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CHAPTER ONE.
INTRODUCTION.

In recent years a considerable amount of work has been
carried out with a view to characterising and understanding
the microstructures that are formed by transformation of
austenite to ferrite by an "interphase precipitation"
mechanism and the resulting mechanical properties, The work
reported here is a continuation of reference 1,

In chapter two new evidence is presented concerning the
impact properties of steels strengthened by interphase
precipitation, and the relationship of the cleavage crack path
to the microstructure, It is concluded that the main reason
for the low toughness of these materials is the large
precipitation hardening contribution to the yield strength,
there being little modification of the cleavage crack path
due to the non-random carbide dispersion,

Chapter three contains further analysis of the results
for fatigue in a 3Cr-$Mo-1V steel presented in reference 1,
together with information on the S=N behaviour of this
material and on specimen thickness and load ratio effects
in the intermediate fatigue crack growth rate range, It is
shown that the exponent 'm' in the Paris Law decreases
with increasing yield strength and toughness, There is a
slight decrease in 'm!' at each load ratio when the specimen
thickness is reduced, but this could not be explained by
arguments of crack closure, general yield or the onset of
plane stress deformation, It is shown that there is a
linear relationship between m and logC for fatigue crack
growth in the intermediate growth rate range over a wide

range of yield strengths, thicknesses and load ratios, There



is some evidence of conflicting requirements for resistance
to fatigue crack initiation and to fatigue crack growth
in steels,

Chapter four presents results for the effects of grain
size and yield strength on the threshold for fatigue in an
Fe-Ti-C steel, The threshold value at R=0 is decreased by
increasing the yield strength or reducing the ferrite
grain size, There is a smaller load ratio effect at higher
yield strength levels, The effects of yield strength and
load ratio are consistent with a model based on hydrogen
embrittlement, but the grain size effect is not fully
understood,

Temper embrittlement due to phosphorous and antimony
has been investigated, and the results are presented in
chapter five, It is shown that the isothermally transformed
ferritic microstructures are less susceptible to temper
embrittlement than quenched and tempered microstructures
in the same material, This may be a reflection of the poor
transgranular cleavage properties of the ferritic micro-
structures,

Chapter six contains a concluding discussion of the
mechanical properties of steels strengthened by interphase
precipitation and an assessment of their usefulness as
commercial materials, Some suggestions are made for further

areas to be investigated,



CHAPTER TWO,

CLEAVAGE OF FERRITE CONTAINING NON-RANDOM CARBIDE DISPERSIONS.

Introduction,

Transformation from austenite to ferrite in various
alloy steels results in a non-random carbide dispersion,

The carbides are arranged in sheets which mark the successive
positions of the advancing | boundary, and this has been
called "interphase precipitation" (2), The mechanisms of

the reaction are now understood in copsiderable detail,

and there is much evidence to suggest that the plane of

the precipitate sheets is {11dlL(3). For carbides of the VC
type the Baker-Nutting orientation relationship is found
between the carbide and the ferrite matrix, only one of

the three possible variants being found in each area (2,4).
The individual carbides are platelets on {10011, but the
carbides are arranged in sheets which are 1110}, (figure 2.1).

It is apparent that these microstructures can have
low toughness at high strength levels (5,6). The results
of an initial fractographic investigation of possible
reasons for this have been published (7), and this chapter
presents the results of further mechanical and fractographic
investigations,

It is not possible to devise an experiment to produce
comparable random and non-random carbide dispersions in the
same alloy, and so any effects due to a non-random dispersion
must be inferred indirectly, The carbide dispersion can
have a number of effects on the cleavage process, It raises
the macroscopic yield stress of the material by impeding
dislocation motion, and the impact transition temperature

will increase with increasing yield stress, Prolonged



ageing of the interphase precipitate dispersion removes the
initial sheet structure and produces a more random
dispersion (8,9). It is therefore possible to examine the
effect on impact transition temperatures of reducing the
non-random character of the dispersion,

Any effects due to the non-random dispersion can also
result in a change in the path of a cleavage crack through
the microstructure, If the carbide dispersion has no effect
then cleavage at -196°C will be on {1OQL_, with no particular
{10@L-preferred. Secondary cracking will occur on the other
{1odL, planes, For room temperature fracture there may be
a slight tendency to fracture on {11dL‘ (10), The interphase
dispersion of VC contains platelets on (1001‘, as compared
with {100l‘ for a random dispersion, This may lower the
cleavage fracture stress on this particular plane, resulting
in an increase in impact transition temperature and a
preference for cleavage fracture on this specific plane,

The interphase precipitate sheets can lie on (110)x. There
may be a tendency to encourage X110}d fracture at room
temperature on this specific (110) .

This chapter presents the results of a number of
parallel mechanical, fractographic and electron microscope
investigations in vanadium steels, and in an Fe-Cu alloy :

1. characterisation of the effect of yield stress and
precipitate volume fraction on the impact transition
temperature for interphase precipitation dispersions,

2, investigation of the effect of ageing of interphase
precipitation, and so producing a more random carbide

dispersion, on the yield stress and impact transition



temperature,

3, comparison of the mechanical properties of an Fe-Cu
alloy after either isothermal transformation from austenite

to ferrite or ageing of solution treated ferrite,

4, scanning electron microscopy of etched fracture surfaces
of coarse carbide dispersions after cleavage at -196°C and
room temperature to obtain information on the path of the
cleavage crack through the microstructure,

5 optical microscopy of the path of cleavage cracks
at -196°C and room temperature through a microstructure
containing both interphase precipitation and a Widmanstatten
precipitate of VC, the three habits of which permit trace
analysis of the crack path,

6, transmission electron microscopy to determine the
trace of the sheets of interphase precipitation after
isothermal transformation,

7¢ transmission electron microscopy of iron plated
fracture surfaces to examine the fine scale crystallography

of cleavage in these materials,

Experimental details,

The alloy compositions are given in Table 2,1, The
ingots were sectioned, hot rolled and swaged to give rod
for the mechanical tests, Oversize specimen blanks were
heat treated in tube furnaces with an argon atmosphere and
in salt baths, and then subsequently machined to the required
dimensions, Hounsfield no,11 specimens were used for the
tensile tests, Impact specimens were tested using a Hounsfield
balanced impact machine which was adapted for in situ

heating and cooling of specimens to the testing temperature,



Two specimen designs were used, For F1,F2,F3 specimens
were 6mm, diameter with a 1,2mm, notch depth, and for A1l
specimens were 5mm, diameter with a 1,35mm, notch depth,
The notch sharpness was constant for F1,F2,F3 and for Al,
although different for the two series of tests, A 50%
cleavage fracture criterion was used for the impact transition
temperature, The use of such small specimens was considered
justified because it has been shown that changes in impact
transition temperature, as opposed to absolute impact transition
temperatures, are comparable for small size specimens and
full size Charpy specimens (11),

Transmission electron microscope specimens of some
fracture surfaces were prepared, A layer of iron several
mm, thick was electroplated onto the fracture surface using

an acidic aqueous solution of 500g, FeCl_, + 5g, MnCl2 per

2
litre at 93°C and a current density of 2000 amp./mz. Slices
0,25mm, thick were then cut from the specimen to include

the fracture surface, These slices were ground to 0,05mm,

and then discs of 3mm, diameter cut out such that the fracture
surface was across the centre of the disc, The discs were

then jet polished in 5% perchloric acid in 2-butoxyethanol

at -20°C and 85V until a small perforation was obtained,

this perforation being enlarged by either continued
electropolishing or by ion beam thinning until it crossed

the fracture surface, Locating the relevant regions in

the electron microscope is difficult, and it is helpful

to first examine the foil on an optical microscope, noting

the shape of the perforation and the path of the fracture,

The iron plating solution is acidic and it may be



beneficial to evaporate iron onto the fracture surface
before electroplating to eliminate the possibility of the

plating solution attacking the fracture surface,

Experimental results,

1, The effect of yvield stress and precipitate volume fraction

on the impact transition temperature.

Alloys F1,F2 and F3 were used in this part of the
investigation, Isothermal TTT curves were determined for
each alloy to identify the temperature range over which
complete transformation from austenite to ferrite was
obtained, Specimens were austenitised and then isothermally
transformed at a series of temperatures (700—790°C for F1,
660-790°C for F2, 670-790°C for F3), This resulted in a
range of yield strengths for each alloy, and the three
alloys also differ in their precipitate volume fraction,
The results are given as a plot of yield strength against
impact transition temperature in figure 2,2, It can be seen
that all the results lie in the same scaéter band, implying
that the yield strength is far more significant than the
precipitate volume fraction in determining the impact
transition temperature, Regression analysis of the data
shows that the impact transition temperature is raised by
0.54°C for each 1MPa increase in yield stress.

2, The effect of ageing on the vield stress and the imgact

transition temperature.,

Alloy A1 was used, It has been shown that ageing a
dispersion of interphase precipitated vanadium carbide

results in a progressive randomising of the precipitate
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dispersion until eventually the original distribution in
sheets is removed (8,9), The procedure of the previous
section was used to produce as wide as possible a range

of yield strengths by isothermal transformation in the

range 660—79000, and then the associated impact transition
temperatures were determined, The impact transition temperatures
in this section are markedly different to those for alloys

F1 to F3 because of the different specimen design, but the
rate of change of impact transition temperature with yield
stress is comparable, Further specimens were isothermally
transformed at 660°C and then aged for 15, 25 or 40 minutes
at 790°C, 20, 40 or 90 minutes at 750°C or 30, 60 or 120
minutes at 700°C. The resulting yield stresses and impact
transition temperatures were determined, The results are
shown in figure 2,3, At a given yield stress, the impact
transition temperature is increased by almost 100°c by ageing
the precipitate dispersion, Regression analysis of the data
shows that the increase of impact transition temperature

with yield stress is 0,64°C/MPa in the unaged, as isothermally
transformed condition and 0,66°C/MPa in the aged condition,
These values are very similar to the value of O,54°C/MPa
found for alloys F1=-F3,

3, Comparison of the mechanical properties resulting from

random and non-random dispersions, using an Fe-Cu model system.

It is not possible to produce comparable random and
non-random dispersions of carbide in ferrite, but an Fe-Cu
alloy with copper precipitates provides a simple analogue,
Unlike the carbide precipitates, the copper precipitates

are softer than the matrix, but elastic modulus hardening



gives a significant contribution to the yield strength (12).
The strain energy per unit length of a dislocation depends
on the shear modulus, so that if the shear modulus of the
precipitate is less than that of the matrix it will be
energetically favourable for the dislocations to thread
through the precipitates, thereby strengthening the alloy
by inhibiting dislocation motion, Simensen (13) showed

that isothermal transformation from ¥ to « in certain Fe-Cu
systems resulted in interphase precipitation of copper,
although his implication that this is the major precipitation
mechanism in these alloys is probably misleading, Several
workers have studied the precipitation of copper from
supersaturated ferrite (14-17) to show that there is a
definite hardening reaction on ageing, Initially copper
clusters are formed in the ferrite matrix, then f.co.cCo,
copper rich precipitates are formed, these being spherical
and randomly distributed, except at longer ageing times and
at higher temperatures when they become. rod-shaped.

The objective of this work was to produce comparable
random and non-random copper dispersions in ferrite and then
to compare their tensile and impact properties. The results
are summarised in Table 2,2, The temperatures for heat
treatment were selected as follows :

1050°C to ensure complete austenitisation without excessive
grain growth

700°C, 725°C to give transformation to ferrite at temperatures
which earlier work (13) suggested would give interphase
precipitation without interference from the massive reaction

840°C for re-solution of copper in ferrite in the single



Table 2,1 Composition (weight %) of

-10-

the alloys tested.

\'s
F1 1,03
F2 0,74
F3 0,49
Al 1,15
A2 0,96
E O.54

J1 -

c Mn Al
0,19 0,03 -
0,11 0,03 -
0,03 0,03 -
0,22 - -
0,21 - 0,97
0,14 - -

Table 2,2 Tensile and impact

Ni

properties of the Fe-Cu alloy,

I, 15/1050 +
II. 15/1050 +
III, 15/1050 +

1hr/840WQ
IVe 15/1050 +

1hr/840WQ

2/700AC
2/720AC
2/720AC +

+ 2hnr/600AcC
2/720AC +

+ U48hr/600AC

oy (MPa) o

376
365
303

287

463
L6o
371

362

1TT (°C)
-63
=73
-13

-18
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phase region of the equilibrium diagram (figure 2,4)

600°C to give significant hardening in 48 hours
These results do not permit any conclusions to be made
because, firstly, electron microscopy revealed that isothermal
transformation under these conditions did not produce
more than 10% interphase precipitation, and, secondly, the
precipitation hardening contribution to the yield stress
was relatively small, so that the resulting changes in
the impact transition temperature are also small, The low
percentage of transformation by interphase precipitation is
probably due to the intrusion of a massive reaction which
results in ferrite supersaturated with respect to copper,
this copper precipitating on subsequent air cooling,

In principle it is possible to use this approach to
give comparable random and non-random dispersions of copper
in ferrite, Further work is required to elucidate the
optimum alloy and heat treatments, It may be possible to
use the massive reaction and subsequent precipitation to
pProduce the random dispersion, rather than the solution
treatment and ageing procedure that was used here, This
project was not pursued further because the small precipitation
hardening contribution to the yield strength would make
unambiguous results difficult to obtain,

4, Scanning electron microscopy of etched fracture surfaces,

The most critical situation is the path of a cleavage
crack through the fine carbide dispersions that produce
high strength levels, However, this is difficult to investigate
experimentally and it is of value to consider first cleavage

in the coarser dispersions that result from slow furnace
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cooling from the austenitising temperature, Etching in 3%

nital permits the scanning electron microscope observation

of carbides on fracture surfaces, Figure 2,5 presents some
typical results, In figure 2,5a the traces of the two secondary
cleavage planes and of the interphase precipitate sheets

can be seen for furnace cooled Fe-1V-0,2C fractured at -19600.
The three cleavage planes are orthogonal, and the trace of

the precipitate sheets is at 450 to the secondary cleavage
planes, This is consistent with fracture on {1OQL‘, the

expected cleavage plane at this temperature, and precipitate
sheets on {110 . Figure 2,5b is for furnace cooled Fe-0,5V-0,1C
fractured at -196°C, and this also appears consistent with
{106&; cleavage and ¥1103d precipitate sheets, Figure 2,5c

is for furnace cooled Fe-=0,5V-0,1C fractured at room temperature,
Traces of the precipitate sheets can be seen on the fracture
surface, suggesting that the cleavage plane has not changed

to {11Q1*. In figure 2,5d the lines of the precipitate sheets
are just resolved in Fe-1V=0,2C isothermally transformed

at 800°C, and this gives an overlap between this technique

and the iron plating technique used in section 7,

5 Fractography of ferrite containing both interphase and

Widmanstatten precipitation of vanadium carbide,

Addition of 1% aluminium to the basic Fe=1V=0,2C alloy
raises the Ae3 temperature, and high temperature transformation
from austenite to ferrite results in both interphase and
Widmanstatten precipitation of vanadium carbide (18),

Initial transformation is to ferrite supersaturated with

respect to vanadium carbide, which then precipitates to

give all three variants of the Baker-Nutting orientation
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relationship., These Widmanstatten precipitates are platelets
on {10dL_ and their traces on a section give an indication
of the ferrite orientation, Subsequent transformation is

by an interphase precipitation mechanism, although the
sheets of precipitates often do not lie on %1Oia at these
high transformation temperatures,

Alloy A2 was isothermally transformed at 900°C and then
fractured by impact at room temperature or -19600° Fracture
at -196°C was always consistent with cleavage on {10@L ’
the trace of the fracture being parallel to the traces of
one of the precipitate habits (figure 2.6), The path of the
cleavage crack was not affected by the presence of the sheets
of precipitates, For fracture at room temperature, the normal
behaviour was cleavage on {100°L, unaffected by the precipitate
sheets (figure 2,7a), but there were isolated examples of
the trace of the cleavage crack lying parallel to that of
the precipitate sheets (figure 2,7b,c),

A further specimen was part broken by impact at room
temperature, the impulse being controlled such that the
crack stopped two thirds of the way through the specimen,

The crack was then filled with Araldite under vacuum and
then sectioned to examine the crack path, Figure 2,8 shows
the crack tip., The straight portions of the crack are
parallel to one of the three Widmanstatten habits that can
be seen, and the crack is not parallel to the sheets of
interphase precipitation,

6, Orientation of the sheets of vanadium carbide precipitates

formed during interphase precipitation in Fe-1V=0,2C,

Alloy A1 was isothermally transformed at 700°C and

electron microscope specimens were prepared to determine
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the trace of the precipitate sheets, For each area a diffraction
pattern and a centred dark field micrograph using a vanadium
carbide reflection were taken, In most of the areas examined
the precipitates were in straight, parallel sheets and the
results of the trace analysis for these areas are shown

in figure 2,9, from which it can be seen that the precipitate
sheets are probably {11d&_, as has been found by other
workers (3). In some areas the precipitate sheets are not
straight, and an example of this is shown in figure 2,10,
This deviation from straight precipitate sheets is important
because it reduces the probability of cleavage failure
occurring by ‘unzipping! of the sheets in the way that
Edmonds (19) proposed,

7, Transmission electron microscopy of iron plated fracture

surfaces of Fe=1V=0,2C,

This technique makes it possible to examine the path
of the cleavage crack through the very fine scale microstructures
resulting from low isothermal transformation temperatures,
It has the disadvantages of difficult specimen preparation
and only sampling a very small region of the fracture surface.
Figure 2,11 is a precipitate dark field electron
micrograph from a specimen isothermally transformed at
725°C and fractured at -196°C, The sheets of precipitates,
which would lie on {11QL_, are not parallel to the cleavage
plane, Figure 2,12 shows a complete analysis of —196°C
fracture after isothermal transformation at 800°C, The
trace of the precipitate sheets is consistent with their
being {110k1' and the trace of the cleavage plane is consistent

with {Joo&i. In any region of interphase precipitation of
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vanadium carbide only one of the three possible variants

of the Baker-Nutting orientation relationship will be found,
In this particular case it is the variant which lies
perpendicular to the cleavage plane, It would appear that,
for fracture at -196°C, the interphase precipitate dispersion
has no effect on the path of the cleavage crack,

Figure 2,13 shows the fracture at room temperature
after isothermal transformation at 7900C0 The trace of the
cleavage crack is parallel to that of the precipitate sheets,
suggestive of fracture on {110&*. Figure 2,14 presents the
results of a series of trace analyses for room temperature
fracture after isothermal transformation at 790°C. The
convergence on (001) and (711) is a consequence of the zone
axes of the diffraction patterns examined, The traces suggest
that fracture is probably on {110}, for these conditions,
although the cleavage parallel to the precipitate sheets
in figure 2,13 is probably fortuitous,

In figure 2,15 the interaction of the cleavage crack
with vanadium carbide fibres can be seen in a specimen
isothermally transformed at 790°C and fractured at room
temperature, The bright field image shows that the ferrite
has been heavily dislocated by the passage of the cleavage
crack, and this is typical of fracture at room temperature,
Fracture at -196°C results in a lower dislocation density,
as shown in figure 2,16, This figure also shows the very
fine grain size of the electroplated iron layer, this fine
grain size being essential to obtain a ductile deposit

which will not break off during foil preparation,
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Discussion,

It has been shown that the carbide dispersion in these
steels is strongly dependent on the isothermal transformation
temperature (4), the intersheet spacing () decreasing as
the transformation temperature is reduced, The precipitation
hardening contribution to the yield strength (a%) is related
to the intersheet spacing :

Ob = k.fx—n
where n has values in the range 0,45 to 1,1 (18,20,21),
The impact transition temperature is dependent on the
yield strength, and it has been shown that where the yield
strength is increased by precipitation hardening there is
a consequent increase in the impact transition temperature
(6). From figures 2,2 and 2,3 it can be seen that this effect
is large - 0,54°C/MPa for F1,F2,F3 and 0,64°C/MPa for A1l.
Gladman et al,(22), working on alloys where the precipitation
hardening contribution to the yield stress was much less,
obtained a value of 0,26°C/MPa. The precipitate volume
fractions in the present work are considerably greater than
those examined by Gladman, but the precipitate volume
fraction effect is probably small compared with that of the
increased yield stress, The change in precipitate volume
fraction through the series F1 to F3 is significant, but
there is apparently no influence on the impact transition
temperature,

The precipitates contributing to the strength of the
alloys considered by Gladman et al, would have formed
mostly on dislocations after transformation to ferrite,

although a small amount of interphase precipitation has
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been observed in these alloys{(23), In contrast, the precipitates
strengthening alloys F1-F3 are formed almost entirely by
interphase precipitation, resulting in a non-random carbide
distribution, Since the rate of change of impact transition
temperature with precipitation hardening is so similar in
these situations of random and non-random precipitation it
can be inferred that the presence of a non-random dispersion
does not adversely affect the impact transition temperature,
This inference is further supported by the results
for alloy A1l given‘in figure 2,3, Batte (8) investigated
the effect of prolonged ageing of interphase precipitation
dispersions of vanadium carbide, For a dispersion formed
at 775°C and then aged at that temperature he showed that
after an hour there was no evidence of the original aligned
dispersion, The precipitates had a variety of morphologies
with apparently no specific preferred growth direction,
and a few particles coarsened rapidly at the expense of
the rest, Grain boundary precipitates always grew most
rapidly, It has since been shown that those precipitates
within the grains which are in contact with dislocations
grow at the expense of the rest (9). The ageing treatments
used for alloy A1 are sufficient to progressively break
down the non-random carbide distribution resulting from
isothermal transformation by interphase precipitation, The
rate of change of impact transition temperature with yield
stress is almost identical for the aged (0.,66°C/MPa) and
non-aged (0,64°C/MPa) dispersions. The shift of approximately
100°C in impact transition temperatures produced by ageing

is attributed to the coarse grain boundary carbides that
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form during ageing, It is well known that coarse carbides
in the grain boundaries can have a marked deleterious effect
on the impact transition temperature (24), From this it is
concluded that the impact transition temperature in these
alloys is determined primarily by the precipitation
hardening contribution to the yield stress, that the effect
of a non-random as compared with a random carbide dispersion
is small, and certainly less than the effect of coarse
grain boundary carbides,

The fractographic results must be examined in the
light of these conclusions, For the complete range of
precipitate dispersions, from very coarse to very fine,
no evidence was found that the dispersion modified the path
of a cleavage crack during fracture at -196°Ce Cleavage
was apparently always on {1OQL', unaffected by the sheets
of precipitates on {11db_, and there was no preference
for fracture on the specific {100‘}‘;Z plane on which the
interphase precipitated vanadium carbide platelets lay,
For fracture at room temperature in the coarse dispersions
there was little effect on the cleavage crack path, only
isolated examples of the crack propagating parallel to the
pPrecipitate sheets being observed, Fracture in fine dispersions
at room temperature was often apparently on ¥11QL g this
sometimes giving cleavage parallel to the precipitate sheets,
This tendency to change from {ux%d cleavage at -196°C to
{11le cleavage at room temperature has been observed by
other workers (10,25), but the reasons are not fully

understood,

Fractographic analysis suggests that, particularly in
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the fine dispersions, there is an influence of the precipitate
dispersion on the path of the cleavage crack, However, the
influence on the resulting mechanical properties is small

and it must be concluded that the mechanical properties of
steels strengthened by non-random dispersions of vanadium
carbide are substantially the same as those with random
dispersions, The increase in impact transition temperature
imposes a practical limit on the extent to which precipitation
hardening can be used to increase the yield strength in

low alloy ferritic steelss

Conclusions,

From a series of tests on Fe-V=C alloys and an Fe-=Cu
model system it is concluded that :-

1 The rate of change of impact transition temperature
with increasing yield stress is comparable for random
and non-random ("interphase precipitation") dispersions
of vanadium carbide in ferrite,

2, The impact transition temperature is primarily
dependent on the yield stress, and not on the precipitate
volume fraction,

3¢ The sheets of vanadium carbide precipitates formed
by interphase precipitation lie mostly on {11QK*,

L, It is, in principle, feasible to compare the properties
of random and non-random dispersions by using an Fe~Cu
model system,

5¢ The non-random dispersion of vanadium carbide can
influence the path of a cleavage crack during fracture at
room temperature, but there is no significant change in the
mechanical properties,

6. At -196°C the dispersion does not affect the crack path.
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Figure 2,2 The variation of impact transition temperature

with yield stress for alloys F1, F2, F3,
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with yield stress for alloy A1,
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Figure 2,4 The iron-copper phase diagram (after Simensen(13)),



FPigure 2.5 Scanning electron micrographs of etched impact
fracture surfaces, a) Fe-1V-0,2C, furnace cooled,
-196°C fracture (x570), b) Fe-0,5V-0,1C, PRsanss
cooled, -196°C fracture (x1200), c) Fe=0,5V-0,1C,
furnace cooled, room temperature fracture (x750),
d) Fe-1V-0,2C, transformed at 800°C, room temperature

fracture (x4000),



Figure 2,6 Alloy A2 isothermally transformed at 900°C
and fractured at -196°C, Nickel plated fracture

surface,



Figure 2,7 Alloy A2 isothermally transformed at 900°C and
fractured at room temperature., Nickel plated

fracture surfaces (x1800),




Alloy A2 isothermally transformed at 900°C and

8

Figure 2

fractured at room temperature, Tip of arrested

crack (x1800),
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Figure 2,9 Trace analysis of the sheets of vanadium carbide

precipitates formed in Fe-=-1V=0,2C by isothermal

1014

100

transformation at 700°cC,
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Figure 2,11 Transmission electron micrograph of iron plated

fracture surface of Fe=1V=0,2C isothermally

transformed at 725°C and fractured at -196°C

(x30,600),



Figure 2,12

Transmission electron micrographs of iron plated
fracture surface of Fe-1V=0,2C transformed at

800°C and fractured at -196°C : a) bright field,

b) precipitate dark field, c¢) diffraction pattern
and d) schematic diagram of indexed diffraction
pattern showing the trace of the cleavage plane (A),

the precipitate sheets (B) and the precipitate

habit (c) (x21700),
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Figure 2,14 Traces of the cleavage planes from transmission
electron microscopy of iron plated fracture
surfaces of Fe-1V-0,2C isothermally transformed
at 790°C, broken by impact at room temperature.
N.B, the convergence on (001) and (111) is
due to the zone axes of the diffraction patterns

examined,



Figure 2,15 Transmission electron micrographs of iron plated

fracture surface of Fe-=1V-0,2C isothermally
transformed at 790°C and fractured by dimpact

at room temperature (x23,200),



Figure 2,16 Transmission electron micrographs of iron plated

fracture surface of Fe-1V=0,2C isothermally

transformed at 790°C and fractured at -196°C

(x18,400),



CHAPTER THREE.

FATIGUE IN A #Cr-+Mo-4V STEEL,

Introduction,

The work reported here is a development of that described
in reference 1 (chapters 3 to 5), where full details of
the experimental procedure, the microstructures and the
crack growth rate measurements for each microstructural
condition are given, This chapter includes further analysis
of the earlier results and the results of investigations
of the effects of thickness and load ratio on fatigue at
intermediate and high crack growth rates in the as received
material, and of the effect of microstructure and tensile
properties on the fatigue limit, The earlier work showed
an unusual load ratio effect, the exponent 'm' in the
Paris Law decreasing as the load ratio was increased, and
the investigation of the effect of thickness and load ratio
was an attempt to understand this., The measurements of
fatigue limits were to confirm the apparently conflicting
microstructural requirements for good fatigue properties
at the threshold ("crack stopping") and at the endurance

1limit ("crack starting"),

Results,

Fatigue crack growth curves for LK?.ZOM_Paom% were
determined for the as received material using SEN four
point bend specimens with thicknesses of 5, 10 and 20mm, and
load ratios of R=0.,1, 0.3 and 0.5, The testing frequency
was 25Hz.,, The fatigue crack was initiated with AK~25MPa.m%

and then the loads reduced in stages to a AK of typically
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15MPa.m%, sufficient crack growth being allowed at each
stage to grow the fatigue crack through the plastic zone
associated with the previous load level., The loads were then
increased in stages and held constant at a level which
was equivalent initially to AKeZOMPa.m%o The fatigue crack
growth curves are presented in figure 3.1, and figure 3,2
shows the results of a regression analysis of the linear
region of each curve, There is a tendency for m to decrease
with increasing load ratio and with decreasing thickness,

S=N curves were determined for two microstructural
conditions, and the results are shown in figure 3,3, The
fatigue limit for a quenched and tempered microstructure
is higher than that for a ferritic microstructure resulting
from isothermal transformation at 750°C; the ratio of the
fatigue limit to the ultimate tensile stress, the fatigue

ratio, being 0,50 and 0,40 respectively,

Discussion.,

1, The effect of microstructure and tensile properties on

fatigue in the intermediate crack growth rate range,

Full details of these tests are given in reference 1
chapter 4, and figure 3.4 summarises the results for the
exponent m in the Paris Law as a function of load ratio,
yield stress and Kmax at final instability (an approximate

measure of K oFigure 3,4 shows that the exponent m in

IC)
the Paris Law is reduced as yield stress and Kmax at instability
are increased, the change being most marked at R=0,1,

Ritchie (26) plotted results from his own and previous work

to show that there was a clear correlation between m and
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KIC' The trend was for m to decrease as KIC was increased,

1
the increase in m for K__<80MPa,m? being particularly

IC

marked, This increase in m is attributed to static modes
of failure occurring in association with normal striation
growth mechanisms (27)° In the present work the isolated
incidence of a cleavage static mode has been observed in
the ferritic microstructures and this may account for some
of the change in m,

Figure 3,4a shows that the exponent m is reduced as
the yield stress is increased, The various theoretical
continuum fatigue crack growth laws (28-32) predict a
strong dependence of the fatigue crack growth rate on the
material yield stress (c;), with the growth rate proportional

1 -2 L

to o=~ ', o or o
y Yy y

rate should be greatly reduced by increasing the material

o It is predicted that the growth

yield stress, Some workers have shown that there is no
effect of yield stress on the fatigue crack growth rate
(33,34), and others have found that where crack propagation
is by a purely striation mechanism then an increase in
yield stress results in a small decrease in the crack growth
rate (35,36). Lindley et al. (37) found that for various
steels in which the yield strength changed by a factor of
seven, the change in crack growth rate by the striation

mode was only a factor of two, In some cases (38) an increase
in yield stress has resulted in an increase in growth rate,
It is clear that the observed yield stress effect is always
less than that theoretically predicted, and the reasons

for this are not understood, Part of this discrepancy is

removed by considering the cyclic rather than the monotonic
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yield stress, In certain high yield strength materials

the effect of the yield stress is offset by the low toughness
(32), The results of the present study provide further
evidence of a significant reduction in fatigue crack growth
rate as the yield stress is increased,

2 The influence of thickness and load ratio on fatigue

in the intermediate crack growth rate range,

For the entire range of microstructural conditions,
yield stresses and toughnesses it was found that the exponent
m for tests at R=0,1 was greater than for tests at R=0.4
(figure 3,4)., For the as received material, tested over a
range of thicknesses and load ratios, the general trend
was also for m to decrease with increasing load ratio (figure
302)s This reduction in m with increasing load ratio does
not agree with much of the published literature, It has
been shown that, for fatigue crack growth in the continuum
region by a purely striation mechanism, there is generally
little effect of load ratio (39), In many cases, however,
there is an increase in m with increasing load ratio due
to the contribution of static modes of failure to the overall
crack growth rate (27,40),

The following paragraphs show that the explanation for
the results obtained here can not be found in deviations
from ideal plane strain deformation due to crack closure,
general yield or increasing plane stress deformation, and
it is hoped that further work will provide an explanation
for the load ratio effect found in the present study,

When crack closure occurs the effective AK at the

crack tip is less than that nominally applied and consequently
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the fatigue crack growth rate is reduced (41), Crack closure
measurements on steel specimens tested in tension have shown
that closure at Kmin’ the minimum value of K in the fatigue
cycle, is found only in the surface plane stress regions,
and not in the interior plane strain regions (42). It was
suggested that this accounted for the observed curvature
of the crack growth front in fatigue specimens, Irving et
al, (43) showed that, for steel specimens, closure in bend
specimens was not significant when tested in plane strain
in air., For tension specimens they also showed that the
extent of closure would be greatly reduced by increasing
the applied load ratio or the applied AK, For the bend
specimens used in the present work it is therefore
concluded that closure effects would not be significant,

The effect of general yield of the fatigue specimen
is to increase the fatigue crack growth rate (35,44),
The general yield stress is greater for thick than for thin
specimens, so that thin specimens can show greater fatigue
crack growth rates as general yield is approached (44-46),
Increasing the load ratio brings the conditions closer to
general yield, and so the general yield contribution to
the effect of increasing load ratio on m would be to
increase m, The opposite effect of load ratio on m has been
observed here, Increasing the yield stress of the material
will delay the onset of general yield to higher AK values,
and may then give lower values of m for high strength
materials, as shown in figure 3.4a,

It is difficult to isolate the effect on the fatigue

crack growth rate of a deviation from ideal plane strain
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to plane stress loading, In many specimen designs the effect
will be masked by the approach fo general yield, Crack
closure effects will also become more significant in plane
stress loading (42), Some theoretical analyses show that

the plane stress crack tip displacement is greater than

that for plane strain (47,48) and this should result in
faster fatigue crack growth rates in plane stress, However,
Griffith and Richards (44) showed that the experimental
growth rate was not affected by a change from plane strain
to plane stress loading,

3, The relationship between the parameters m and C in

the Paris Laws

Recently it has been realised that there is an empirical
relationship connecting the parameters C énd m (h9,50) :
m=xlog C + ¥y 3.1
McCartney and Irving (51) have shown, by dimensional
arguments, that the linear relationship between m and logC
in equation 3,1 is a necessary consequence of the Paris Law,
Niccolls (50) analysed data from several sources and showed
that for a wide range of steels (yield stress 433-1688 MPa,
fracture toughness 27,5-220 MPaam%) tested under a variety
of conditions the results for m and log C all fitted the
same line, An almost parallel line was found for a limited
number of aluminium alloys, Bailon et al, (52) tested a
series of aluminium alloys and also found a linear
correlation between m and log C, They found that the load
ratio was the only experimental variable to affect this
relationship, Loading cycle, specimen thickness and type,

frequency and environment had no effect, Tanaka and Matsuoka
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(53) report results for a series of steels tested in zero-
to=tension loading and show a linear relationship between
m and log C, They attempt to explain this relationship

by a crack closure approach, but this must be questioned
because Irving et al, (43) have shown that crack closure
effects in steels in such conditions are minimal,

Values of m and log C were calculated from the results
of all the fatigue tests on the FCr-}Mo-iV steel so that
their relationship could be examined over a range of material
variables (microstructure, yield strength and toughness)
and of experimental variables (thickness, load ratio and
frequency). Figure 3,5 shows the results of a series of
tests at constant thickness (B= 10mm,) and frequency (40Hz, )
for the complete range of microstructures-and yield stresses,
at load ratios of 0,1 and O,4, Regression analysis results
in the equations :

R=0,1 m -0,64l4 logC - 2,729 3.2

R=0,4 m = =0,601 logC -~ 2,607 363
The lines are almost parallel, but the change in load
ratio produces a significant displacement, Analysis for all
these results, without considering load ratio, gives :

m = -0,724 logC =~ 3,458 3ol

Figure 3,6 presents results for the as received material
(yield stress 422 MPa) over a wide range of load ratios
(0.1 to 0,5), thicknesses (B= 5 to 20mm,) and frequencies
(25, 40Hz,). Regression analysis gives :

R=0,1 m= -0,611 logC - 2,388 3.5

R=0,3,0,4,0.5 m = -0,663 logC - 3,020 3.6

all R m = =0,684 logC - 3,150 367
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As in figure 3.5, the line for R=0,1 is slightly displaced
from, but almost parallel to, that for the higher load
ratios,

These equations should be compared with those for
steels derived by other investigators (after standardising
to units of mm,/cycle and MPa.m%) :

Niccolls (50) m = -0,770 logC - 3,146 3.8

Tanaka and Matsuoka (53) m = -0,643 logC - 2,661 369

These results provide further experimental evidence
of a linear correlation between m and logC for fatigue crack
growth in the intermediate growth rate range., There is
also some evidence, figures 3,5 and 3.69 of a slight load
ratio effect on the relationship between m and logC in the
particular 3Cr-3Mo-1V steel tested, Bailoﬁ et al, (52)
found a pronounced effect in aluminium alloys, but the
present results suggest that the effect may be smaller in
steels, There is no evidence for yield stress, specimen
thickness or frequency affecting the relationship between
m and logC, The present results are consistent with those
of other studies, although the load ratio effect in steels
has not previously been observed,

L, The effect of microstructure and tensile properties

on the fatigue limit,

Figure 3;3 shows that the tempered martensite is
far more resistant to crack initiation than the isothermally
transformed ferrite, whether the comparison is made on an
absolute basis (fatigue limit), or a relative basis (fatigue
ratio), This is in agreement with the earlier observatiomns (1)

of fatigue limits in Fe-1V-0,2C where the tempered martensite
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had superior resistance to fatigue crack initiation when
compared with isothermally transformed ferrite at the
same ultimate tensile stress,

This behaviour should be compared with the effect of
microstructure and tensile properties on the threshold (1)
where the threshold for the tempered martensite microstructure
is less than that for the isothermally transformed ferrite,
These different effects on the threshold and the fatigue
limit are consistent with those reported in the literature,
The fatigue limit is increased by increasing the tensile
strength of a material, being typically half the ultimate
tensile strength in steels (54), whereas the threshold is
reduced by increasing the yield stress (55)., For example,
typical empirical equations for the dependence of yield

stress (6;,MPa), fatigue limit (G%L,MPa), and threshold

1
(AKT,MPa.mz) on grain size (d,m) in mild steel are (56,57)

1
o, = 139 + 0,3474d 2 3,10
1
Oy, = 153 + 0,174d™2 Je11
1
AKp = 308 + 1.14x10%a*2 3,12

It is clear that o, and 0y, are related to d-% and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>