 
I 

ky d' is the grain size hardening component. 

The preceding discussion was related to the validity 

of the additive terms in the Hall-fetch equation. In 

plain carbon steels, the do component of equation 6.3.1.1 

contains three terms of the equation 6.3.1.2: 

do = d' 
o+ 

ddd + o'ss 6.3.1.3 

The symbol "d 
0" 

is the lattice friction stress and repre- 

sents the resistance of the lattice crystal to the move- 

ment of dislocations 81 
. It can be foreseen that an 

increase of dislocation densities increases do from a 

higher intensity of events of interactions crystal-dis- 

location interaction with reduced effect on grain boun- 

daries and on ky. 

The effect of substitutional solid solution may pre- 

sent some controversy. The drag of interstitials atmos- 

pheres on moving dislocations (edges) is well known. It 

is possible that a similar effect exists for substitutio- 

nal atoms. However, Takeuchi 172 
studied six Fe - alloy 

systems in order to elucidate the mechanisms of the subs- 

titutional solid solution of iron. In his study, the 

author pointed out that the strengthening effect cannot 

be fully explained by the atomic size effect of the 

solute atoms. It was proposed that the elastic interaction 
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of the screw dislocations with the solute atoms was the 

dominant cause of the solid solution in iron at 300K. 

Although the elastic theory predicts a stronger interac- 

tion with edge dislocations, one may regard the effect 

of these interactions dislocation-substitutional atoms 

as increasing also the lattice friction stress "do" 

Usually, in the literature reviewed, do was deter- 

mined for a specific material with a specific heat- 

treatment (see Table 6.3.1.1). It was thus necessary 

to estimate the values of ddd and dss in order to 

obtain the inherent "do" in equation 6.3.1.3. As men- 

tioned early on, the values of Cracknell and Petch 170 

were adopted for vanadium and niobium steels of the 

present study. The Fe - 0.12C - 0.5Mn steel of Crack- 

nell and Petch 170 
was slowly cooled from austenite to 

room temperature. It is estimated that the dislocation 

density should be similar to those of an annealed mate- 

rial, which is in the order of 108 dislocations. cm/em3. 

This value was substituted in equation 6.3.1.3 to obtain 

ddd. The contribution of manganese to solid solution 

was estimated from data presented in Fig. 1.3.2.1c hence, 

(1) for vanadium steels: 

d'o(48MPa) = do(71MPa) - ddd(7.6MPa) - dss(16MPa) 

6.3.1.4 
(2) for niobium steels 

d' o(34MPa) = do ( 7MPa) - d'dd (7.6MPa) -ss (SMPa ) 

6.3.1.5 
The term 6'0 thus takes into account the strengthening 
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effect of interstitials of carbon and nitrogen, which 

is very small at equilibrium and at room temperature 

(from 996K to 300K9 the solubility of carbon in ferrite 

is 0.02% and 2X10-7% respectively 
163). 

Finally, the equation 6.1.2, which related the hard- 

ness (i1V) to the yield stress (dy), can be substituted 

in equations 6.3.1.2: 

dp = 2.1 HV - (do + ddd + dss + ky d-i) 6.3.1.6 

The contribution from precipitation hardening can thus 

be isolated in Fig. 6.3.1.2 to Fig. 6.3.1.6 (lower yield 

stress against cooling rate), and the results are shown 

in Fig. 6.3.1.7 and Fig. 6.3.1.8. The values of ddd mea- 

sured for low vanadium and niobium steels (data of Fig. 

1.. 6.1) were also adopted for high vanadium and niobium 

steels (using equation 1.3.3.2). It can be seen that 

the peak hardening observed in the Diamond pyramid hard- 

ness in Fig. 6.2.2 and Fig. 6.2.5 were caused by precipi- 

tation hardening. A greater contribution was obtained 

from the materials having a stoichiometric composition 

of VC or NbC, but without manganese addition. The cooling 

rate at which the peak occurred coincided with the pre- 

sence of small ferrite grains (see section 5.1). 

These findings can be compared to the study of 

Bucher and Grozier 164. They reported data for precipi- 

tation hardening against cooling rate in vanadium steels. 

The authors used aluminium to remove the nitrogen from 

the metal and to obtain only vanadium carbide precipi- 

tates (hot rolled steel fully killed with aluminium). 
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The exchange effect of aluminium, vanadium and nitrogen 

is well known 165. 

However, some criticisms of the study of Bucher and 

Grozior can be formulated. These criticisms raise doubts 

about the value of their findings. For instance: (1) 

the composition of the steels investigated is not mentio- 

ned, (2)" it is possible that A1N may have contributed 

to precipitation hardening, but this aspect is not dis- 

cussed in the study, (3) the method of measuring the 

contribution from precipitation hardening is not presen- 

ted and (4) the solution temperature is not included,, 
-- 

which makes it impossible to convert their cooling rate. 

Consequently, their results should be considered with 

much scepticism. Despite this criticism, it should be 

noted that their results are in good agreement with the 

cooling rate at which a peak hardening was observed in 

vanadium steels (see Fig. 6.3.1.3). 

It can therefore be concluded that the peak harde- 

ning observed in continuously cooled vanadium and niobium 

steels was due to precipitation hardening. The highest 

increase at peak hardening was found in materials which 

had a stoichiometric composition of VC or NbC, but having 

no manganese additions. 
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6.3.2 Precipitation hardening in high vanadium steels. 

In this sub-section, an attempt is made to correlate 

the peak hardening arising from precipitation hardening 

with the particle size and volume fraction measured. 

The discussion will be concentrated on high vanadium 

steels which presented the highest volume fraction of 

carbides in the alloy steels investigated. 

The particle size and volume fraction were measured 

in the two vanadium steels (see Fig. k. 5.7 and 4.5.8). 

Some of these resuate are shown in Fig. 6.3.2.1. It can 

be seen that the change in the diameters of small parti- 

cle sizes with cooling rate is approximately the same 

for both steels. There is no abrupt change in particle 

size near the peak hardening-(-L 2K. s-1). The group 

of small particle sizes contribute largely to precipi- 

tation hardening (see Appendix C), and consequently, 

the peak hardening (see Fig. 6.3.1.7) cannot be explained 

by a variation of particle size alone at constant volume 

fraction. The size of the particle and the volume frac- 

tion of precipitates must be taken into consideration. 

Unfortunately, carbon replicas appear unable to measure 

the exact volume fraction of precipitates (see section 2.5). 

However, the volume fraction of small particle sizes is 

higher in the 0.46% vanadium steel than in the 0.45% 

vanadium - 1.5% manganese steel. This corresponds to 

a higher precipitation hardening value in the former than 

in the latter. The volume fraction should be regarded 
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as a trend, and is possibly only applicable to material of 

similar composition and producing approximately the same 

volume fraction of carbonitrides. The error on magnifi- 

cation may be worth considering in particle size determi- 

nations. However, the magnification of the elcctron micros- 

cope was calibrated prior the the particle size determina- 

tion. The results of the calibration agreed well with 

a previous calibration (within 5% error li. mit). The 

main source of error arose when the specimen was not 

positioned at the correct tilt axis of the goniometer 

of the electron microscope. 

On the other hand, it can be postulated that the 

contribution to strength from large particle sizes is 

significant when their size is only marginally diffe- 

rent from the group pf small precipitate, sizes, while 

having at the same time a meaningful volume fraction. 

It can be seen in Fig. 4.5.7,4.5.9 and 4.5.11 that the 

diameters of the group of large particle sizes are decrea- 

sing considerably near the peak hardening. Bearing in 

mind the uncertainty of the volume fraction measurements, 

the interparticle spacing was calculated for the high 

vanadium steels, taking into consideration the two groups 

of particle sizes (see Appendix C). The results are 

presented in Table 6.3.2.2 together with the predicted 

increase from Gladman et al. 
105 

and Hirsch and Humphreys 104 

derivations of the Orowan 99 
equation. 

Gladman et al. 
105 

used the Orowan-Ashby 103 
equation 

to predict the increase in tensile strength from precipi- 

tation hardening: 
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'C 
= 1.2 G. b In 7 

6.3.2.1 
2.36 L 2b 

where: 2' is the resolved shear stress 

L Is the centre to centre interparticle spacing 

in the slip plane 

X is the average diameter of the circle of inter- 

section between the particle and the slip plane: 

where D is the measured particle V3 

diameter, see Appendix C) 

b is the Burgers vector # 

The equation thus beeomess 

dp 5.7 X? -6 In D 6.3.2.2 

(MMPa) LD 0.685 

whores dp is the contribution to the yield strength 

frone precipitation hardening (dp = 1.272') 

I'D is the centre to centre interparticle spacing 

calculated from the measured particle (D). 

The observed contributions from precipitation har- 

dening were plotted against those predicted by equation 

6.3.2.2 and this is shown in Fig. 6.3.2.3. As can be 

seen, prediction and experiment disagree considerably. 

An error appears to be present in the Burgers vector 
value of Gladman et al. 's equation. They also repor- 
ted the increase in strength in a vanadium steel as 
a function of cooling rate in Bucher and Grozier 164" 

The cooling rate should be divided by (1.8)2 to 
obtain the original data of Bucher and Grozier. 
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Although the method used to determine the volume fraction 

had unsatisfactory characteristics, perhaps it is not the 

unique explanation. For instance, it should be said that 

Gladman et al. 
105 

verified experimentally the equation 

6.3.2.2 by assuming a complete precipitation and a cons- 

tant average particle size. (three nanometers) in the steels 

investigated. Their steels also contained very little 

alloying additions (0.04 weight percent of niobium maxi- 

mum). Thus, the concept of complete precipitation cannot 

be used for the high vanadium steels of the present study. 

It would have been necessary to observe a similar contri- 

tution to strength from precipitation hardening in both 

steels; however, a large discrepancy was observed between 

the two steels (see Fig. 6.3.1.7). Similarly, a higher 

peak hardening should have been observed in the Fe - 

0.2C - 0.53V steel compared to the Fe - 0.1C - 0.46V 

steel (see Fig. 6.2.1). Although the MCN precipitation 

in steel appears at the moment complex, the particle sizes 

measured experimentally and the contributions from pre- 

cipitation hardening tended to disapprove the assump- 

tions of Gladman et al. 
105. 

In Fig. 6.3.2. L, the observed yield stress increases 

are plotted-against the measured surface to surface 

interparticle spacing (L-2R). A straight line can be 

fitted to the data in order to obtain a simple version of 

the Orowan equation: i. e. dp 
Ic 

Gb 

(L-2R) 

dp=2.15x10-5 
(MPa) (L-2R) 

6.3.2.3 
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The observed yield stress increases are plotted against 

the dp of equation 6.3.2.3. It can be seen that a rea- 

sonable agreement is obtained. The logarithmic term 

in equation 6.3.2.1 can be considered as a constant accor- 

ding to Hirsch and Humphreys 10 The energy at the 

unpinning depends upon the width (X) of the dipole rather 

than upon the interparticle spacing. The flow stress 

(dp ) is thus 104 
= 

dp=0; 4 G. b In Xb 6.3.2.4 

(L-2R)T (1-v) 

where: v is the Poisson ratio (Iron = 0.28) 

(L-2R)T is the surface to surface interparticle 

spacing in the slip plane, i. e. 

L(L-2R) measured. (L-2R)T = 

3 3 

The VCN particles present the shape of a thin disc. 

Assuming that particles conserve the same disc shape as 

they grow and that the ratio disc diameter to thickness 

is constant (D/t =16 in a Baker-Nutting orientation rela- 

tionship 33), 
a value of X= 10b (2.5 nm) was found in 

the equation 6.3.2.4 to fit the data of the Fig. 6.3.2.5. 

It is interesting to note that the value XR 10b (2.5nm) 

in the logarithmic term coincides with the assumption of 

a constant particle size of 3 nm of Gladman et al. 
105. 

Therefore, there is little doubt that precipitation 

hardening is responsible for the peak hardening in vana- 

dium and niobium steels. The observed precipitation harde- 

ning was found to agree reasonably well with the Hirsch 
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and Humphreys 104 
version of the Orowan 99 

equation, 

but a large discrepancy was noted with the Ashby- 

Gladman 103,105 
version of the Orowan equation. Both 

these findings agree with Brown and Ham 109 
who pointed 

out that the replacement of X by the interparticle 

spacing in equation 6.3.2.4 represented too large a 

correction in the Orowan equation. It is also believed 

that the volume fraction is too small (f <10% 109) for 

Anseli's theory 173 to apply. 

However, the origins of the two groups of precipi- 

tates appear difficult to clarify. The following dis- 

cussion is based on assumptions and most certainly, 

further studies are required to gain understanding on 

the origins of precipitates. 

In Fig. 6.3.2.1, it can be seen that the diameters 

of the group of small particle sizes were approximately 

the same for both vanadium steels except their volume 

fraction was different. - If one assumes that they may 

have precipitated at or after the (P - aallotropic trans- 

formation, their size should be approximately the same. 

This is verified in the present study. 

However, the diameters of the group of large parti- 

cle sizes were different near the peak hardening (= 2K. s-1). 

In the manganese steel, their size was even larger. Pre- 

cipitation of VC in austenite has been reported previous- 

ly . However, sehen larger particles are assumed to pre- 

cipitate in austenite, at a fast cooling rate, they should 

be bigger in the manganese steel considering that manganese 
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decreases the 4- a transformation temperatures. This 

increases the possible supersaturation of VC in austenite 

and increases also the time available for precipitation 

to occur before the allotropic change. At lower cooling 

rates, the effect should be reverse: that is, the growing 

of the large particles will be faster in the steel without 

manganese compared to the steel with manganese addition 

(if Mn slows down the diffusivity of the interstitials 

in of- iron) . 

In resumes the peak hardening observed in vanadium 

and niobium steels was ascribed to precipitation harde- 

ning. The dimensions of the particles alone could not 

explain the precipitation hardening effect, and the volur! e 

fraction of precipitates had to be considered. 

The volume fractions measured by carbon replicas 

were not sufficiently accurate to be useful in accoun- 

ting for the peak observed. However, in materials of 

similar composition# the precipitation hardening compo- 

nent appeared to follow a simple version of the Orowan 99,104 

equation rather than the Orowan-Ashby equation. 
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Steel CR 

K. E; -1 

(L) 

nm 

(X) 

rim 

(L-X) 

nm 

dPobs 

MPa 

d'A-G 

MPa 

6pexp 

MPa 

B o. o6 234 21 213 10 84 100 

D 0.06 264 38 226 75 87 95 

B 0.17 207 18 189 50 90 114 

D 0.17 145 6.4 '139 135 88 155 

D 1.4 125 10.0 115 240 125 187 

B 2.0 93 4.7 88 410 118 245 

D 4.0 118 4.2 114 160 88 188 

B 4.0 79 3.9 75 300 125 290 

List of symbols: 

B Fe - 0.1C - 0.46V steel 

D Fe - 0.1C - 0.45V - 1.5Mn steel 

CR Cooling rate 

L Measured centre to centre interparticle spacing 

X Average diameter measured 

(L-X)Measured surface to surface interparticle spacing 

6p Contribution to the strength from precipitation 

hardening 

obst observed values 

A-G: predicted value from the Orowvan-Ashby-Gladman 

equation 6.3.2.2 

exp: predicted from the equation 6.3.2.3 

Table 6.3.2.2 Correlation between observed and predicted 

precipitation hardening in high vanadium 

steels. 
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6.4 Twinning as a contribution to strength. 

It is proposed in this section, to review the possible 

contribution to strength from twinning. The scarcity of 

the studies on continuously cooled vanadium and niobium 

steels was mentioned earlier. When the subject is res- 

tricted further to the twins obtained in continuously cooled 

steels, the present study can be seen as a preliminary 

report. 

A twin can be considered as (1) a hard particle or 

(2) a small grain (or subgrain). An attempt was made 

in the present study to calculate the number of twins 

present in 0.13% vanadium steel. When a twin is consi- 

dered to behave like a particle, the strengthening effect 

should be approximately proportional to the inverse of 

the intertwin (interparticle) spacing following the 

Orowan mechanism. However, the intertwin spacing was 

too large (='100 pm) (see Fig. 5.4.1) for significance 

when it was compared to an interparticle spacing of 

0.2 pm from MCN particles present in the steel (e. 
. 

Table 6.3.2.2). Consequently, it can be inferred that 

if microtwins behaved like hard particles, their con- 

tribution to strength would be negligible. 

However, the twins can also be considered as small 

grains or subgrains which contribute to strength by 

increasing the effective grain size diameter. It has 

been suggested in the past 
166 

, that the subgrain size 

can occasionally be substituted to the grain size in 
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the Hall-Fetch 80,81 
equation. In the Fe - 0.13V - 1.5Mn 

steel, the walls of the microtwins were coherent with the 

alpha iron matrix and the twins were very small compared 

to the grain size. The only exception arose in the vana- 

dium and niobium stools without manganese addition (see 

Fig. 5.16 to Fig. 5.19). 

Related to this subject, a recent study was carried 

out by Heikkinen and Soininen 167 to evaluate the con- 

tribution to strength from twinning. Two of the steels 

investigated are compared below: 

Fe - 0.13% C-0.15% V-1.0% Mn, dy = 410 MPa 

Fe - 0.13% C-0.046%Nb- 1.1% Mn, dy = 342 MPa. 

These stools were heat-treated 30 min at 1373K and con- 

tinuously cooled at approximately 0.06K. s-1. The grain 

size was 71 (ASTPO! ) for both steels. Some of the findings 

includes (1) no twin was found in the niobium steel 

but some were observed in the vanadium steel, (2) the 

increase in strength in the vanadium steel was ascribed 

to the refining effect of twinning on the grain size 

(although in Fig. 4 of their paper, a mechanical twin 

can be seen to cross the walls of the transformation 

twins without hindrance), (3) "the order of magnitude 

of -the increase" in the above steels was "-difficult 

to evaluate, because of the parallel effect of the dis- 

persion hardening", and (4) the transition brittle to 

ductile fracture was higher in the steel containing 

vanadium addition, where twins were also present. The 

authors 
167 

explained the last finding by the masking 
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effect of precipitation hardening rather than due to 

twinning. 

It is therefore possible to summarize the above fin- 

dings by the observation that the positive effect on 

strength was attributed to twinning and the detrimental 

effect on the transition temperature was conferred to 

precipitation hardening in the vanadium steel. When 

'Heikkinen and Soininen's work 
167 is compared to the 

present study, it should be mentioned that the dimen- 

sions of their twins appeared to be similar to those 

observed in the 0.93; 4 vanadium steel of this investi- 

gation. 

On the other hand, the increase in strength might 

be explained without involving twinning. For instance, 

it should be noted that in the o. '6% niobium steel of 

HeikkinerL and Soininen's study, only half of the niobium 

was dissolved in the tpiron at 1373K. Thus, probably 

coarsening of the NbC occurred. Also, in the same steel, 

the authors attributed the yield stress observed solely 

to the grain size. Two methods can be used to argue 

the increase in the strength observed: 

(1) a change in the constants of the Hall-Petch equation 
80,81 

(2) a variation in the dislocation densities. 

Constants of the Hall-Petch equation 
80081 (see 

equation 1.3.1.1 and text) have been determined for plain 

carbon steels and for vanadium steels 
135, 

1 
(a) dy = 18.6 + 27 d-2 

(MPa) 

Low carbon steels cooled at 1.67 K. s-1 from austenite, 
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(b) dy = 81.5 + 27 d-ý 

(MPa) 

Fe-(0.12+0.15%)C - (0.19 to 0.20%)V steels cooled at 0.17K. s-1 

from austenite. 

These conditions were approximately equivalent to 

the niobium and vanadium steel of Heikkinen and Soininen 167. 

At a constant grain size of 71 (ASTM), the Ad in the vana- 

dium steels was in the order of 63 MPa against a value 

of 68 MPa observed by the authors 
167. The contribution 

to strength from twins is thus negligible. 

In the present study, a higher dislocation density 

was found in the 0.1)% vanadium steel compared to the 

0.06% niobium steel (see Fig. 4.6.1). The vanadium 

steel examined by Heikkinen and Soininen 167 
contained 

similar alloying additions, and perhaps, it can be 

assumed that a similar number of dislocations was pre- 

sent in their vanadium steel cooled at 0.06K. s-1 ( 1.4X 

1010 dislocations. em/cm3). According to the authors, 

the niobium steel they studied should be typical of a 

steel in an annealed state. Therefore, a typical number 

of dislocations for such a steel can be stated at 108 

dislocations. cm/cm3 
168. It can also be predicted 

from the equation 1.3.3.3 that the contribution to 

strength from dislocation hardening would be: 

ddd (68MPa )=d 
10 10 (76MYMPa) -d 10 8 (7.6MPa) 

. 

Therefore, the contribution from dislocation hardening 

can account for the increase in strength observed by 
167 

Heikkinen and Soininen 
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In the present study, the contribution from preci- 

pitation hardening to strength was isolated by means of 

a modified Hali-Petch equation (eq. 6.3.1.6). Doubts 

have been raised about the contribution of twinning to 

strength,, It can therefore be concluded that if twinning 

contributes to strength, it would be included in the 

precipitation hardening component. It can be seen in 

Fig. 6.3.1.4, that such a contribution is approximately 

zero for the 0.13% vanadium steel. 

Therefore, the r, icrotwins observed in Fe - 0.13V - 

1.5Mn steel of this study do not appear to have any 

significant contribution to the strength. However, 

macrotwins (i. e. twins such as those observed in vana- 

dium and niobium steels without manganese addition) might 

develop from coherent twins and become subgrains or 

small grains. At this latter stage, they can thus con- 

tribute to the grain size component of the Hall-Petch 

80, 
equation 

81 
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In resumel in this chapter a discussion of the various 

strengthening mechanisms was provided in relation to the 

peak hardening observed at a critical cooling rate, in 

continuously cooled vanadium and niobium steels. The peak 

was ascribed to precipitation hardening. 

It was also found that the percentage increase at 

the peak was very much related to the alloying additions 

in the steel.. The maximum increase was found in the 

steel with stoichiometric composition of niobium and 

vanadium carbide. Furthermore, an addition of manganese 

decreased the peak and seemed to spread the strengthening 

effect of precipitates over a larger range of cooling 

rates compared to the steels without manganese. The 

measured contribution to strength from precipitates was 

found to obey a calculated contribution from a simpli- 

fied Orowan 99 
equation such as the equation proposed 

by Hirsch and Humph: eys10 . However, the contribution 

to strength from twinning was believed to be negligible. 
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CONCLUSION 

In respect of the objectives outlined at the beginning 

of this study, a peak hardening was found at a critical 

cooling rate in vanadium and niobium steels, and it was 

ascribed to precipitation hardening. The cooling rate 

at which the peak appeared and the height of the peak 

were found to be very dependent upon alloying additions. 

Those are some of the definite conclusions of the present 

study. 

The microtwins observed in both vanadium and niobium 

steels appeared to have little effect on the strength of 

the steels, although large twins may develop to subgrains 

or to small grains and thus might contribute to strength. 

However, the nucleation of these fascinating features 

remains unresolved= if one can draw a parallel with 

dislocations, twins are probably stress induced by the 

indirect effect of the one percent volume change when 

the '+ iron transforms to a iron. 

Two distinct groups of precipitate sizes were found 

in niobium and vanadium steels and were attributed to 

precipitation occurring in ', iron and at the I la trans- 

formation. Therefore, the orientation relationship with 

the alpha iron matrix should be different between the 

two groups of precipitates, and some knowledge could 

be gained from electron microscopy. 

Some of the experimental methods and procedures used 

in the present study are worth considerations. Although 

the direct carbon extraction replica is a fairly standard 
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technique in Physical Metallurgy,. it contains uncontrol- 

lable limitations. The present study demonstrated the 

unsatisfactory measurements obtained for the volume frac- 

tion of particles. Other alternative methods to evaluate 

the volume fraction (such as chemical analysis, electri- 

cal resistance measurements) do not appear at the moment 

to be very accurate. It is also difficult to measure 

the true distribution of particle sizes and volume fractions 

by transmission electron microscopy of thin foils. This 

situation might explain the absence of a valid model to 

predict precipitation hardening applicable to niobium 

and vanadium carboni"lride precipitates in steels. For 

example, a model predicting a maximum contribution to 

strength from precipitation hardening, based on the 

assumptions of a constant particle size and complete 

precipitation, cannot explain the decrease in precipitation 

hardening in alloys when manganese is added. This was 

one of the findings of the present study. 

A general comment can also be made about the lite- 

raturo relevant to the present investigation. Although 

an abundance of literature was available on the subject 

of niobium and vanadium steels, only a few papers were 

specifically dealing with the effect of the cooling rate 

on these steels. One remark may also be added: there 

was insufficient data in some of the papers making com- 

parisons very difficult. 

Finally,, as a commercial application, the peak 

hardening observed in steels was at its maximum value 
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for a stoichiometric composition of Nb/V carbonitrides. 

An addition of manganese to such a steel decreased the 

maximum height, but spreaded also the hardening effect 

over a range of cooling rates. These findings are 

important in commercial heat-treatments. For example, 

the "peak hardening" cooling rate is approximately 

equivalent to an air cooled bar of twenty five milli- 

meters diameter. However, since many materials of this 

dimension are rolled, in order to gain the maximum con- 

tribution to strength from niobium and vanadium additions, 

a good understanding of the'characteristics of precipita- 

tion and of the thermal and mechanical treatments is 

essential. This aspect associated with the grain refine- 

ment by mechanical treatments remains a challenging 

field of research. 
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Appendix At Position of a b. c. c. twin reflection with res- 
pect to a matrix reciprocal lattice vector. 

Matrix reflection Twinning planes 

k 1 h 211 211 211 211 121 121 121 121 112 112 112 112 m m m 
110 303# 5o3* 141 141 033* 033w 411 411 114 114 330* 330* 
1io iiii 141 5o5* 303* 411 411 033* 033* 350* 330* 114 li4 
101 330* 1i4 330* 114 141 303* 141 303* 035* 411 033; * 411 
101 1i4 

. 
33o* 114 53o* 303; 141 303* 141 411 053* 411 033* 

011 411 033* 033* 411 35Gb 114 114 330* 5o5* 141 141 303* 
oil 035* 411 411 035* 114 33o 330* 114 141 303* 303* 1Id 
200 244 244 244 244 442 442 442 442 424 424 424 424 
020 442 442 442 442 424 424 424 424 244 244 244 244 
002 424 424 424 424 244 244 244 244 442 442 442 442 
211 635* z17 z71 255 172 356* 552 712 12`7 525 363* 721 
211 z17 633' 255 z71 336* 172 712 552 523 127 721 363* 
211 '271 235 635* 217 552 712 172 336* 3ý5* 721 127 525 
211 z55 271 217 635* 712 552 336*. 172 721 363* 325 X27 
121 712 336' 172 552 353* 127 525 721 217 255 271 635* 
121 335* 712 552 172 12? 363* 721 525 255 217 633* 271 
121 172 532 7i2 336* 525 721 365* 127 2"71 653* 217 235 
121 552 172 336* 712 721 525 127 363' 535* 271 z55 217 
112 7zi 127 563* 525 271 217 255 633* 336* 552 172 712 
112 127 721 523 365* 217 271 635* 255 552 356* 712 172 
112 593* 525 721 127 235 633* 271 217 17z 71z 336* 532 
112 325 363* 127 721 533* 255 217 271 712 172 352 359* 

The twin reflection is on the direction and at one 
third of the matrix reciprocal lattice vector. The twin 

reflection has the indices of the matrix reflection, plus 
a 7rradian rotation: 

htktlt = hmkmlm 

The symbol (*) indicates that the twin reflection is 

superposed to a matrix reflection. 
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Appendix Bt Determination of the volume of a twira. -*' 

BtC 
Foil 

where, is incident beam (zone axis) 

IC : angle between <i> and a 111> direction 

related to the composite plane 1121 

A'A: width of the twin (not shown) 
BIB: the <111> direction related to the composition 

plane [112] 

C'C: true thickness of the twins (i. e. layers of 
11121) 

t't: thickness of the twin in the <i> direction 
(determined by displacement fringes) 

L: projected length in the twin direction 4111>. 

Thus, the volume occupied by a twin can be calculated: 

Volume of a twin: 4/3 7rabc, 
whores a, b, c are the semi-axis of the ellipsoid. 

a= A'A/z 

b=B'B =L 
22 sin 

C'C =b. t't . cos e 

22 b2 - t' t2. sing ' 

2 
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Appendix Ca Expression of the interparticle spacing 

for two different groups of particle size. 

1) The particles are assumed to conserve the same 

shape as they grow, 

2) The following is restricted to particles having 

the same shear modulus (i. e. same material). 

The surface to surface interparticle spacing is i 

L=i-X (Cl) 

i -NS 

where, Ns is the total number of particles. 

7 is the average area of a sphere in the 

slip plane. 

With two groups of particle size, the total number of 

particles ist 

N3 = N1 + N2 (C2) 

The volume fraction (f) is related to NS and X through: 

f= ns . '_ X25 (C3) 

4 

Hence, the equation (C2) becomes: 

Ns =4 f1 + f2 
_ (C4) 
IC X12 X22 

The average particle size in the slip plane is: 

N1X1 + N2X2 (C5) 

N1 + N2 

The average particle size (X) can also be expressed 

in terms of volume fractions (C3 "CA: 



25-0 

Xw 
XlX2 (f1X2 + f2h1 (C6) 

(1X22 +f1x12 

when the two different groups of particles have diffe. - 

rent dimensions and different volume fraction, 

f2 < fl and X2 >7 X1 

then in equation (C4)t 

fi 
i% 

f2 (C7) 

X12 X2 2 

and in equation (C6): 

f1X2 7ý f2Xi . (C8) 22 

It should be remembered that the measured particle 

diameters are not the mean intercept diameters with 

the slip plane. A factor of 
12/3 

converts the mea. su- 

red diameter (D) to the mean intercept 150: 

7= 2/3 D1 (C9) 

Hence, if the equations(C7) and (C8) are found to 

apply, the effect of large particle size to strength 

is negligible. The surface to surface interparticle 

spacing thus becomes: 

L=0.817 D, (8.87 - z) 

V11 

whores D1 is the average measured diameter of the 

small group of particle size of volume fraction 

(fl) f 
Z f1D2 + f2D1 

f1DZ 

Z =1 usually. 


