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ABSfRACT
&

A combination of high strength and good fracture resistance
is obtained in high stregngth low alloy (HSLA) steels by the use of
controlled rolling and addition of micro alloying elements to refine
the scale of the microstructure. In these fine grained materials
traditional property-structure relationshipsdo not adequately describe
the fracture behaviour. ”

This thesis is concerned with the fracture properties of
HSLA-steels at various temperatures and stress states. Three modes
of failure are commoniy obs;rved. At low temperatures cleavage is the
predominant fracture modé, whereas ductile failure by nucleation and
growth of voids occurs athigher tempratures. In the intermediate
temperature range delamination fracture on planes parallel to the
rolling plane is observed. The various fracture mechanisms are dis-
cussed in %erms of the detailed microstructure of the materials which
has been characterized by the use of standard optical and elecfron ‘
metallography. In addition failure criteria for the most common
fracture modes have been developed.

It js found that the condition for cleavage failure is
adeQuater'described in terms of a Griffith equation where the crack
length 1is determiped by an effective grain size of the order of twice -
the ferrite grain size. Further it is argued that the»10w temperature

fracture toughness can be expressed by the cleavage stress and the size -
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of the process zone. For fine grained materials the process zone
size is found to be independent of the 'scale of the microstructure.

The resistance to ductile fracture has been characterized in
terms of.; critical crack opening displacement (COD). It is argued
that the COD value is determined by the size of the frocess zone~which is
1ndepéndent of the'scale of plasticity. The process zone size is related
to the inclusion spacing.

Delamination is found to occur mainly by a grain boundary
tearing mechanism. However, the presence of inclusion aggregates may
reduce the fracture stress substahtiaf]y. Delamination by the grai;

boundary tearing mechanism occurs at a critical value of the maximum

shear stress indicating that crack nucleation is the critical avent.
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1. INTRODUCTION

Large tonnages of high strength structural steels are currently
being used in .the pipe line industry and as structural material in the
form of plate. In addition, there is a large potential market in the
automotive industry for thinner gauge HSLA-steel products. For these
applications the following material properties are required: high
strength, good toughness, good weldability and for sheet metal applica-
tions also good formability. i ‘

The economic aspects of utilizing higher grade steels for pipe
lines hav@&™been considered by Beauchamp (1973). The weight savings that
can be achieved for a 48 in (1.22 m) diameter pipe line operating at 70%
of the yield stress, are shown in Table 1.1. It is seen that by going
from an x-65 to an x-70 grade the weight reduction is 92 tons/mile. In
addition to the material saving, similar cost reductioﬁﬁ may be obtained
in field welding and in pipe handling and_transportation. Thus there is
considerable ‘impetus to develop higher strength mater{als that satisfy
the property requirements without using higher alloy contents and
expensive heat treatment.

Parrini et al. (1975) have discussed the economic aspects of
the various possible proces;ing routes for high strength structural steel.
In figure 1.1 it is seen that the)conventiona1 quench and tempered steels
and the normalized steels do not compare favourabTynin cost due to hjgher‘

alloy content and additional heat treatments required after rolling.
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The directly quenched and tempered steels have shown quite
remarkable properties when produced on a laboratory scale (Parrini et al.,
1975; Boyd, 1975). Further, they are of very lean compositions and thus
very attractive from an economic viewpoint. Processing these materials
in_a reproducible manner on a commercial scale will, however, require
very good control over rolling parameters and cooling rates.

The remaining alternative in figure 1.1 is the controiled rolled
high strength low alloy (HSLA) steel, which combine good properties with
low alloy cost and a minimum of tige consuming processing. The physical
metallurgy of controlied rolled HSEA steels has recently been described
in a number of excellent reviews {Baird and Preston, 1973; Pickering,
1975; Gladman et al., 19755 Gray, 1972; Fukuda et al., 1973). The results
of these investigations have brought into focus the need to understand
the complex phase transformations occurring during continuous cooling of‘
controlled rolled low alloy steels and the need to correlate the criticai
parameters governing the fracture behaviou; with the existeﬁce and
distribution of various microstructural constituents.

The improved properties of HSLA steels compared to conventional
hot rolled structural steels are governéd by the fo]lowigg factors.

1) The use of small amounts of alloying elements such as Nb, V, Ti, Al,
N, which promote grain'refinement in the austenite, and to some extent
precipitatién hardening in the férrite. One major difficu1ty in
predicting the effect of these alloy addit%ons, i.e. the volume
fractions precipitated in the austenite and ferrite, is the compliex
chemistyy of tpese elements }n the presence of both carbon and'-

nitrogen- (Johansen et.al., 1967) and the lack of suitable activityf

"data in complex solutions.



2) The use of controlled rol&ing, involving close control of the degree of
deformation, temperature and rate of cooling to optimize the yield
of the alloying additions with respect to grain refinement and
precipitation strengthening.

3) further the trend has been to lower the carbon level to improve
weldability. An inherent problem in low carbon steel making is the
increase in available free oxygen and formation of oxide inclusions.
In particular; one ;as to consider reoxidation of rare earth alloy
additions when sg]phide modification treatmént is used (MclLean and
Kay, 1975).

4) The demand for cleaner steels with isotropic fracture properties has
led to the use of both desulphurization and sulphide shape control.
The objective of these Eractices has been to improve a number of
factors such as ductile fracture toughness, through thickness
ductility, cold formability and resistance to lamellar tearing during
welding.

The dominant microstructures of controlled rolled HSLA-stée]s are
‘conveniently divided into two groups, viz. polygonal ferrite structures
and acicular ferrite structures. Often a mixture of the two structures
is observed. The type of structure observed will be determined by the
temperature of the austenite-ferrite transformation as illustrated in
figure 1.2. Thus at higher transformation temperatures polygonal ferrite
tends to form, whereas acicular traﬁsformation products are predominant
at lower transformation temperatures. The transformation temperature

will strongly depend on processing variables such as composition; thermo-



mechanical processing of the austenite and cooling rate. Variations in
microstructure within the plate thickness is iherefore often observed,
both in terms of macroscopic variations due to change in cooling rate
through the plate section and in terms of local variations due to
differences in local hardenability. A further complication is introduced
by the existence of non-ferritic transformation products such as carbide
aggregates and islands of a mixed martensite retained austenite consti-
tuent. The volume fraction and distributioq of these phases depend
ﬁtrong]y on the processing.schedule for the material.

1

[, + Conventional correlations between the scale of the microstructural
fe§€yygs and the fracture properties do not adequately describe the
fracture behaviour of controlled rolled HSLA-steels. The fact that fracture
is nucleated at heterogeneities in the material makés it difficult to !
obtain a complete and quantitative understanding of the fracture behaviour
of the material. In order to establish criteria for failure it is thus

of importance to be abTe to detect and characterize any heterogeneity in
terms of its vo]umelfraction and Jocal distribution. Since the non-ferritic
transformation products can act as preferential sites for fracture
nucleation, a detailed know]edge of the transformation behaviour of the
material and the correlgtion between transformation behaviour and
processing varjables is required. Further, the qu%stion arises how the
quality control of the material can be performed when the microstructural
’V%eatures bf interest are of submicron size. To date little attention has
beent devdted‘;o this questibn, but the problem will become of increasing

importance when designers start to demand an assessment of the material's

fracture resistance in terms of critical stress intensities, crack arrest

-



properties and resistance to delamination.

The ability to relate the mechanical behaviour of a material
and the detailed microstructural features is essential in alloy development
and the optimization of processing schedule It is therefore important
to achieve a detailed understanding of the various fracturé modes
observed in HSLA-steels and how they relate to the microstructure.

The objective of this investigation has been to delineate the
predominate fracture modes in HSLA-steels occurring for various teniperature
and stress conditions. In order to quantify the fracture behaviour it
has been necessary to develop fracture criteria that describe the various
fracture modes in terms of the scale and distrubution of the various
microstructural features of the material and the magnitude of the various
stress components operating on the material. i

In the present investigation three different steels have been
considered. The steels are of commercial quality and have been contro]]éd
rolled on a full size mi1l. As these materials are used ipn the as rolled
condition, no heat treatments were made and all mechanical testing was done
on the plate as received. The advantage of this is that the results of
the investigation are directly applicable to commercial materinls. Further,
the need for large quantities of material for mechanical testing would
require rather elaborate facilities if the materials were to be produced

on a laboratory scale. The problem with this approach is that the micro-

4
g

structures cannot be varied in a controlled and systematic manner to delineate

the effects of the various microstructural components in a quantitative .

way. A]so,‘there is the inherent problem of controlled rolled steels that

~—n

the microstructure is very complex, thus making the interpretation of the

~— F



data more difficult. Since the microstructure could not be altered,
three different materials with slight differences in composition and
rolling schedule have been chosen. The steels are of comparable strength
Tevel, but their microstructural features show marked differences.

The approach taken in this study has therefore been to undertake
a detailed characterization of the microstructure of the three steels,
(referred to as A, B and C, using a combination of standard optical
microscopy, scanning electron microscopy, and transmission electron
microscopy of thin foils and carbon extraction replicas. Further, small
scale fracture tests have been used to assess the fracture resistance of

the materials and the critical values of COD, K,. and cleavage stress

1C
have been interpreted in terms of the characteristic microiﬁructures.
!
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Figure 1.2:
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‘obtained from relatively simple small scale experiments.

2. LITERATURE REVIEW

In this investigation of the microstructural aspects of fracture.
in HSLA-steels the objective has been to develop relations between fracture
resistance and the detailed microstructure of the material. It is thus
of interest to consider the various fo}mats in which fracture resistance
can be expressed, and how values of the fracture resistance can be

To introduce the‘ﬁ?grostructural aspects of fracture it is ?
necessary to define the various fracture modes operating in HSLA-steels
and to develop criteria which describe the fracture beﬁgviour in a
quantitative manner in terms of the magnitude and direction of the stresges
and strains operative in the material. Further, the microstructure must
be well characterized in terms of the heterogeneities that are responsible
for nucleating the fracture process.

To provide a background for a discussion of the detailed fracture
behaviour of HLSA-steels, some of the current ideas on ffacture_résisiance
and_ influence of ;icrostructural features have been reviewed in the next
sections together with a brief discussion on the deve]opmen§ pf micro-

LRl

structures in HSLA-steels. h r

2.1 MICROSTRUCTURE

.The need for structural steels with improved strength and fracture

toughness has led to the development of controlled rofﬁing as a way of

S

9
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refining the sca?e‘of the microstructure. The success of the controlled
roliinéjtechno1ogy is based on a delicate balance between thermal
mechanical treatment and the use of smai] alloy additions to stabilize

the structure. The action of the micro alloy additions, in addition to
precipitation hardening in the ferrite, is to prevent grain growth and
recrystallization in the daustenite, the rationale being that transformation
of a fing austenite structure will yield a fine ferrite structure. Most
HSLA-steels are based on additions of either Nb, V, or Ti as a grain
refiner. The majority of HSLA-steels for line pipe appligations, however,

are currently Nb treated. Thus the treatment of microstructufes in

controlled rolled steels will be restricted to Nb-bearing steels.

/

2.1.1. Deformation of austpmite \

In order to obtain a fine microstructure in the finished plate it
is necessary to refine the austenite structure before transformation
(Fukuda et al., 1973). 1In essence, this is done by allowing the structure
to recrystallize between each rolling pass and trying to prevent grain
growth at the samé time. The various stages in the rolling sequence have
been illustrated schematically ig figure 2.1! In stagé I at high
rolling temperatures both recrystallization and grain growth will occur,
thus there is no net refinement in the structure. By 1owér1ng the tempera-
ture recrystallization may still occur, but grain growth is prevented.

The result is a refinement of the austenite grain size for each rolling
pass. Fufther reduction in rolling temperature will prevént recrysta11iza-
tion and an elongated, heavily deformed austenite structure results

(Teggart and Gittins, 1977).
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The described rolling sequence is typical for Nb-bearing
C-Mn-steels. For pure C-Mn steels, however, recrystallization, complete
or partial, will take place even at the lower end of the temperature
scale (Sekine and Maruyama, 1973). Thus the effect of Nb-additions in
controlled rolling is to prevent recrystallization of the austenite.

Two mechanisms have been proposed to account for the suppression of
austenite recrystallization. The first involves Nb in solid solution
which may retard the motion of dislocations and sub-boundaries via a
solute drag effect {1e Bon et al., 1975), thus retarding recovery and
hence recnysta]Iizatien of the deformed austenite. The second cens%ders
the influence of Nb(C,N) precipitates which form on the substructure
produced during rolling and suppress recovery and recrystallization by a
dislocation pinning mechanisﬁ. Work by Davenbort et al. (1977) shows
that the onset of retardation of recrystallization is accompanied by the

\
formation of Nb(C, N)-precipitates which zhpports the latter mechanism,

L] l./':

There is, however, no def1n1te rule to which mechanism should operate
in each case. N '

In retarding grain growth in the austenite precipitation of Nb(C,N)
on the grain boundaries seem to be the operating mechanism. Grain boundary
precipitation in the austenite has been reported by ORmori (1975) in a |
thorough investigation of Nb precipitation in Tow alloy steels.

At the start of transformation to ferrite the austenité may exist\"
either in the form of a uniform fine grained recrystallized structure or
in the form of an e]oegated heavily deformed grain structure, depending a

on the temperature of the Tast rolling pass. In the/fatter case it is

important that the structure is heavily deformed, as this will ensure that
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the growing ferrite grains can only attain a certain size before impinge-
ment, and thus a fine grained ferrite is obtained.

The occurreﬁce of partially recrystai]ized austenite or insuffi-
cient deformation of the austenite may lead to a duplex microstructure
containing bands of large polygonal ferrite grains. Théese have been
shown to have a detrimental effect on the mechanical properties, in

particular on the delamination behaviour (Speich and Dabkowski, 1977).

2.1.2. Tranformation behaviour

It has been established that a uniform fine grained austenite

structure 1is essential in qrder to optimize the ferrite mophology. Of
equal importance, however, is the tfgnsformation temperature (Gray, 1972).
This can be considered in terms of a simple nuéfEéE?;; and growth model
for ferrite (Shewmon, 1969). At high transformation temperatures the
nucleation rate is low and large polygonal ferrite grains are produced.
As the\temperature decreases the nucleation rate will increase and a
gradual refinement of the structure occurs. At large degrees of under-
cooling more free energy is available for formation of nop—po]ygona]
structures, Although the acicular structures are thermodynamically unfa-
vourable due to larger surface to volume ratio, they represent the faster
growing species and will thus dominate the structure at lower transférma-
tion temperatures. The influence of the transformation temperature on the
scale and morphoTogy of the microstructure is illustrated in the diagram
from Gray (1972) in figure 1.2.

The transformation temperature is determined bxyai]oy additlons

and cooling rate, increased alloy content and coo]1ng rate both lower the
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ﬁransformation temperature. There is, however, a'strong influence of the
austenite condition 1in terms of grain size and dislocation structure,
a heavily defofmed structure tending to accelerate the transformation .
(Coldren et al., 1972). Further, niobium left in solid solution has .a
marked effect on hardenability (Gray, 1972) making an a priori estimate
of the transformation temperature difficult. 4

Polygonal ferrité with a grain size of 5.10°% m (ASTM 12) and a
carbon content of 0.15% has a yield strength of about 350 MPa and a
transition temperature of about -50°F(Woodhead and Whiteman, 1972). By
decreasigfy the carbon content the transition temperature can be improved;
this, however, is at the expense of the strength. Similarly, the yield
strength can be increased to about 550 MPa by precipitation hardening, but
it is accompanied by a detrimental increase in transit{on temperature.
If stronger materials are required it is therefore more satisfactory to
suppress the transformation temperature to facilitate the transformation
to an acicular structure.

Acicular ferrite is cohposed of groups of parallel ferrite laths
of small misorientation arranged in colonies. The structure contains a
very_high éis]ocation density and is in general too complex to allow a
_ quantitative“assegsment of either the dislocation density or the extent
of alloy carbide precipitation by transmission electron microscopy. '

TheHeffect of Nb-addition is three-fold. Both the influence on
the rate of recrysta]lizgtion and grain growth in the austenite and the
effect of niobium in solid solution on the hardenabi]ity have been
considered. In addition, Nb{C,N) cannprecipitate in the ferrite:to give

‘a substantial increase in yield stress. Precipitation can occur both

L
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during processing,i.e. &uring cooling or in the coiling operation for
sheet material, or in a separate ageing treatment. Ageing to peak hard-
ness is very rapid at high temperatures (about 5 minutes at 700°C)
(Coldren et al., 1972) and an increase in yield strencth of the order of
100 MPa can easily be obtained for a 0.05% Nb steel (McCutcheon ét al.,
1976). In order to have the beneficial effect of Nb on hardenability and
precipitation strengthening it is important to avoid excess precipitation
in the austenite (éo]dren et al., 1972), care must therefore be taken to
design a thermal-mechanical treatment to give optimum yield of alloy

additions.

2.1.3. Carbon distribution

In addition to the morphology and scale of the ferrite, attention
must be given to the redistribution of carbon during tranéfo;mation and
the formation of non-ferritic products. These may arise in the form of
carbides or complex transformation products such as retained fustenite
or martensite formed by carbon rejection in the p;esence of alloying
elements such as Mn. '

The classical case of carbon redistribution is the pearfite
banding due to segregation of alloying elements (Kirkaldy et al., 1962).
In Nb-bearing HSLA-steels a similar effect is observed; this, however,
is not related to the distribution of a11$y elements (Herg et al,, 1975),
but to the austenite morphology. When heavily deformed austénite trans-
forms, carbon is rejected by the advancing ferrite fﬁdnt towards the
center of the original austenite grain where it transforms to ﬁéar]ite.

Thus a linear array of pearlite patches wiil form, giving rise to a

a
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banding effect.

At lower transformation temperatures the pearlite is less well

-,
#

defined and has been referred to as non-lamellar peariite (Tither and
Lauprecht, 1977) or a-mixture of pearlite and upper bainite (Speich and
Dabkowski, 4977): Further, a tendency to precipii;te cementite on
ferrite grain boundaries is observed (Heré et al., 1975). The scale of
the phasé varies with the temperature of transformation but in some cases
the carbide may form a continuous film which serve as a preferred fracture
path in a manner analogous to the carbide§ formed in upper bainite
(Pickering, 1967). Cementite may be formed in the austenite when the
carbon concentration close to the advancing interface exceeds the extrapolated
ACm line. Lowering the transformation temperature will decrease the
solubility of carbon i; the austenite and give a higher concentration. )
gradient of carbon in the remaining austenite due ta inhibition of the
diffus%on process. Both these factors favour precipitation of carbide.
Hetérogeneou; nucleation at the reaction front tends to precipitate
cementite on the grain boundaries rather than inside the grains.

At intermediaf® cooling rateswhen carbon diffusion can occur over
a greater distance in front of the advancing ferrite, a substantial carbon
concentration may build up in tﬁe remaining/é&stenite. If the condition
‘for cementite prec1p1tat1on is not met the transformation temperature for
the remaining austenite may he lowered suff1c1ent1y to either stabilize
the austenite or produce a high carbon martensite, as suggested by Biss
~ gﬁd Cryderman (1971). The martensite constituent is often heavily twinned,

indicating a local carbon content in excess of 0.5% wt. which. is in agree-

ment with calculations based on initial carbon content and volume fraction
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of the martensite-austenite (M/A) constituent. The amount and distribu-
tion of the M/A-constituent” depends both on the thermal history of the
material and the detailed k{ﬁetics of the austenite ferrite transformation.
In addition, factors such as the local hardenability, as defined by the
homogeneity of the substitutional alloying elements, are of importance in
determining the transformation behaviour of the retained austenite. A
detailed study of the occurrence of the M/A-constituent in weld metal has
been undertaken by Glover et al. (1977) where they demonstrate the impor-
tance of the austenite ferrite transformation kinetics on the distribution
of the martensite-austenite phase. Nhea the M/A-constituent is formed at
intermediate cooling rates in an acicular ferrite matrix it has a bToEky,
irregular appearance, whereas increased cooling rates promoéis transforma-
tion to bainitic ferrite and elongated discs of the M/A-constituent form
between the ferrite laths. This is in agreement with/gbservations by
Habraken and Economopoulos (1967), but in contradiction to the view by
Biss and’Cryderman (1971), who argue that a transition to carbjae formation
should occur by increasing the cooling rate. *

To date, there has been no definite study of the influence of the
M/A- const1tuent on the fracture behav1our of HSLA-stee]s. It has been
shown, however, (Emburyaﬁt a]., 1977) that the martensite austenite phase
may play an important role both in terms of cleavage cracg nucleation and
as a source for void formation in fibrous fracture. Thus, if_thé propenﬁity
to fracture is considered in terms of volume fraction of second phase .
particles only, the occurrence of M/A constituents conta1ning 0. 5% C is
more, severe than having the carbon precipitated as cement:te contain1ng
6.7¢ C, which y1e]ds a lower volume fraction of partzcles., Further ‘

studies to de11neate the character1st1c structure and the

-4



detailed mechanism of formation of the martensite austenite phase have
long been due. It is believed, however, that introduction of the dua
phase steels (Bucher and Hamburg, 1977) which utilize the M/A-constitlent
to modify the yielding behaviour and increase the formability, will .

increase the research effort being spent in this area.

2.1.4. Texture

Much effort has been devoted to studies of textﬁre in structural
~steels and fhe work of Bramfitt and Marder (1973) has clearly demonstrated
the importance of this aspect of the structure. The texture of the
rESuYFant ferrite may influence both the fracture behaviour; in particular
delamination, and the plastic anisotropy and formability of the materia]; .
The texture may arise either from transforming pretextured austenite or
fégw }olling in the ferrite range. The inhgritange of texture from the
aust‘nite is‘very complex and depends both on the detailed morphology of
the auﬁteqite and the austenite-ferrite orientation relationship. Lotter
et a]l (1976) have considered texture transformations both in hot rolled
C, Mn-steels and in a Nb-bearing steel, the former being fully rédrys-
tallized before tr&nsformation and the latter consisting of heavily
deformed austenitg.' Assuminé a Kurdjumov—Sachs relationship they con-
" sidered various possible fcc deformation and recrystallization textures
and found that the observed ferrite texturés, {100} <110> for C, Mn-steel,
and {112} <110> for C, Mn, Nb-steel could be predicted from a “copper type"
recrystallization texture, {100} <001> and a "copper type" rolling texture
{112} <111> respectively. Similar results have been obtained by Inagaki
k1977), who‘uéed the techniéue described by Kallend et é?. (1976) to obtain

£
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the texture transformations. For steéls rolled after transformatian to
ferrite, Bramfitt and Marder (1373) observed increasing intensity of the
{111} <uvw> texture at decreasing temperatures., Speich and Dabkowski (1977)
however, observe an increasing {100} <011> component when the material is
subjected to rolling in the ferrite range. This is consistent with cold
rolling textures observed for mild steel (Akamutsa et al., 1966).

In addition to the crysta]]ographiéﬁﬁépects of the ferrite the
morgho]ogy of the prior austenite may determine the shape and distribution
of the transformation products. This in turn may exert'a marked influence

on the mechanical properties of the final product.

2.1.5. Inclusion morpho]ogy\

The existence of large fractions of inclusions has been a major'
problem in producing structural steels with an isotropic mechan1c51 response.
The problem arisgs both in terms of the volume fraction of sécond phase par-
ticles (Chapte;'2.2.3) and because the inclusions, usually being plastic
at hot rolling temperatures, occur in the form of stringers .(Klevebring,
1974) thus giving rise to a strong anisotropy in the frahaviour'. The
approach taken in the HSLA-steel technology has been to ﬁse both desul-
phurization practices and to modify the iﬁclusion shape. A.detai]ed dis-
cussion of the various desulphurization processes is qpnsidéred Beyond the
scope of this review. It is, however, of interest to consider briefly the
various mechanisms of sulphide shape control. "

The majority of sulphide shape control pfocesses'involve addition‘
of elements such as Ti, Zr or rare earth compounds, the latter being useg/
extensively for line pipe steel quality. Although these e1eﬁéqﬁs form |

! . , .
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very stable sulphides, they all show.a high affinity for oxygen (tita-
nium aiso for nitrogen) thus reguiring §09dvdeox+d5€;;n of the hot metal
before addition (Luyckx et al., 1970). The possibility also exists that
free oxygen may be provided from the slag and the refractory lining (Lu
and McLean, 1974), th&s facilitating the process of reoxidation. In »
addition, reoxidation may occur during poii?hg of the hot metal as
described by MclLean and Kay (1975). Reoxidation oﬁ.rare earth (RE)-
sulphides usually implies a sulphur reversion and a combination of RE-
oxysulphides and MnS stringers may occur in the final products. In_
addition, the reoxidation products tend to precipitate a; large units,
and they often agglomerate to form large spatial networks of inclusions
[zzhyckx, 1975). During rolling ;hese inclusion agglomerates are stretched
out to form sheets of very high inclusion dénsity which may be §g§¥imental
to the through thickness properties of the plate (Embury et al., 1977).
Q]though the use of sulphide shape control has resulted in great
improvement in the isotropy of the mechanical response of HSLA-steel,
care must be taken in the steelmaking practice to avoid reoxidation
reactions and loss of alloy yield. From an economical viewpoint it is
also of interest to define the extent to which the mechanical properties
are improved with decreasing inclusion content, i.e., for very low inclusion
conteni —other mechanisms may limit the ductility. This problem requires
a detailed knowledge both of the microstructural aspects and the fracture
behaviour of HSLA-steel, but has to date received little attention.
Y N

]
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2.2 FRACTURE BEHAVIOUR :
£

The fracture behaviour of structural steels is characterized by
a transition from the occurrence of ductile failure at higher temperatures
to brittle failure at lower temperatures. This transition is illustrated
schematically in figure 2.2 in terms of the energy absorbed in the
fracture process at various temperatures. The low temperature failure
process is often referred to as cleavage cracking where fracture occurs
by nucleation and growth of microcracks at a critical stress level. The
fracture stress (oc) is dependent on microstructural features such as the
grain size and the scale and morphology of the carbides. At higher
temperatures the critical fracture stress cannot be attained either by
work hardening or by plastic constraint and other fracture mechanisms,
referred to és‘rupture processes, will therefore take over. The ductile
fracture mechanism is characterized by the occurrence of void nucleation
at second phase particles and inclusions and growth and 1ink-up of voids
to the crack front. The energy absorption in ductile fracture is deter-
mined by the volume fraction and distribution of second phase particles
in the material, giving rise to the upper shelf in the energy absorption
curve in figure 2.2.

In controlled rolled HSLA-steels an additioqg} fracture mode
called qs1amination or splitting is commonly observed in the intermediate
lemperature range between ductile and brittle failure. The delamination
fracture is similar to conventional lamellar tearing in that it occurs
on planes parallel to the rolling plane, buf the detailed mechanism of

failure is different. \
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Conventiona}]y the only parameter used to describe the fracture
properties of structural steels has been the ductile-brittle transition
temperature (DBTT) as measured ih a standard V-notch charpy test. The
transition temperature can either be based on the attainment of a given
energy absorption, or the attainment of a certain fracture appearance,
e.g. 100% shear. The disadvantage of this treatment is that the transi-
tion temperature will scale with the size of the specimen and the strain
rate (Lange, 1976) and the transition temperature in an actual structural
assembly may be quite different from the transition temperature determined
from charpy V-notch specimens. Further, the transition temperature is not
of any quantitative use in desién, i.e, it does not allow the designer
to calculate the critical loads for a structure or the maximum allowable
flaw sizes in the material. This leads to the problem of defining
adequate parameters for fracture resistance that are independent of test

procedure and specimen geometry.

272.1 Fracture Resistance
The concept of fracture yesistance is best described in terms of

& net energy balance between work done in advancind the crack and the

potentiai energy release by crack propagation. The fracture condition

can then be expressed as .
G >R ’ 2.2.1

where G is the rate of energy release and R is the rate of dissipating
energy. In linear elastic fracture mechanics (LEFM) the energy release

rate can be calculated i@ terms of the'elastic stress-distribution in
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front of a ¢rack tip, and is given by

) \
6= (1-v2) : 2.2.2

where o is the applied stress, a is the crack length-and E the elastig

—modulus. By introducing the stress intensity factor K = ov/nma, eqn. 2.2.2

can be written:- in plane strain

2
G = é_.n_\,?) : 2.2.3a

and by a similar argument in plane stress

g =K
6=¢ 2.2.3b

"In terms of stress intensities the fracture condition (eqn. 2.2.1) can be

written

K = Kye " for plane strain 2.2.4a
K

Ke for plane stress . I 2.2.4b

By the use of elastic stress analysis values of K as a function of applied
1ead and specimen geometry ca; be calculated for various typegrof test
specimens. éritﬁcal values of K (e.g. KIC’ KC) can then readily be
obtained from measurement of the fracture load in standard fracture tests.
A major problem in most structural material is that the attainment
of the fracture condition will bé accompapied by plastic deformation at
the crack tip and.ap‘elastic evaluation of the crack tip_stress distribu-

tion is strictly not valid. It has been found, however, that the LEFM

! A
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approach can still bé used provided the extent of the plastic zone is
small compared to the overall dimensions of the specimen. This is based
on the requirement that the stress field from the effective crack,
consisting of the original crack length and the plastic zone,.does not

interfere with the boundaries of the specimen and is usually-expressed as

B, (W-a), a >50r 2.2.5

1y

where a is the crack length, B is the specimen thickness, W is the specimen
width and r]y is the plane strain plastic zone size. For a typical HSLA-
steel (oy = 500 MPa, Kic = 150 MN m-3/2) this would imply specimen dimen-
sions of about 0.5 m.

The plastic zone in front of the crack tip will accommodate a
crack opening displacement (COD). It has been suggested (Cottrell, 1965;
Wells, 1965) that the value of this displacement at crack initiation is
a characteristic parameter that can be used to describe the fracture
resistance of a materiat. Alternatively, the fracture resistance can be
expressed in tetmé/of‘a critical fracture energy. By analogy to the potential
energy re]ease(nge in LEFM a pqrameter, called the J-integral, can be
defined whichdescribes the ene;;y release rate in a non-linear elastic
'material. This is assumed a reasonable approximation for the small scale
yielding behaviour at the crack tip. The size requirements for COD and
J-integral measurements are less severe than for a valid K]C test.

Griffis (1975) has shown that for a HY80-steel the Ji value is independent

of specimen dimensions if

Jj
—) =0.02 m .« 2.2.6

y

B, (w-a)g a > 50(
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where Ji is the J value at crasr igitiation. An equivalent valid K]C
test would require a specimen over ten times this size. Analysis of
failure under smaltl scase yielding (Eagan, 1973; Robinson and Tetelman,
1976) have demonstrateq that the concept of a critical crack opening
displacement for fractuxe is consistent with the stress intensity
approach, i.e.,

(1-v2)

(COD)_i"-" _—EB-;—_ ‘ 2.2.7

where subscript i indicates that the vaiue of COD at crack initiation
should be ﬁsgd. Further, for the same assumptions it is found that
J
' }
o K%c(%-vz) : ’
ﬂ.Ji = G]C = : A 2.2.8

>

/

or by .combining the last two equations a linear relationship between Ji

and (COD)i is found, viz.,

3; = (con); o 2.2.9

Thus iﬁ_the,caseof specimens suffering small séé]eyﬁelding,three alter-
native approaches (K1C’ dss (COD)i) can then be used to establish the,
critical fracture toughnéss for a material. ' .
The COD approach has been exfenhed to low and medium strength,"
high toughness materials suffering general yield in small scale tests
(Smith and Knott, 197]; Robinson and Téte]ﬁap, 1976) and mganingfuj data
. have been obtained. The eritical value of.COD at crack initiation is
. found to-be éon%fant for specimen thicknesses down to abbu_tns-lo"3 m.

Similar results have been,ostgined for the J test (Landes and Begley,

AY
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1974), although the critical specimen size is larger.

The use of small scale tests to estimate the fracture resistance
after general yield has proven very useful as a means of comparing the
fracture behaviour of materials. These tests are thus extensively used
in alloy developement and in the “aay of the detailed fracture mechanisms
where the emphasis is to investigate the influence of various micro-
structural features rather than produce reliable values for the fracture
toughness. If, on the other hand, fracture resistance data are needed for
design purposes, full scale J]C or ch tests in aecordance te_recommended
standards should be used. Valid results of fracture toughness ebtained
this Qay will allow the designer to calculate, by the techniques of elastic
stress apa]ysis, the maximum applied stress level and the critjcal defect
size for a struciure. Aitempts have been made, however; to extend the
fracture mechanics approach into the genera]iyie1d regime (Heald et al?i
1972). In the general yield fracture mechanics developed by Heald et a].,
the fracture condition is assumed to be a critical crack t1p displacement
w%?ch is determined by the local crack tip process and 1s assumed to be
independent of the extent of the plastic zone. Us1ng the. B11by, .
Cottrell and Swindon (1963) mode1 the critical displacement is related to
the applied stress. Standard fracture mechanics relatiors are_then used
to express the fracture resistance in terms of an apparent stress 1ntéﬁsity
factor, KA. Thus the apparent fracture toughness in tﬁe‘post yield'region
is re]atedhto the plane strain fracture toughness by the following

L] - -

equation:

¢ vK]C L | .
. 8ayrs© ’
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where GUTS is the ultimate tensile stress and ¢ is the crack length.
Using equation 2.2.10 values of K1C can be calculated from fracture
toughness tests which do not fulfill the ASTM requirements.

In order to delineate the effect of various microstructural
features on ;racture resistance it is physically most attractive to
express the resistance in terms of the energy absorbed in the fracture
process (G]C or J]C)’ The parameters determining the energy dissipation
are the stress and strain distribution in the plastic zone and the volume
of the material deforming plastically. The limiting value of these para-
meters is determjned by the detailed fracture processes occurring at
crack tip, such as micro crack formation (cleavage), voiding at second
phase particles or plastic collapse by strain localization. The concept
of a plastic zone and a process zone, in which the critical fracture
event is taking place, is illustrated schematically in figure 2.3
together with the stress distribution in front of the notch. It is seen
from the figure that by allowing the material to yield at the crack tip
the stress singularity predicted from LEFM is removed and the maximu&
tensile stress at the crack tip is given by the uniaxial flow stress.
Inside the plastic zone the stress distribution istdetermined by the
plastic constraint from the crack tip. In the following gections the
microstructural features that limit the magnitude of the stresses and
strains attained at the crack tip will be considered; Even though the
various modes of failure in HSLA-steels, cleavage, ductile failure éhd

delamination can occur simultaneously, it is convenient to treat them

in separate subchapters.
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2.2.2 Cleavage Fracture

The failure of a material by cleavage consists of a series of
events involving crack nucleation usually at carbides or some other
heterogeneity, growth of crack nuclei to micro cracks of grain size
dimensions, and linking up of the micro cracks to the main crack tip.

The critical event is usually considered to be the growth step which
occurs at a certain tensile stress. For structural steels the cleavage
stress is substantially higher than the uniaxial yield stress and
cleavage fai]dre is rarely seen in tensile specimens. In notched samples
or in front of a crack tip, however, a significant hydrostatic stress
component is developed due to plastic constraint and the maximum tensile
stress can be increased by a.factor of about three (figure 2.3) in

front of the crack tip. It should be noticed that this increase in
tensile stress is due to plastic constraint only and that any work
hardening will give an additional effect. Thus when the local tensile stress
in front of the crack tip attains the same level as the critical cleavage
stress the situation,giises where a competition between continued
plasticity and formation of micro cracks takes place. When micro cracks
form, the condition for 1inking up to the main crack, i.e., complete
fracture, depends on the detailed stress distribution (Ritchie et al.,
1973). 1t is generally agregd that cleavage~failure is induced by lbcal
plasticity, ard Low (1954) has shown that for ferrite pearlite mild
steels the cleavage stress is coincident with the yield stress for coarse
grained materials and exceeds the yield stress for finer grain sizes.
Based on the fact that cleavage cragks are slip nucleated, a variety Sf

models have been proposed to cIarify\the"mechanisms by which crack nuclei
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grow to /form micro cracks. '

ottrell (1958) has described a mechanism whe;e two slip disloca~
tions of/ the type %<111> react to form a crack disliocation of the type
a<100%. The condition for growth of this crack nucleus is given by an

L]

energy balance:

2 2 2 '

8 r_ o (1-v7) cy2 _ y u{nb 2Ryq .

EE'[ E (2) Lnbgc + 2yc + vy 2n(C 1] =0 2.2.11
where the first term is the elastic energy released by forming a crack,
the second term is the work done by the stress in moving the crack faces

. 4
apart, the third term is the surface energy, and the last term represents
the energy of the crack dislocation. Equation 2.2.11 is a quadratic

equation in c¢ {the crack length) which has one real roét

e.g. one stable crack length, when

onb = 2vy ' 2.2.12

i

By relating the displacement nb to the effective shear stress on the

slip dislocations the final fracture condition appears as
o = 2xu 47 - 2.2.13
Ky o e

where ky is the slope in the Petch plot. The CQttrei] model assumes an
idealized material with uniform grain size and no heterogeneities, §UCh
that cracks are nucleated by sfip bands inside the grains. A]thoqgh the
assufiptions may be crude, the model 40es show‘good agreement with experi-
mental data for conventional low carbon steels, and has been extensively

used to characterize the fracture behaﬁiour,of these materials.

¥
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The technological response to the increasing demand for high
strength, good toughness structural steels has been a continuous refine;
ment of the scale of the microstructure. Thus the models used for
evaluation of strength and toughness in conventional hot rolled ferrite
pearlite steels are not necessarily applicable to the HSLA-steels.

This is clearly demonstrated by applying the Cottrell model for cleavage
fracture to steels with average grain size oé 5x10'6 m, typical for
controiled rolled micro alloyed steels, where a cleavage stress of about
84000 MN m"2 is predic}eﬂ. '?ﬁe observed values for the c]easgbe stress
are about half the predicted§é§1ue, and the difference has been attributed
to Eeterogeneities in the microstructure, carbides in particular. The
influenée of the carbides on the brittle fracture behaviour of steels has
been considered in several articles in the literature (McMahon and Cohen,
1965; Smith, 19663 Almond et al., 1969(a,b)) and Some of the fracture
models ihat include the effect of second phase parti;Tes on cleavage
stress will be discussed.

The fracture model proposed by Smith §ﬁ966) assumes, based on a
Griffith crlterion, that the stress concentration in front of a disloca-
tion pﬂe up is sufﬁment to crack carbide particles with low surface
‘energy but too ]Qw to cleave a complete ferrite grain, which has a h1gher
. surface energy., Thus the fracture must be growth contrp]]ed and the
extent of fhe‘hicfoycradks afg given by a detailed energy balance.
Expressed 1n,£éfm§ of. the grain size, d,. the carbide thickness, t, the
h‘/fF;}ctién stnéés; rf, and‘tﬁe effective shear stresé,:rééf, the fracture

—

.criterion can be written S B Cx
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where e is the applied stress. This model emphasizes the combined
effectj of grain size and carbides on the cleavage stresé, and indicates
clearly the detrimental effect of large carbides. The influence of grain
size is, however, less clear. If the effective shear stress is expressed

in terms of the Hall-Petch relation N

1
]

- - = S
Toff ry Te ky d 2.2i?5
and substituted for in eqn. 2.2.14 the fracﬁure condition becomes
2 4t 4Evy .
toc? + kS [+ — £377 p — T 2.2.16
y nk a(1-v")

A
where k; is the slope of the Hall-Petch plot. It is seen that the

cleavage stress is now independent of grain size and only determined by the
carbide thickness and the yield properties of the material. The fact

that eqn. 2.2.14 still shows good agreement with experimental data must

be attributed to the transformation kinetics in low alloyed étee]g that
determine both the ferrite grain size and the carbide thic;:;ss. A constant
t/d-ratio may therefore be expected for hot rolled ferrite pearlite steéls.
This, however, is not necessarily the case for the rather complex micro-'

structures found in controlled rolled HSLA-steels.

A physically simpler and mathematically more tractable approach

to the proolem has been taken by Almond et al. {1969 a,b). Again, the

model is based on a pile’up of dislocations impinging on a grain boundary

carbide as shown schematically in figure 2.4. A crack can form in the
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Figure 2.4: Schematic drawing illustrating the condition
for ferrite microcrack formation by
propagation of carbide cracks into the matrix.
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" the critical cleavage stress as a function of

grain-size (Cottrell 1958) and grain size and
carbide thickness (Almond et.al. 19§9). " .
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carbide with a surface energy yc, which is much less than the effective
surface energy for formation of a cleavage crack in the matrix. Thus

the critical event is propagating the crack a distance into the feréite
under the combined action of the applied stress o, and the effective

shear stress on the dislocation. As for the Cottrell equation there

are four contributions to the total energy and an energy balance similar to
equation 2.2.11 will result where (t+r) is substituted for the crack
tength, ¢. The result is a quadratic equation in r which has one real
root, one stable crack length, when

gna tn(]-v)c2 -

o Sy 2.2.17

By relating the opening displacement of the crack (na) to the shear strain

in the pile up the following expression is obtained:

d \ -
- y 8u % _kd .
9 [4t ¥ ni]-vitJ 2t 2.2.18

It is seen from relation 2.2.18 that the occurrence of brittle carbides
on the grain boundaries will strongly reduce the cleavage stress. When
plotting cleavage stress versus grain size for a given carbide thickness
according to eqn. 2.2.18 as in figure 2.5 it is seen that when the
grain size is refined the influence of the grain boundary carbides in
modifying the cleavage stress is becoming increasingly important. All
the above models predict the cleavage stress for an idea}izeg material
with uniform grain size and no pronounced sﬁbstructure, e.g. aislocation

pile ups of the same length as the grain size are allowed to build up.
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A further assumption is that the cleavage facets represent single grains
and should be of the same size as the grain size. All these assumptions
seem to hold reasonably well for low carbon ferrite-pearlite steels,
but may well Break dswn for steels rolled in the austenite/ferrjte 7
regime or when acié:}ar ferrite is produced.

One of the major problems in trying to describe cleavage failure
in taé complex microstructures of the HSLA-steels, is choosing the
correct value for the grain size. Recently evidence has been produced
that the cleavage facet size does not correspond to the grain size in
tempered martensite (Matsuda et al., 1972) and in bainite (Ohmori et al.,
19?4). These. authors introduce the concept of a "covariant packet" of
martensite or bainite laths, which is a bundle or packet of laths of the
same Kurdjumov-Sachs orientation. They claim that the size of the
cleavage facets correspond to the size of the covariant packets and use
the term effective grain size to describe the-fracture properties of the
materials. Tanaka et al. (1975) found that the same concepts are valid
for acicular ferrite structures in low alloy steels produced both by
direct quenching—after relHing and by a reheat and quenéhing treatment.
These papers_al]”diécusé the influence of effective grain size in terms
of the low temperature toughness expressed by the ductile brittle transi-
tion temperature. Mgtsuda'et al. (1972) and Tanaka et al. (1975) find
a linear relationship between DBTT and L'% (average c]eavage‘?ﬁcet size)

whereas Ohmori et.al. (1974) find that the transition temperature is

linearly depenabnt on ,O.nL'é as expected from a Cottrell-Petch t}be\wodel.

Although these workers do not report the cleavage stresses of the steels

investigated, the data indicate that the cleavage stress is determined by
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* the effective‘grain size. This concept has been studied in detail by

Brozzo et a]i (1977) who found that the cleavage stress depends on the
effective'éra%n size in low carbon bainitic steels. They claim that

micro cracks can- form ax'subcriticaT stress levels by some unspecified
dislocation mechanism, and that the critical event in érack initiation

is the propagation of these micro cracks through high angle grain

.boundaries. Thus the criterion for fracture is a version of the

Griffith equation
“Ereff

—=]" 2.2.19
wc{1-v")

9. = [
where the energy réquired to propagate the crack through the boundary is
substituted for the surface energy. From their experimenté]‘data

Brozzo et al. calculate an effective surfacte energy of TZd‘q_m'z

using
the Griffith equation. This is comparable to the fracture energy values
obtained by Hahn et al. (1959), and indicate a strong fracture resistance

from the high angle gréin boundaries.
; - X

=

The cleavage stress for a material is most conveniently measured .
in a single notched (SEN) s]owﬂbend spegimen where the stress |
distributidﬁfzijthe notch can be determined at fra€turé. This can be
done either by perfotming the test at a temperatu%e*ﬁﬁere‘fradture and
general yield coincides and then\ggéi§ a slip line field theory to find
tﬂe stress distribution (Hill, 1950; Greeﬁ;and.Hundy,.IQQS?for’by using
finite e]emeht methods (FEM) {Rice and Jd@nson, 1965;:Griffiths and

" Owen, 1971). In either case, the frécturg stress wi11‘rgbresent,the

stress level when complete unstable crack growth occucs in the specimen, .

’
-
e

N
\

L]

-~
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whereas micro cracks may have formed at a subcritical stress.

To determine the fracture toughress specimens c;:1aining sharp
cracks are normally used. The stress distribution at the crack tip
will thus be somewhat different from the blunt notched specimen. When
the uniaxial yield stress is attained at the sharp crack tip, blunting
of the crack tip will occur and a plastic zone will be formed. The
maximum tensile stress is then attained at some small distance from

the crack tip (Rice and Johnson, 1969) depending on the size of the
plastic zone (figure 2.5). 1t has been suggested (Ritchie et al.,

,>1973) that the low temperature fracture toughness of the material may

depend on the magnitude of this distance at the occurrence of fracture,
Physically this may be interpreted as the ease by which microcracks
formed at the point of maximum stress link up to ‘the main crack tﬁe{

Rawal and Gurland {1977) have expressed the fracture toughness in terms

of the critical cleavage stress and the critical distance (X ) as-

Ki¢c = OEYZﬂXO, - 2;?.20

which is similar to the LEFM expression for the plane stress plastic zone.

: - ’_ .
Using this equation some of the observed variations in fracture toughness

with test conditions can be readily explained. For changing temperatures

only minor variations in o_ are observed (Oates, 1969) thus the critical

¢
distance X, will be™rversely relatéd to the yield stress (figure 2.3).

An increase in ch is therefore eXpeeted frem eqn. 2§2.20 when the

-

: temperature increases. . . , {‘«’

A 51m11ar~appgoach has been taken by Malkln and Tete]man (1971)

who estzmated the posatxon ef ‘the stress max1mum in a-notched specimen .

1
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from a slip line field analysis and assumed that this corresponds to
the extent of the plane strain plastic zone predicted from LEFM. The
fracture toughness can then be expressed in terms of the notch root

radius as

O 5
K]C(p) = 2.9 [exp(— - 1) - 11* 2.2.21
y I, _ .

Malkin and Tet;1man measured K]C for various root radii in a ferrite
pearlite steel and found  good agreement witﬂ their model for root

radii greater than some critical Po- For smaller values Of.p k]C was
independent of' root radius. In terms of the distance from the notch tip

to the stress maximum,which can be expressed as

. ag.
X = p[exp(EE-; 1) - 1] 2.2.22
Y

(Hi11, 1950), tﬁis means that whem the micro cracks are formed closer
to the crack tip than a certain distance, Xo’ the fracture resistance
becomes independent of the detailed stress distribution. It is also
seen that when the value d% X from eqn. 2.2.22 is substituted into
eqn. 2.2.20, eqn. 2.2.21 is obtained, except for a constant due to
Malkin and Tetelman's assumption 6f an average flow stress in the plastic
zone.

Curry and Knott (1976) haQe determined ithe position (X) of the
maximum in the stress distribution as a fUnction.of graiﬁ_size in a
high nitrogen steel using a %inite element method. They fPan that for

5

grain sizés over about 5-10°"m the ratio x/d is constant, whereas X

becomes constant for smaller grain sizes. "Again, the lower limit for

LY R
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the x values is consistent with an optimum position for nucleation of
the micro cracks. Various attempts have been made to elaborate on the
microstructural significance of a lower limit of XO (Tetelman, et.al.,
1968; Ritchie et al., 1973; Cur;y and Knott, 1976; Ritchie et al., 1976)

and critical values of one to two grain diameters have been suggested.

2.2.3 Ductile Failure \

The majority of models of ductile fracture assume that the
fracture event takes place by nucleation of voids at second phase par-
ticles and growth of individual voids until the.voids coalesce and
join up to the crack tip. The three different stages of fracture, i-e.
nucleat{on,gfgwth and coalescence, are commonly considered separately
and a variety of models ﬁescribing'these events have bi?” published in
the literature.

’

Argon et al. {1975,a) have described the condition for void
nucleation in terms of a critical interface strength (cij between the
second phase particles and the matrix such that the normal stress (oN}
at the interface-must exceed-c.,i for voiding to occur. The critical ’
stress is normally higher than the yield stress of the matrix which
has to work harden locally to reach the condition for voiding. It is
thus convenient to describe the nucleation condition in terms of é

_critical macroscopic strain, €n° The Argon model‘is based on a
continuum-plasticity app}oach and does not involve a
description of the local work hardéﬁiﬁg mechanism,

Ashby (1966) has proposed a dislocation mechanism that accognts

[

. for the Tocail work hardening and the increase in flow stress at the

@

particle. The local tensile stress at the interface is expressed

r-3 ¥



in terms of the number of dislocation loops piled up against the
particle and thus- related to the macros;opic strain.

Both the Argon and the Ashby models assume interface decohesion
as the mechanism qf void nucleation. Cracking of second phase particles
or inclusions has, however, commonly been observed to ﬁ?su]t in voiding,
in ‘'which case the nucleation criterion should be simi]a% to the fiber
loading model of Lindley, Oates and Richards (1970). k

The majority of models describing growth of voiis e*press the
change in void geometry in terms of the macroscopic values of stress, "
strain and initial distribution of voids. McClintock (1?68) has descriSed
how an array of cylindrical voids will grow in a hydrostétic stress field.
This model does not provide a hechanism for void coa]eséence and local
impingement of voids is therefqre assumed as a fracture criter1on. This,
however, tends to ser1ous1y overest1male the total fracture strain.

Thomason (1969) has proposed a model for duct%ﬂe fracture by
internal necking between cavities in the material. Tﬁis model assumes
that the array of pre-existing voids deforms uniformly with the matrix
until the condition for local necking of the remaining ligaments is
attained. The condition for coalescence is expressed in terms of the
intercavity spacing or the volume fraction of cavities.

A purely geometric ﬁbde] has beenqsuggestedfby Brown and Embury
(1973) where they consider voids growing along the major strain axis in
the specimen. The voids will elongate until the Tength equals the
spacing of the voids, taken to be the average initial spacing of the
part1c1esghat which no1nt unconstrained p]ast1c flow along ptanes of
maximum shear stress can occur, thus leading to void coalescence and

)

fracture. ¢
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A comparison betweenmedels describing ductile failure and
available data on failure strain for various_mate%ia]s has been under-
taken by LeRoy (1977). This invetigation indicates that fop a broad ¥
range of materials the Brown and Embury model describes tfie experimental
results very well. It should be noted, however, that the majority of
ductile failure models only describe the straining process until linking of
voids or some sort of strain localization occurs and do not incTude the
strain increment during void coa]escence.' The reason why predictions of
macroscopic fracture strains still can be made is that the coalescence
strain, although of appreciable magnitude, is only affecting a $mall
volume close to the fracture surface and will thus not significantly
change the macroscopic fracture strain_as measured by the reduction in
area. However, it is pertinent to consider the shortcomings of the
current models before attempting t; utilize them to estimate the fracture
toughness éxpected for fibrous fracture models. A common feature for the
void growth models is that the coalescent stage is considered in purg]y
geometric terms such that the growth straiﬁ is limited by the initial
volume fraction of particles or cavities. However, there is now much
evidence (Ernst and Spretnak, 1969; Clayton and Knott,.1976; Embury
et al., 1977) to suggest that at higher yield strengths void coalescence
- gccurs by localized shear deformation. The strain localization is
© attributed to the low work hardening fate relative  to the app]%ed stress
on the Tigament and results in a lower ductility than predicted from any
geometric model of total s%%ain to failure. In terms of fracture toughness
the occurrence of strain localization will severely reduce the magnitude

of the prediciéd COD:va]ue'for fibrous fracture. "A further approximation_

-‘./
-



43

is the assumption of a uniform distrubition of void nucfeating particles.
In most structural materials these will be grouped together in a non-
uniform fashion resulting in a reduction both in the effective nucleation
strain (Argon et al., 1975,b) and 1n‘the growth strain (Brown‘énd Embury,
1973). As discussed in‘section 2.2.1 of tﬁis chapter, the fracture
resiétance can be expressed in terms of the stress intensity factor ch,
the fracture energy ch or the crack opening displacement COD at fracture.
In fibrous fracture the latter approach is attractive since the criterion
for fa11ure is one of cr1t1ca1 strain.:

\\The attainment of a critical dlSplacement at the crack tip is
accommodated by the plastic zone in front of the crack. It is therefore
expected that variations in Qéomethy that affect the local ;;ress,.strain
distribution and the size of the plastic zone will influence the magnitude
of the COD value. In terms of linear elastic fracture mechanics this

'

is given by

2 |

6no, (1-v°) -

CoD = = Y r o 2.2.23
o E 1 _ .

E y

where r]y is the plane strain plastic zone. The extent of the pﬁéstic
zone or the maximum valué of COD is Timited by the amount of strain the -
material can sustain at the crack tip, and thés by the initial root radius'
of the notch. Smith and Knott (1971) and Chipperfield and Knott (1975)

have measured the critical COD values as a function of the notch root radjus

~

for several steel qualities and did indeed find a constant. ratio between )

COD’énd root radius. Below a critical notch root radius, however, the
,/'
pen1ng displacement is constant 1nd1cat1ng an increasing fracture stra:n

for decreasing root radius. The fact that COD 1s constant and equa1 to
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the sharp (fatigue) crﬁck COD for small rcot radii is of interest in
detefmination of COD since fatigue cracking could be avoided and machined
notches used instead. Rice and John%on (1969) have explained the
occurrence of a lower shelf for the coD vajues in terms of the plastic
| zone sfze. Thus the condition for voiding to occur is that particles
exist inside the plastic zoné, i.e., the extent of the plastic zone must
be of the same magnitude as Fhe interparticle spacing. Cracks of sub- .
critical radius therefore have to blunt sufficieatly for the plastic zone to
envelop the void nucleating partic]es. A 51mp1e geometric argument g1v1ng
the same net result could also be put forward In terms of the Brown and
Embuny model the cond1t10n for void linking is a-Yocal displacement of
the same magnxtude as the particle spac1ng - To obtain COD values equal to
the particle spacing the crack may have to blunt substantially beyond what
is predicted from a constant strain criterion. This suggests the possibility
that for a constant voiume fractioﬁ of second phase particles a coarse
particle distribution will be beneficial in terms of fracture resistance,
wheréas the total strain, as measured by the reduction in area:in a
tensﬁle test depends on the volume.fraction of particles.
| In HSLA-steels the microstructure is vény complex and 3 var1ety
of secondAphase particles exist that may produce void puc]eation, the most
riﬁpdriant beiné suiphides and‘islands of M/A-constituents. The extent

‘to whlch remOVal of su]phides..the primary source of voidsa is economica]

. must therefbre be considered in terms of the other avaijlable mechan1sms of

K",vold'nucleation and.Iinkage. In partacular, Targe volume fractTons of the .
_ M/A phase and the occurrence of straln 1oca11zation have been observed to
o ”reduce the ductm 1yty. Qf some HSLAv-stee'ls (Embury et al.,. 1977).

o P < ey
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2.2.4 Delamination

In the trans1t1on range between br1tt1e and ductile failure,
splitting or delam1nat1on is often observed a]ong p]anes parallel to the
rolling plane in controlled roilled p]ate and sheet. This can be a"
serious problem because it prevents the attainment of the maximum energy
absorption value, i.e. it produces-a sloping region in the Charpy curve.

The occﬁrrence of delamination is due to planes of weakness
oriented parallel to the rolling plane. The origin of these planes of
weakness has been described in the literature in terms of cleavage og
(10b) planes oriented parallel to the rolling ﬁ]ané (Miyoshi et al.,
1974), grain boundary decohesion (Herg et al., 19}5; Hbrnbogen and Beck-
mann, 1976) or decohesion along sheets of inclusions (Embury et al.,
1977). The latter cgse does not represent the traditional problem of
etongated sulphides oﬁﬁéiliCates being formed during hot ro]]ing, but is
due to theagglomeration of rare-earth (RE)-oxy—su]phideé precipitated
in the melt. During rotling these clusters are deformed to sheets of very
high inclusion density, which will severely reduce the through thickness
properties of the material. Delamination by the c]eavége mechanisp
seems to be confined to steels rolled to low finishing temperatures.

This is consistent with the development of a (100) texture when the
material is subjecgsd to rolling in the ferrite range (Colemén et al.,
1973; Miyoshi et al., 1974). If, however, the plate is finished rolled

in the austenite range the transformation texture is not expected to

show any strong {(100) component in the rolling plane, although delamination
may still occur. Herg et al. (1975) showed by careful metallography that

the splits propagated aiong ferrite grain boundaries. This observation
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was attributed to the formation of voids at grain boundary carbides.

Due to the transformation kiﬁetics in these materials a large fraction of
the carbides may precipitate on grain boundaries parallel to the rolling
plane, thus pﬁoduéing planes of weakness when voiding occur?

Hornbogen and Beckmann (1976) have considered the influence of
rolling finishing temperature on delamination in terms of a recrystalli-
zation mechanism. When rolled 1in the ferrite range the deformed material
tends to recrystallize and carbides precipitate on the rgcrysta]lization
front. Since nucleation of new grains starts in the maximum strained
mater1h1{ wh%ch is assumed to be the elongated ferrite boundaries,
planar arrays of carbides will be produced. This mechanism may operate
in coiled sheet where ample time is available for the recrystallization-

precipitation process. In plate material wheré the cooling rate is faster,

- 1ittle precipitation is observed in the ferrite (McCutcheon et al., 1975).

It is 1mportant éo realize that no unique microstructural feature is
responsible for the océurrence of detamination, e.g. a variety of micro-

strbctura? éonstftuents can provide planes of weakness para11ei to the

. reIling p]ane. It is therefore d1ff1cu1t to define a criterion fcr ,

de]amination failure. The major1ty of reports of delamination assume that
the critical 9ond1tion for ;pritting is the attainment of a critical
tensile stress normal to the plane ‘of weakness, It has been suggested,.

however, (Embury et al., 1977- aroom and Knott, 1975) that .the strain may

:" be of‘importance in the nuc]eation of sp?its hy the ferrite grain boundany
‘mechanism. .. |- - e ".ff

[
A



2.2.5 Summary

The predominant fracture modes for HSLA-steels are cleavage
failure at low temperature, ductile failure by voiding at ambient
temperatures and the occurrence of delamination for intermediate tem-
peratureS(fiqure 2.2).

A variety of models describing both cleavage and ductile fracgure
have been developed for simple materials with a uniform grain structdre
and a well defined inclusion and carbide morphology. There is a qué%tion,
however, as to whether these models adequately describe the fracture-
behaviour of the more complex materials produced by controlled rolling
or if other parameters have to be included in the analysis. ‘

This suggests that there is an advantage in terms of applicability
of results, in studying the fracture behaviour of commercial materials
rather than using laboratory heats where the microstructure is easier to
control. It does, however, require a detailed characterization of mi;:o-
structure in terms of grain size and shape, inclusion distribution,
carbide morphology, and non—ferritjc phases produced during transformgtion.

For cleavage fracture a series of questions remain ko be answered
regarding the microstructural origin of the cleavage stress, e.g. influ-
ence of carbide distribution, effective grain size and non-ferritic
transformation products. Further, there is the problem of relating the
cleavage stress to the tow temperature fracture toughness, and thé size
of the process zone necessary to accommodate the fracture process. This
suggests an experimental determination of cleavage stress and fracture
toughness for.materials with different microstructures, and detailed

fractography to relate the critical fracture events to the microstructural
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features.

A major problem in ductile failure“is %he range of microstructural
constituents that can nucleate voids during stra{ning, e.g. at ngn-metallic
inclusions precipitated from the melt, carbides and the M/A constituent.
These have to be characterized both in terﬁs of size and distribution,
and in terms of their mechanical response, i.e. nucleation strain, for
various stress states. Further, the mechanism of void linking is of
major importance in determining the maximum value of COD that can be
attained in a'fracture test. The following experiments should yield
further insight in the problems described. A metHT]ographic investigation
of the nature of the microstructural constituents involved in the voiding
process in tensile and notched specimens. Determination of the fracture
strain in tension and correlation with COD values obtained from notched
bend samples.

Delamination failure or splitting may occur by a variety of
mechanisms sugp as fracture along elongated inclusions or inclusion sheets,
cleavage in (100) textured material, and grain boundary tearing. It is
thus necessary in each case to determine the microstructural origin of
the delamination failure. .F;ilure by the grain boundary tearing
mechanism does not seem to obey a simple critical te@éile stress criterion.
Tests involving different stress and strain states aé-fai]ure may delineate

the influence of the various stress components and allow a fracture

criterion to be formulated.
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3. EXPERIMENTAL PROCEDURE

The scope of this investigation is to describe the fracture
behaviour of controlled rolled HSLA-steels in terms of the detailed micro-
structure. The fracture behaviour is studied in single edge notched (SEN)
bend specimens and in tensile specimens deformed at various temperatures.

The mechanical behaviour is correlated to the detailed micro-
structure of the material as revealed by standard optical metallography,
transmission electron microscopy (TEM) and X-ray techniques. Additional
infgrmation about the detailed fracture behaviour 1is obtained from an
extensive scanning electron microscogy (SEM) study qf fractured

specimens.

3.1 MATERIALS CHARACTERIZATION : 5

The materials used were supplied by the Steel Company pf Canada,
Ltd., Hamilton, and consisted of controlled rolled plate of 3/4" thick-
ness. Three different materials, referred to as steel A, B and C{.were
studied. The plates obtained from steel A were from two different heats
with identical rolling schedule and composition except for a small
difference in sulphur level. Material from the two heats was kept
separate and is referred tngs steel A]“i?d\éf;. The compositions and
rolling practice for the various materials pre“listed in ble 3.1.

The cleanliness of the materials was asséssed by optical

metallography. Three perpendicular seciions, ]onéitudinal, transverse

49



50

, | q .
7,06 HO[3G UOL1INPaL 3G , , - :
9pSLLL dmjedaduay geayay | pzo| - | - [1p'0)s00|€z'0]802]810°0{c000] 00| 9 T3S
J,0¥8 MO[3Q UOLIONPaU %5G . B a
20911 dantesadudy qeayay | 22°0 f$00°0 | v0°0 |60 | 90°0| 0€°0 | 86°L | £00°0 | 600°0| 60°0 | & T3IS
v Sy - | 110°0{ €00 {20 {90°0 { 80°0 | 08"L} L10°0 | 900°0 | 50°0 | 2V 7S
3,0¥8 HOL39 UOLIONpaL Fp k . ’ o]
Jo0ELL 4njeuadua) 3eayay - 122070 |.€0°0 |20 [90°0 | £0°0 [ 26°L | £10°0 [ 900°0 | S0°0 |ty T3S |
ssiavelqbutiloy | o a0 | e f o [aNd i | w | s | 4o .
: | ... ‘ »fl,»\,u
. F0T10Ved DNITION ONV NOILISOAWOD o
. '€ 378V , .
RN & o
. Y R

3



4

51 .

and short transverse, were viewed in the as polgehed condition. Stegl:‘

C containing thin-elongatﬁd.manganese sulphides was etched in oxalic

acid {10 gr oxalic acid 100 ml water) to reveal the sulphides. A
quantitative as§e§sment of the inclusion morphology, size and distribution
was obtained using the Quantimet 720 image‘anh]yzeﬁ at Stelcoggesearch.

| The microstructure was studied ﬁy‘optical metallography gsiﬁg

2% nital or saturated picral etchants. The ferrite morphology Qas best
revealed by'the nital etch whereas tHe picral etch gave additional -
informa;;on on carbide distribution and the morého]ogy of the @arténsite ‘
austenite constituent. Further information on the detai]ed4strqé€une;of
the carbides was obtained by the use‘of SEM on samplgs polished, e%éhed
Tightly in nital and plated with gold. The gold plating prev'ented L

charg1ng effects at the carbides and alTowed high magn1f1catlon m1croscopy

‘i
»

to be performed without dlstUrbances in the fmage,' “ “7‘“
Transmlss1on eﬁectron m1croscopy was used to reveal the f1ner
details of the microstructure. Longitudinal sections, 1 mm thick, wgr;‘
cut from aﬁ] materials and the speaimehs‘thinne& mechanfcaljy to'ébout',, .'
6.1 mm. From these éamp]es 3 mm discs were cut and'éhinﬁed.eigctr61&t1- ,(
cally to perforation in a Etruer; Tenupol using a solution of 10% ééqchlorﬁg
aciﬂ ih methanol. The solutibn was cooled to -4d°c and %ﬁinniﬁg #érfofmedv
using 30 V applied vo]tage. The samp1es were 1nvestagated in a Phi]ips \:

300 electron macroscope operating at 100 kv accalerat1ng voTtage.:~

add1t1on to thé thin f011s, direct carbon extraction rep]icas were siud1ed

LN

“in the TEM, revea11ng 1nformation on the deta11ed morph01ogy of the non«

ferritwc phases at 1ower 1e§§15 of magnzfacat;o (<5060 X) not easiiy

........

obtaIned usxng thin foils. - U e :;ﬁ.f’l ~f§ij'(:;}
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" Crystallographic texture has been proposed as a sourcel for the
jnitiation of s%1itting failure and was thus investigated in the materials
used in the de]am{nation study. The degree of directionality was assessed
using a Philips 1080W texture goniometer and CoKa radiation. The
intensity d1str1but10n of the (200) and (110) reflexions was recorded and
plotted as pole figures. The intensity was normalized to random 1ntens1ty
as measured in a compacted iron powder sample. .

Extensive SEM fractography was carried out on all types of
specimens broken at various temperatures. This involyved a detailed study
of fracture surface features suchvas cleavage facet size, dimple type
and size? and inclusion morphology. To prevent corrosion and damage of
frscture surfaces all fracture surfaces were laquered.-with "Micrqstop
laeuer" immediately after testing. The specimens'were then c]eanee in an
ultrasonic cleaner us}ﬁg acetone before inspection in the SEM.

Further informationxon_the‘detaiied,corre]ation between fracture
péth and microstructural features was obtained using the techniques
described by Almond et al. (]é%g) and CGhessnut and Spurling (1977). The
former is a techn1que where frezgﬁre surface and m1crostructura1 features
can be studied simultaneously by polish1ng and exch1ng a tapered section
of the specimen. The techﬁ}que described by Chessnut and Spurling utilizes
‘electrolytic polisﬁing and etching of se]ected‘areas of the fracture
surface. The latter procedure, originally usedufor titaeium a]loys, was
modified for HSLA-stee?s by using a 10% perch]oric in methano]-sp]ution
for eTectrolytxc remova] of mater1a1 and subsequent etching 1n 2% nital.

This ‘gave a very sharp edge between the fracture surface and the etched

" section, thus a110w1ng a one to ane matching of fracture surface features



a: .Sketch showing specimen

preparation technique for

. *revealing fracture surface
and microstructural
features. Region B is the
original fracture sufface
and region C the electro-
polished-and etched surfaCf

1‘

b: Section A-A showing profile

- of eTectropolished ‘specimes
A-A Arrow EB indicate directior
of electron beam in the SE!

c: Exémple of results that
can be obtained by this
technique: Slow bend
specimen of steel B.
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and microstructural compone;ts as shown in figure 3.1.

Additional information was obtained from nickel pfated and
sectioned specimens where both the fracture path and the damage accu-
mulated in the specimen prior to fracture could be studied. Nickel was
deposi ted e]ectro]yticél]y on the fracture surface from a solution
containing 250 ml nickel sulphamate, 10 gr nickel chloride, and 10 gr
boric acid. The bath temperature was held constdnt at 70°C and a current

density of 0.9 Amp/cm2 was used.

3.2 MECHANICAL TESTING

In the brittle fracture regime the usual criterion assumed for
failure is the attainment of a critical stress (figure 2.2) and the
determination of the cleavage stress is thus of major importance; For
HSLA-steels the cleavage stressjis usually higher than the fracture
stress in tension at all convenient test temperatures (T > 77°K) and a -
simple tensile test will therefofe not reveal the critical cleavage stress.
The critical stress is, however, attained in notched specimens where the
plastic constrainé gives a significant stress amplification (Knott, 1966).
The specimen chosen was a SEN (singfe edged notched) bend speéimen with
dimensions %s indicated %n figure 3.2. The specimen was loaded in a
three point bending rig fitted to a floor model Instron testing machine
(figuré‘3.3) in a éage under the crosshead. This allowed various codIing
media to be used. At temperafures above -78°C the cage was immersed in

~a mixture of"dry ice and acetone, at lower tgmperatures cooled niiﬁogen'

vapour was sprayéd on the rig and the specimen through a copper
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Figure 3.2.a,b,c,d: Drawings showing the spec1mens used to )
) ' assess - the fracture behav1our oF
HSLA- steels. .

a’/~§ubs1ze Chaxpy/spe¢1men used to determlne the cleavage stress. _"

b; Single edge notched (SEN) bend spec1men used to assess COoD
and K]C values.

c: Doub]e notched bend specimen used for meta]Tograph1c studles
.of the fracture process. g ‘ N

" di Definition of orientations in the plate. ' s

RD:" rolling direction, L: longitudinal drrectlon, MNAEE

T: Transvere direction, SI: shortvtransverse~d1rect1on. ‘

Orientation of, bend specimen TL, specrmen orlented in the

transverse d1rect1on with crack propagating 1n‘the -

_ longitudinal direction., | . S i:wuﬂm§iv54'rijgﬂl



o

Figure 3.3: Phofograph showing the three pbint b nding rig
mounted in a cage under the cross head on the
testing machine.
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Figure 3 4*‘ Schematfc dlagram shewmg vanat'mn in fracture »

Sl R and toneral yield load versus te erature in a
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spiral surrounding the specimen. To increase the cooling efficiency

the cage was covered in a .styrofoam box 0f'approximate1y<8{4“.wa]l ,_.ﬂb
thickness. The temperature was measured by a thermoceup]e %nserted in ;
a dummy specimen attached close to the actua1 test sample and recorded
on a digital voltmeter. The temperature was heid constant to Wlthin
+2°C during the test. | ‘ '

The use of a SEN bend speeimen tb determine the cieavage stress
is. based on the assumpt1on that maximum stress in front of the notch can
be deduced from a slip line field theony at general yieid (Green- and
Hundy, 1956) It is thus necessary to do tests at various temperatures

} until the condition for coincidence between fracture and genera] ‘yield
is established, e.g. at T in figure 3.4. At’this'peint the fracturé:
stress can~be expressed as aF = qu where R 1s.the pTastic consfraiﬁt"
factor wh:ch can be estimated frnm slip line field theory, e.g.

= {1 + —-~ —0 whera o is the 1nc1uded notch angle. Prelimxnany tests

showed that,it was necessary to use 0 =. 30° tO?det T s 77°K, wh1ch-1§""7'

a9y
the lower limit for test temperatures that can be readi?y obtained |

s

Values for fracture toughness in the ducttle and cleavage regime :Tj
were obtained from precracked.SEN bend spec1men (ffgure 3. ]) 1oaded in _
four pOIHt bending. A detailed drawing of”the bending rig and the’ )
attachment to the Instren crosshead is shown 1n figure 3,5.‘ el f‘ ‘

At low, temperatures va]ues of KQ were calcu]ated from the ?;k :‘~

fracture load using the foTlowlng.equatzons as suggested by Tada et<a1. o
o73) e R

Ky = ?_ 5/ Fa/) Tt AR s

.2
3 .
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L ™

Fla/M) = 1.122 - 1.40(a/M) + 7. 33(a/w)2 - 13. 08(a/N)
+ 14, O(a/N) - 3.2

at

where M is the bending moment, a is the crack length, W is the specimen
width and F(a/W) a geometric factor. In the fibrous fracture regime

toughness was estimated from measurements of the crack opening displacement

(Cop). The

ack tip opening displacement was measured using the technique
describéd by Ro iﬁson and Tetelman {1976) where a silicone rubber compound

<

(Kerr citricon) Ts+allowed to penetrate into the crack under load and
subsequently harden. By subtracting the initial slot width and any
crack opening q§fp1acement due to stab]e crack growth a value for the
crack opening displacement at initiation (COD) was obtained (figure 3. 6)
The dimensional stability of the epoxy was checked by making an impression
of the gap between the points of a micrometer and,subsequently_meesuring
the thickness of the hardened epoxy on the.saEe tra§e1}ing microscope '
‘used for measuring COD values. It was found that the .dimensfons could be
measured to within £1% of the original gap opening. '
The influence of the notch geometry on the sfrese .and etrain
distribution at the notch t1p was discussed in chapter 2, where it was
argued that the volume over wh1ch & critical stress.or strain is operatlng‘
depends on the root radius of the notch. It was thus of interest. to -
investigate the correlation between plastic zone and process zone size ‘x
'and the scale of the m1crostructure, e.9., 1nc1usmon spacing4 grain size
etc. The fracture res1stance, expressed in terms of coOD or KiC’ was l

measured in SEN- -specimens in four point sTow bending. STot widths from ,.”.

60 ym to 500 um were obtamned by wire cutting using a si11con carbide

-
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Figure 3.6: Schematic drawing showing measurement of COD values
‘ ' using the rubber impregnation technigue.
The opening displacement is given hy CoD =
- u - 2p - Au whére u is the sl6t width on load,
2p is the original slot width a;mcj Au is the
opening displacement associated with stable
crack growth. ‘ ‘

[ - " . .
- " N . -
\ N -

F1gure 3 7' Schemahc d wmg shomng onentatwn of the
- coordina:te stem used to describe the crack




abrasive. The precrackedspecimenﬁ,having an effec 've\root_radius of
zero, were fatigued in the floor model Instron at a constant strain
amplitude corresponding to a aK-Tevel of about 15% of the rooh tempera-
ture KTC value which is well below the upper limit given by Knott (1973).
To further investijgate the nature of tﬁe damage int%pduced in
a material during crack initiation, doubie notched specimens were broken t
in four'point bending. With the specimen dimensions shown in figu;é 3.2,
both notches will see the same bending moment during the initial loading
and it is assumed that both notch gips go through the same loading
history. When a crack propaéates from one notch the other, can, be
sectioned and prépared for metallography thus revealing the detailed
fracture initiation mechanism, i.e.,-micro crack formation; voi&ind,
localized shear etc. Sectioned specimens were studied in tﬁe SEM after
etching 11ght]y in 2% nital and gold plating to avoid charging effect ‘
at non-conducting particles. The hehaviour of varyous mleostructural
features in the notch tiplstrain'field were studfed and correlated tb
the strain gradient in front of the notch. The strain gradient was
determlned by m1cro hardness measurements in frontﬁof the notch after
first estab11sh1ng a ca11bration curve between mﬁcro hardness anp,;;nain
as measured in samples deformed in un1ax1a1 compressinn. ‘ }
Detamination has béen studied in a variety of- tests wheréffjﬁﬂ-‘*ﬂ‘
stresses develop normal to the rol?ing piane of the plate.‘ 1n the SIow
bend tests used to evaluate the cleavage stress sp'htt'mﬁ Qccurred at
intermediate temperatures between the reglme of completely ducti?e and
brittle faz]ure. Sp]1tt1ng was usua]ly actQmpanied by a }oad~dr0p In. sl
the load def]ect1on curve a1low1ng the maximmmfstresses in front uf*the i%}33.~

LY " -
v ¥l .
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"nd‘.teh_fd be ‘estfmated from the s]ip\ Iine field theory. Assuming a

Tf‘esca yj'e"ld Criterion the maximum values of the principal stresses

‘are given by o
. "Ny”y“ *3-P T oR - S
L 'd)sx = Oyy " gy.?‘dy_ay{R - 1) | | E 3.3b
; sz =:3e(.c;&y.+ Iyy) =’ vy(Pf - %) | : 3.3c

‘ where the coordinétes‘are defined in figure 3.7. In a notched bend

~w

component can be calcuhted from Bﬂdgeman 5 a"‘ﬂ-‘fs“ 0952) a"d Is

o

[

spec*nmen of the T-LU orientatiun (figure 3.2) the o

22 Component wiﬂ be )

' acting oit p]anes /para'l’iel to the rolHng plane and is thus be‘lieved to

cause sp‘litting under certain conditions.

A ‘more accurate detennination of the normal stress at de’lami na-

t?on can be ohtamed from a. short transyerse tensile test. This’ method

is restricted tq heavy gauge plate where sufficient wall t.hicknes.s exists

to anowmachming of tensﬂé specimens. In the present case tensﬂe

|

through thickness tensﬂe properties. To make sure no stress concentra-

sPecimens w'lth 5 m gauge 'lengf.h were used (figure 3.8) to assess the
tion effect deve'loped due to the sma'n ]ength to diameter ratio (1: 1)
‘longitudina'l specimens ef simﬂar geometry were pulled and the nsi'le

behavfour compa.red to results from staqdard tensile tests (5: 1 ieng

to diameter rat'lo) perfomed at the same strain rate. “
o Be]amination is also obsenved in Iongitudina‘i- tensﬂe specimens

where radial stresses develop in the necked regwn. The, radia‘l stress ;

I}

given b,Y' : L, ‘,-‘ : :."(“'_’ \ ‘.:ﬂ‘: c ,

ey N A - . -
. .- ! - - “-
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Figure 3.8: Drawing showing tensile specimen used to assess
mechanical properties. .

a: Longitudinal tensile specimen.

" b: Short transverse tensile specimen.

L]

The specimen used in the transverse direction

is the same as in a except for a 20 mm gauge
length. oo

x7
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_ a N N N -
0. = 0g £n(1 + 37) 3.4

k4

-

where F is the flow stress in the neck, a is the radius of the minimum
cross section of the neck and R is the radius of curvature of the neck.
According to Bridgeman the flow stress can be expressed in terms of the
average tensile stress in the neck, i.é., the true fracture stress at the
occurrence of delamination (oF*). Equation 3.4 can then be rewritsen
as

*

g
_ _F
a -

Values of R and a were determined using a shadow graph where-the shaddw
of broken spec{mens were projected onto a glass screen at 20X magnifica-
tion. a could then be measﬁreq directiy on the‘screen whereas R was‘
determined Sy comparing the.magnified neck profile to circles of known
diameter. Values of the delamination stress (crr)rave been determined
at a variety ofﬁtempératures between -196°C and room temperature using
ténsile specimens of 25 mm gaége length and 5 mm diameter {figure 3.8).
The layge differences in true strain to failure in the longitu-

dinal and short) transverse tensile tests sﬁggested that the influence

the delaminatioq behaviaur be‘investigated further. Thus
short transverse’tensileo$amplés were“pre-defonﬁéd.in compression to a
strain of about 0.5. The specimens were then remachined to the original
&rigina} giameter (S.mm)'and pulled in ténsion at -70°cﬂ ‘

’ During the analysis of the delamination data it became‘apparenf
fhat.the results could be ﬂesérﬁbed in terms of a critical gheér stress
criteria for the nucleation of sp1;ts.

-
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| :
Two different mechanisms involving the shear strees can be envisaged.
- Either the shear stress in the plane of weakness can nucleate a
shear crack (mode II crack) or the occurence of delamination may be
due to the increase in ﬁ?ow stress during straining. The letter‘fs .

&

expressed by the radiusf of the von

Mises yield surface ief, the maxiﬁum shear stress. In order to

seperate the twe_ﬁegh nisms tensile specimens were cut with various
orientations to the\BTaféi“‘Tens1le specimens with the ten;11e axis

in the ]ong1tud1na1fand the she>t transverse d1rect1on have no

shear stress compeéent parallel to the ro111ng p1ane whereas specwmens *
machined with the tensile a§1s at 45° to both the rolling

direction and the rolling plane normal have the meximum shear stress

component in the rolling plane. Due to limited plate thickness
these Qere on]y 4 mm diameter (f\gur=f¢"' |
Inledd1t1on to the tens11e ﬁ"“fifliscribed in connection with
the delaminétion tests transversel; e11e specimenslwere pulied in order

* to corfelate the true strain in tension with COD values obtained for
SEwaend speC1mens in the T-L orlentatzon. These spec1mens were. 5119ht1y -

shorter than the standard specipens since they were made from the halves of

+

broken bend spec1mens (fwgure 3. 8) ) '_ . ..
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4. ‘MICROSTRUCTURES - RESULTS AND DICUSSION

The compositions and hot working scheduled for the steels used
in this investigation are summarized in table 3.1. In this section

the detailed microstructural characterizati i1l be discussed in

terms ofqurrent thearies for phase transformatidps in low alloyed
structural steels which were described in chapter _

In this work, emphasis has been given to the mierostructural
featukes directiy involved in the detailed fractura precesses. Thus
many micrestructuralvaspects of HSLA-stee]s, e.g. precipitation v
kinetics, the nature of the dislocation substructyre etc. have not been
treated in any deta%]. Although worthy of more deta{]ed investigation,
these phenomena ate considered outside the scope of the present study. '

_A summary ef the detailed literature review in chapter .2 con-
cerning the most imp%rtant'microstructpra] features in determining the
fraéture'behaviour of HSLA-steels is given in figure 2.2. S OAt Tow
temperatures brittle fallure processes are influenced by the scale and
morpho]ogy of the ferrite, ﬂ1str1but10n of carbides and the occurrence
of non~ferr1t1c transformation products. In the case of ductile fai]ure the
critica] par ters are the’ magnitude and the distr1but1on of strain at the
| crack tip wh1ch is 1nf1uenced by the inclusion content and shape, the
mode of sTip and agg;n ‘the occurrence of nen-ferritic transformation |
products. " The occﬁrrence.of deTam1nation depends on migrostructural
features such as the type and drstribut1on of su1ph1des, the existence

cf‘gra1n boundaty carb1des and the cnystailographic texture.nf the plate

- -
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- oL .o PRI .- . . . ey . o
",. .‘(. > - PN e . ' .~ ' > - L



L

67

The work on materials characterization has thus been concentrated on
the microstructural features mentioned above.
For clarity the various microstructural constituents have be .

treated separately when possible.

4.1 FERRITE MORPHOLOGY

The scale and morphology of the ferrite structure in the various
steels have been studied by optical metallography using samples etched

in nital and by transmission electron microscopy. The low magnification

“composite micrographs in figure 4.1 show the: general features of the

microstructures. Steel A consists of polygonal ferrite whereas steel C
shows a duplex microstructure consis&ing of a mixture of polygona] andh '
acicular ferr1te and stee] B is almost fully acicular with a few palygonal ,, =
grains distributed throughout the mlcrostructure Further, a banded

ferrite structure is apparent in figure 4.1, 1in partlcular in steels A and

C where layers of po]ygona] ferrite and a m1xture of acicu]ar structures -
and non-ferritic phases seems’to alternate gPrdugh thevthickneés éf"the
plate. In addition,'large variations in érain size are observed both
between the various steels and within each p]ata as seen from the gra1n
size distribution fucntions plotted in figure 4.2, ' |
" Band1ng in hot rolled structura] steels is ngrmal]y attr1buted )

to the occurrence of segregat1on of sojute eIéments e.g. Mn andisi,

durlng'sol1d1f1cat10n'€K1rkaidy et al., 1962), fﬁe effects of the saiute -

“eiements 15 twofold DurTng sqaking an equa11zat10n of carbon act1v1tﬁes§-g P

will take place thus ]ead1ng to a segregat1on of carbon in the austen1te.~“

A

. e
¥ S

_*
-
B
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Figure 4.1.a,b,c:

Composite micrographs illustrating
banded microstructures in three
orthogonal sections. (nital et h,
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This effect has been shown by Darken quoted by Shewmon (1963) in
diffusion couples of critical constant carbon content but with different
levels of Si. In the case of Si "uphill diffusion", i.e., diffusion of
carbon against the concentration gradient will take place (figure 4.3).
Rather more important, however, is the influence of solute segregation
and pre-segregation of carbon on the transformation temperature. In

the case of manganese segregations, ferrite nucleation will start in
regions with lower alloy content and carbon rejection will occur at the
édvancing ferrite front.

In the present investigation microprobe point analysis for Mn,
Mo and Si was done along lines parallel to the rolling plane normal,
i.e., normal to the band structure, but no significant variation in the
composition was observed. This is in accord with results reported by
Biss and Cryderman (1971) and previous work by Herg et al. (1975).

An alternative mechanism for development of banding in the
ferrite structure can be described‘in terms of the detailed austenite
moréhoiogy during controlled rolling. As discussed in chapter 2,-one
of the main reasons for using Nb additions is to retard recrystallization
and grain growth during the last stages of rolling. The three steels
studied are all heavily deformad below 850°C which is the lower limit -

for éecnystallizatioﬁ'fSekine and Maruyama, 1973) and transformation

-will thus start from an unrecrystallized austenite with elongated grains.

Ferrite nucleated at the austenite grain boundartes will reject carbon

- in front of , the advancing transformation front according to the phase -
_dlagram shoun schematically tn figure 4 4. In tiz'a case of elongated

" austenfte grains. bands of higher carbon contont will form.a]ong the
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center of the original austenite grains. These regions will have a
h;;;;;\bardenability due to the increased carbon content and non-

/
pol¥gonal ferrite and carbide aggregates will tend to form there.

is 1§,hllustrated in steel C, figures 4.1 and 4.5, where rows of poly-
gonal grains seeA'to delineate the original austenite grain boundaries.
%; When the hardenability is increased by alloy additions as in
steel B, the transformation temperature will be sufficiently low for
acicular ferrite to nucleate at orginal austenite boundaries and the
banded appearance of the ferrite,observed in steel A and C disappears.
There is still, however, a tendency for banding of the carbon rich phases.
Of ‘the steels used in the current study, steel A is characterized
: és po]&gonal, although a small volume fraction of acicular structures ~
is recognized (table 4.1). Steel B, having a higher alloy content, is
almost fully acicular with only a small fraction of polygonal ferrite
grains. The duplex microstructure observed in steel C, e.g. about 40% acicular
ferrite, corresponds to the intermediate composition (table 3.1).

4 The degree qf_acicu]arity in controllegj rolled HSLA steels
dgpepds strongly on the composition, e.g. transformation temperature,
of the m§ter1a1. McCutcﬂeon et al. (1976) have attempted to describe
the strué;ure in terms of a hardenability'factor which is simply given
by (Mn + MoA¥ Ni + Cr + Cu) expressed in percent. They observe a _
Tinear correlation.petween volume fraction of acicular fertite and éhe
ha}dehéﬁility factor. Although thi; factor fails to recognize any

’,diffEfpngé in hardenability potency fpr the;variods elements, it yields
a hu&%iiative*predfction of the strhcture, In the study by Kirkaldy
(f973) aneighted suh;{s uéed to describe the ,hardenaéflity. This

-
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Figure 4.5.a,b,c:

Optical micrographs showing
L2 _1 “,the ferrite structure of -
~3 .7 steels A, B and C in
. Nongitudinal sections
(nital etch).

Spee] A,

630x magnification.

“

;
{

't%§§S§§§tﬁb o Steel B, ‘
S S 630x magnification.

a

. Stea¥ €. .
630x ragnification, ..
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treatment also recognizes the strong potency of Mo in producing acicular
structures (Coldren and Mihelich, 1977).

In addition to the hardenability expressed as some function of
the composition, the sale and morphology of the austenite plays an
important role in determining the structure. A prediction of the detailed
structure from thermodynaﬁic data is therefore extremely difficglt‘?br
controlled rolled steels,

In thematerials treated in this work the applied cooling rates
are assumed to be the same due to similar rolling schedules and more

e
important the final plate th~2kness 1s the same. Further, the chemistry

of the thregﬁsteels is almost identical except for a slight differnce

in Mo-level (fab]e 3.1). Thus, based on the above discussion the observed
diffgrences in acicuIari;y may be attriﬁuted largely to the difference in
lo~-content.

It is apparent from figures 4.1 and 4.5 that large variations-

“in polygonal g}ain size eiist thus ma@ing it difficult to characterize

the materia1s in terms of grain size. Ih the acicular steels the grain

L

' ’baundany structure is not well defined in the’bptica] microscope. and a

‘characteristic grain size cannot readily be ascribed to these materia]s.

_ CORSiderTng nniy the polygona] ferrite the fbllowing grain sizes have.

vbeen detenmined from tha 1ine intercept wathod (Brandon, 1966) on longi- |

tudinal sections., Ste el A.has an average,grain size .of 3 5 um, but

'j‘1argar grain diamaters are frequently observed (figure 4.5a) Steel c

S has cuarser pelygonal §tructure with average grain size of 10. 5 wm, 'Thé

'5'gra1n size éistrﬁbution functicn fbr stae] € is duplex, hoxever, with ong '

‘‘‘‘‘

4’

‘raximum arovnd 4. 5 um and a segcﬂd smaller maximum,around 26 pm accounting

4. . | ] - .. Py
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Figure 4.6:

) L U W Transmission ele tron microgra
- - - . h i

e i S Hshowing polygonal ferrite

e are : ( ‘ structure exhibiting low

dislocaticn density,

struct,re consisting of laths
with hish 4ic1 .,

: 1or gensity
Steel B.

| Figure 4.8:
Traremiscginm o% o, .. milirugragh
3¢ shrwirg mised e ygonag !t
acicular ferrite structure.
 Steel B.

3200x magnification.

> o
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for the high average grain size. Since steel B is almost fully acicular
no attempt has been made to determine the ferrite graia stze from
optical micrographs.

The grain size of the polygonal ferrite depends not only on the
transformation temperature but the scale and morphologyof the austenite
seem to be of edual importance. Assuming that ferrite nucleates at the
austenite grain boundaries the number of nucleation sites per unit
volume will depend on the austenite grain boundary area. Thus a heavily
deformed austenite with strongly elongated grains will provide more
nucleation sites and a finer grain size results. There is also the purely
geometricxargument that ferrite nucleated in austenite grains with-a
high aspect ratio only can grow a small distance before impingement
occurs. The fact that steel A exhibits the finer grain size may be
explained in a qua]itativé manner in terms of these arguments when the
rolling schedules of steels A and C are compared {table 3.1).

Thé/structure of the polygonal ferrite is very different from
the acicular ferrite. The former is equiaxed and has a low disloéation
density (figure 4.6), whereas the latter consists of a lath structure
with very high dislocation density as shown in figure 4.7. The lath
structure is not very regular and can at times be difficult to distinguish
due to the d1$1ocat16n substructure (figure 4.8). The heavily dislocated
atisular structures are typical for Mn-Mo-Nb-steels that transform
during continuous cooling (Coldren and Mihelich, 1977). The effect of
¥n and Mo is to loggr the ;ransfonmation temperature such that the fully
“acicular steels fiansfbrm atftemperatures just above the bainit{p start

- temperature (Boyd, 1977), This is illustrated 1in-a schematic CCT

e
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. Figure 4.9: Schematic CCT-diagram for HSLA-steels. The
difference in hardenability for steels A, B
and C is represented by a relative shift in
the cooling curves.
- TABLE 4.1
FERRITE MORPHOLOGY
o [
FRACTION " ’ :
STEEL ACICULAR, POLYGORAL LATH -
FERRITE(%) GRAIN SIZE(wm) | HIDTH(ym) -
A 14 3'5 | -
B " 97 o« =} 0.3
C 2 |- 0.6 SR
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diagram in figure 4.9 where the relative differences in hardenability
are indicated in terms of different cooling curves, although it must be
assumed that the actual cooling rate is identical for air cooled plates

of the same thickness.

4.2 NON-FERRITIC PHASES

One of the major problems in describing the microstructure of
controlled rolled HSLA-steels is to characterize the type and distribution
of the various carbon containing phases. In the present materials carbon
appears in the form of granular pearlite, grain boundary cementite, alloy
carbides, and in the martensite austenite (M/A)-constituent. As these
microstructural constitueqts influence tﬁe mechanical properties through
xasf]y different mechanisms it is important to understand under wh?t
éﬁnditions they \form, and how to combine the composition and the processing
scﬁgdu]e to produce a material of optimum properties.

\

In steel A\thé carbon appears in isolated patches of gxanular

pearl};e and in the form of islands of M/A-constituent. In addition, some
grain boundary precipitatfon of cementite is observed. e c;}bidé
morphology of steel A is illustrated in figure 4.J0a~c using various
metallographic techniques. As discussed in the previous section, banding
may occur both in the ferrite structure and in the carbide distribution.
\This effect is seen clearly in figure 4.10a7
. \x; At lerr transformation temperatures the fermation of granular

pé§r?ité is suppressed and a Iargef fraction of the M/A-constituent is

obségred. Also, the formation of gfgin boundary cehentite is enhanggd

\ I - a . . i
-y »
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Figure 4.103a,b,c:

| .“.2"‘.‘

. . l .
s Carbide morphology in steel A,

,
a: Optical micrograph showing
the banded distribution of
carbides and M/A-phase.
(picral etch).

820x magnififation. -

&

b: Carbon extraction replica
showing granular pearlite
colony. '

5000x magnification.

¢c: Transmission electron

-

micrograph showing detail

of granular pearlite

colony.

J o
27800x magnification.
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Figure 4.11.a,b,c:

Carbide morphology in steel 8.

a: Optical micrograph
showing distribution of
M/A-constituent in a
lomgitudinal section,
(picral etch].

820x maénificatlon.

%

b: Carbon extraction replica
showing details of the M/A-
phase and grain boundary
carbides.

4100x magnification.

c: :Transmission electron
micrograph showing M/A-
islands in an acicular
ferrite matrix.

(black regions).

9200x magnification.
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Figure 4.12.3,b,c:

Carbide morphology in steel C.

a: Optical micrograph showing
banded distribution of carbi&es
and M/A-phase. Regions of
polygonal ferrite are virtually
carbon free. (picral etch).

820x magnification.

b: Optical micrograph showing
detail of carbide morphology.
Granular pearlite (P) and an ,
elongated structure resembling
upper bainite (B). (picral etch).

1600x magnification.

c: Transmission electron
micrograph showing a granular
carbide colony and grain
Boundary precipitates.

16300x magnification.

K
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when the transformation temperature decrgases. This is illustrated

for steel B in figure 4.11a~-c. When picral etchant is used the M/A-phase
appears slightly darker tﬁﬁ" the ferrite matrix and is outiined by

black etching phase around the perimeter (figure 4.11a). The grain
boundary carbides also appear as black lines in the optical microscope.
The M/A-islands in steel B are rather finely dispersed, the average

size being about 122 uni; However, the volume fraction ef M/A is found
to be 12%, by the line intercept method, which is a substantial volume
fraction of a second phase capable of producing voids during straining
(Embury et al., 1976).

In steel C carbon is present bo;h in the form of granular
pearlite and M/A-islands. The granular pearlite seem to be associated
with polygonal ferrite (figures 4.5¢ and 4.12a) whereas the M/A-phase
occurs predominantly in the gﬁads of ;cicular ferrite,

The observed{g%rbjde morphology can be raticnalized in a simi]ér
manner to the ferr; éigiructure in terms of a schematic CCT dragram
(figure 4.9). At higher transformation temperatures polygonal ferrite
and bands'éf granular pearlite patches form. Since ferrite is nucleated
in strongly elongated austenite grain boundaries, bands of high carbon
austenite form in the center of thgzgrigina1 austenite grains due to
carbon rejection from the growing ferrite. If a CCT diagram is plotted
for the }emaining austenite this will shift continuously during trans-
“formation as the carbon content increases. Thus the transformation
temperature for the last transforming regions may be substantially lower

than predicted from the initial composition. The occurrence of granular

npear]ite, as compared to the lamellar pearlite observed in C-Mn steels, }S

Y

3

O
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then due to the combined effect of lowering the transformation tempera-
ture and the addition of molybdenum and niobium. The low transforma-

tion température for the granular pearlite patches has also been indicated
by Tither and Laup;écht (1977) who observed a mixture of upper bainite

and granular pearlite in a pearlite redﬁced steel of s)lightly leaner
composition than steel A but coo%ed at a faster rate.

In steels with higher alloy content and lower ihitial transforma-
tion temperature, viz. steel B, acicular ferrite structures tend to form.
Carbon will still be rejected by thé growing ferrite but the macroscopic
banding of the carbon cdntaining phases seem to be reduééd due to
retardation of long range diffusion at lower temperatures. Instead,
carbon seems to either precipifate on ferrite grain boundaries or it is

concentrated in small regions of austenite which eventually transform to
¥

produce a mixture of high carbon martensite and retained austenite (M/A)
as seen in figuré 4.11a.

The average carbon content of thg M/A-phase can be estimated
from the volume fraction of the phase and the initial carbon content
assuming that no carbides form. ‘In steel B this gives a carbon content

of 0.5%. This is also indicated by the appéarance of the M/A-constituent

in the transmission electron microscope where heavily twinned martensite,

usually seen in materials with carﬁon content in excess of 0.5%-
(Christian, 1971), is observed (figure 4.13). In.principle it is
possible to measure the carbon content'of the M/A-phase by ageing the
material to precipitate the carbon and measure the volume fraction of
carbides in the M/A-constituent. Figure 4.14 shows the structure of

steel B after ageing at 620°C for 1 hour. Some precipitation of grain
. : ® .

. .



Figure 4.13;

Figure 4.14:

Transmission electron micrograph showing
twinning in the M/A- constwuent
27800x magnification.

Transmission eiectron micrograph sh®wing the
structure of steel B after annealing at
620°C for 1 hour.
18500x magnification.

¢
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boundary cementite has occurred and a small fraction of the acicular
ferrite has recrystallized. However, no recovery in the dislocation
structure of the M/A-phase has occurred, thus making any quantitative
metallography very difficult. Ageing at-a higher temperature to completely
recrystallize the structure may circumvent this problem. A‘substantial
increase in alloy carbides was not observed in the present case although
this has been observed in steels of similar composition by Coldren and
Mihelich (1977). |

There has been some question in the literature to whether the
martensite austenite constituent or grain boundary carbides should form
at low transformation temperatures. It has been suggested by Pickering
that cementite will precipitate when the Jocal carbon concéntratioﬁ
exceeds the Acm line in the phase diagram. The height of the carbon
spike in front of the advancing austenite ferrite inferface depends on
the coo]iqg ratei Fast cooling and thus a low transformation temperature
will not allow any long range diffusion and a high and narrow carbon
spike results. At slower cooling rates, i.e., higher transformatjgn
températqre, a wider carbory, distribution with lower maximum concentration
results. In the former case the local carbon concentration may exceed
the Acm level and precipitation of cementite results (Biss and Cryderman,
19715 Herg et al., ]Q75). In the latter situation, however, the carbon
Tevel may build up over an appreciable volume and formation of the M/A-
constituent will result. On this basis Biss and Cryderman suggésted that
the volume fraction of the M/A-phase may be reduced if.the cooling rate
is ‘'sufficiently increased. 'This, however, assumes that the morphology

of the ferrite does not change, i.e., the same nucleation and groth

A

\

z.
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TABLE 4.2

CARBIDE MORPHOLOGY

e

STEEL VOLUME FRACTION CARBIDE
M/A PHASE (%) THICKNESS (um)

A -3.5 <.2

B 2.2 ’ <.2

C 5.8 <.2

-~
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mechauism of fervite formation is operative over the cooling rates of
interest. Glover et al. (1977) have studied the transformation products,
in weld metal of HSLA plates as a function of cooling rate and found
that for cooling rates subsiantial]y higher than obser&ed in plate
productién the ferrite morphology changes to a bainitic structure. In
this case the M/A-constituent is present on the ferrite lath boundaries
and the actual volume fraction of M/A is larger than observed at lower
ctooling rates. They also observed that increasing the initial carbon
content tends to favour precipitation of grain boundary cementite which
is in accord with the view of Biss and Cryderman (1971) and Herg et al.
(1975). An additional effect of increasing the cgrbon content is to
lower the Ms-temperature which also favours carbiée formation. 5

Although precipitation of alloy carbides represent an important
strengthening mechanism in the HSLA-steels, a detailed study of the
é]loy carbides was not undertaken as these only influence the fracture
behaviour by altering the yield stress. Further, the alloy carbides
are not readily observed and a detai]Zd investigation will usually involve
dark field transmission electron microscopy using calculated positions

for the precipitate electron diffraction reflections (Davenport, 1977).

J4.3  TEXTURE

The occurrence of strong (100) textures in controlled roltled
HSLA-steels has been proposed as a mechanism for delamination or splitting

failure by cleavage (Miyoshi et al., 1973). This suggested that the

textures be determined in steels A and B which were used in the delamihation
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study. The distribution of intensities of the (200) and (110)
reflections were plotted as pole figures as shown in figures_d.ls and
4.16 for steels A and B, respectively. It is seen from the pole figures
that a weak (100) [119] texture is present in steel A. In addition,

the texture component (112) [110] appears. It is difficult to differen-
tiate between the strength of the various texture components as the

pole distributions tend to overlap both in the (200) and (1]0)‘po1e
figure, however, the (112) {110] orientation seems to’'be the stronger
fexture component. In steel B thei(loo) [110] component is very weak
and can hardly be recognized at 31{ (figure 4.16a). The (112) [110]
.component, howéver, is stronger than in steel A.

Since the rolling finish® temperature was well above the trans-
formation temberature for both steel A and B the ferrite texture must
have been inherited from the austenite. Two posibilities then arise,
the ferrite caﬁ either transform from a heavily deformed non-recrystallized
austenite or the austenite may have recrystallized in part or completely.
The possible rolling and recrystallization textures of austenite have
been reviewed by Jones and Na1ker (1974) and are shown in table 4.3.

By introducing the Kurdjumov-Sachs relationship between austenite and
ferrite, Jones and Walker calculated the ferrite textures from the
possible austenite textures listed in table 4.3. They found that the
(100) [110] ferrite Hexture, which is observed in steel A, could be
derived from the "pure metal” recrystallization texture (100) [001] in
the austenite. Further, the "pure metéT" orientations (123) [412] and
(146) [711] for rolled austenite will transform to give the (112) [110]

ferrite texture observed in both steel A and B. The "alloy type! rolling
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Figure 4.15.b

Figure 4.15.a,b: Polefigures showing the texture components
‘of steel A at midthickness.
a: 200 polefigure,
b: 110 polefigure.
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Figure 4.16.a

STEEL B
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Figure 4.16.b
Figure 4.16.a,b: Polefigures showing the texture components

of steel B at midthickness.
a: 200 polefiqgure,
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and recrystallization textures listed 1n table 413 do not Zompare
favourably with the observed ferrite orientations, ‘Similar conclusions
were draun by lotter et al. (1976) who studied texturg\development n
hot rolled micro-alloyed strip of various compositions.

Based on the observed pole figures, frgures 4.15 and 4.16 and
computations by Jones and Walier (1874) and Lotter et al. (1976j 1t can
be concluded that recrystallization of the gustenite had started tefqre
transforration 1n steel A, whereas steel B transforred from non-vecrystal-
11zed austenite, This 1s probably due to the heavier deformation
schedule for steel A (téble 3.1), which therefore has more stored energy
available for recrystallization. T

The use of pole figures to compare computed and rneasured®extyures
may nod be the best wa§ of modelling texture development 1n ferrite,

The two main problems are the accuracy with which the pole figure 1tself
can be plotted, the second arises because of the overlap of texture
components in the pole figure. With regards to‘the first problem the
error in plotting the pole figure is eStimated to be within +3° for any
point in the pole fiqure for the technique used. This will not distort
the genera]‘appearance of the pole figure but may cause problems when a

detailed matching of pole figures is atterpted. The difficulty with

overlapping intensity distributions can be circumvented by using a com-

puterized representation of the texture corponents (Kallend &t al., 1977).

Davies et al. do, however, observe the sare texture components for the
)’

controlled rolled Nb bearing steels using the crytallite origntation

q

. - kX
distribution function, i.e., a {hkz) [11C] fibre teature centred around

(112) {M0].

/
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TABLE 4.3

POSSIBLE MUST NT?E'TEXTURESX

{123} <412>
{146} <211>

Main orientation of a "pure metal"”
-

or "copper" type rolling texture.

{110} <112~

"Alloy' type rolling texture.

{100} <101~

The main orientation produced by recrystallizing

a "pure metal" type rolling texture.

{112} <212>

Secondary orientation produced by recrystallizing

a "pure metal" type rolling texture.

{113} <«332>
{112} <5634>

Main orientations produced by recrystallizing

an "alloy" type rolliing texture.

x From Jones and Walker (1974)
&

LAY
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< . ,
4.4 NON-METALLIC INCLUSIONS .

-

¢
AY

The inclusion morphology of HSPA-steels is u§ua11y dominated
by the sulphides and oxy-sulphides in rare earth (RE) treatea steels.
The stability of the‘Carious RE-compounds at 1600°C is shown in figure
4.17. ‘Stee1s Al and C have relatively high sulphur contents (table 3.%),
whereas steels A2 and B show substantia]]y.lower suiﬁhgr levels.
Further all steels but C have been rare earth treated for sulphide
shapé‘control. Typical inclusion shapes_are shown in fig@re 4.18a,b.
Steel C exhibits Tong stringers’ of MnS prduced‘during hot rolling,
whereas the ofy-sulphides shown in steel Al are rigid at hot rolling
temperéiures and thus keep their equiaxed shape. H

\ One of the major problems in using RE-sulphide shape contrQI'
~is the affinity of these elements to oxygem, and thus their propensity
to reoxidation gf oxygen 1is avai1ap1e from sources such as slag,
refractory lining or air entrainment duriné pourihg (Kay and MclLean,
1978). Thé reoxidation products tend to agglomerate in the ingot and
form large inclusion clusters (Luyckx, 1975). Although. the individual
.inclusions are rigid during hot rolling, the clusters are f?dttenéd
out to form large sheets of wery high inclusion density. These %nchysion
sheets were observed occasionally in steel B and rather frequently in
steel Al. An example is shown in figure 4,19, the high magnification
insepﬁshow that the inclusions consists of a mixture of various com-
ponénts as often observed in oxy-sulphides (Wilson and Wells, 1973}.%
When these inclusion sheets occur the through thickness properties of

the material are drastically reduced.

f

*
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Figure 4.17:

Rare earth oxygen, sd]phur
relationships with respect to
oxide, oxysulphice and sulphide
stability fields at 1600°C.

The broken line corresponds to
an iso-rare earth concentration
of 10 ppm. (data from McLean
and Lu, 1974).

Figure 4.18.a,b:

Optical microgfaphs showing

4ypical inclusion morphologies

in HSLA-steels.
a: MnS-stringers

formed during rolling of
steel C.
(Oxalic acid etch).

85x magnification.

b: Rare earth

oxysulphides in steel 8.

.500x magnification.
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. Figure 4.19:

Optical micrograph of
a polished section’of steel B.
Showing planar arrays ofin-

. i
clusions. ) /!

85x magnification.

‘v T, "‘». e, R .
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Figure 4.20.a,b:

SEM-fractographs shdw1ng

features of lamellar tearing.

Tearing along MnS-stringers.

630 x magnification.

Planar array of rare earth
oxysulphides on fracture
surface.

2500x magnification.
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Further reversion of sulphur to the melt may occur during
reoxidation products and manganese sulphides will result due to loss
of RE-additions. This was observed occasionally on fracture surfaces
of through thickness tensile specimens of steel Al and B as shown in
figure 4.20.

It was not possible to characterize in detail the chemistry
of all inclusions observed. However, when SEM fractography was performed
the X-ray energy dispersive analysis attachment was used to identify
inclusions of typical appearance. This technique does not, however,
differentﬁate between RE-sulphides and RE-oxy-sulphides, since oxygen
is not detected. RE—oxidés on the other hand could be separated due té
the lack of sulphur. 'Study of fracture surfaces containing inclusion
sheets revealed a high density of both RE-oxides and RE-oxy-sulphides,
In addition, atumina inclusions were observed occasionally. These also
have a teﬁdency to agglomerate in the ingot and form inclusion sheets
in rolled material (Luyckx, 1975).

In order to correlate the ductile fracture behaviou; of the

kbmateria]s to the inclusion morphology, a quantitative analjsis of
inclusion number, shape and area fraction was undertaken using the
Quantimet 720. %he results are shoﬁﬁ in table 4.4. The volume fractions
of {nc1usions are calculated from thé average érea fractions from three
orthogonal sections in the plate. It is noted that the volume fraction
bf inclu§ions in steel A] is about iwice that‘of steel C, although the
sulphur levels are the same. This is attributed to the occurrence of
oxidesnand oxysulphides iﬁ steel Al, whereas the 1nc1us}oﬁs in steel C

~

are predominantly MnS.
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'

RESULTS FROM QUANTIMET ANALYSIS

R Total Inclusion
Steel Section” gogﬁlr/mmz {2g1¥;?u;; area aspect
u grhiu fraction(%) | ratio
L 260 3.923 0.385- 1.20
Al T 234 3.314 0.255 1.47
ST 451 2.539 0.296 1.03
L 325 2.288 0.136 1.51
A2 T -323 1.714 0.094 1.28
ST 321 1.684 0.098 - 1.19
L 149 2.093 0.069 1.72
8 T 162 1.824 0.065 1.37
ST 202 2.428 0.179 1.64
L 218 3.736 0.221, 2.09
C T 229 . 3.510 0.166 2.06
ST 145 1.941 0.122 0.99
x L: Jongitudinal, . -T: transverse, ST: short transverse
TABLE 4.4.b
.8
Steel < Al A2 B C
Volume fraction(%) | 0.30 | 0.1% | 0.11 | 0.17

e - =
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The COD specimens used to assess the resistance to.fibrous
fracture‘were cut in the T-L orientation (figure 3.2), thus the
inclusion parameter of interest is the inclusion spacing observed
in the short transverse section. Assuming ellipticalinclusions
qithimajor and minor semi axes a and b respectively the area

fraction of inclusions is given by.

Af e 4.4 1

where AT and AL are the centre to centre.inclusion spacings in the
transverse and longitudinal direction; respectively. Further, if it

is assumed that the ratio of the spacings equals the aspect ratio of

A
£EZ‘partic1es, i.e., F = %-= XL equation 4.4.1 can be solved with
- v T - ,

réspect to the spacings yielding.

a T
Ar = Y 4.4.2 a
T F Kf
A, =a vy} 4.4.2 b
L Re

Values for the inclusion spacihgs have been calculated according to
equation 4.4.2 using data from the Quantimet aﬁalysis of theainclusiBn
distribution in the short transverse sections, and are reported in
table 4.5. '

" The majority of models for.ductile failure by void nucleation
and growth eonsider a uniform distribution ofnsphericalﬂpartic1ésnin

which case the values of A; and x_ are identical. Good correlation
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between COD andeinclusion spacing have thus been found both using the‘
spacing in the x-direction (Rice and Jo@ﬁson, 1969; Brown and Embury,
1973) and in the y-direction (Smith and Knott, 1972} (orientations
defined in figure 3.7). It ig believed, however, that the formér
abproach i§ physically better founded, and will therefore be used in
this work.

A further problem arisés when attempting io apply the theoretical
models to controlled rolled HSLA-steels. Due to the propensity to
clustering of the oxysulphides ?h the melt elongated clusters of
inclusions with a very small local spacing often occur (figure 24.18.b).
In this case the condition for instability is given by the coalescense
Bf super voids formed at the inclusion clusters. Hence the fracture
condition should be described in terms of -the cluster spacing rather
than the average inclusion spacing which is calculated from equation
_ 4.4.2. This parameter is #if%icu]t to determine in a qDantitative
manner as subjective judgéMent always will be involved in defining
the cluster size. However, microscopjc investigation of several
"metallographic.sections indicate an average cluster length of about
four times the average particle length. The cluster gpacing will
thus be four timés the sPacing calculated in equation 4.4.2 b assuming

the other parameters constant. (table 4.5).



100

TABLE 4.5

INCLUSION SPACINGS

?:Eglt Longitudinal Transyerse° EOQEEEUdggiLeen
transverse |° inclusion inclusion igc]us?on
section) spacing(um) spacing(um) | ,qqregates(ym)

Al 41.3 40.1 165

A2 49.8 41.9 199

L]
B 50.0 31.0 200
C 43.3 49.6 170
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5. FRACTURE BEHAVIOUR - RESULTS AND DISCUSSION

The occurence of fracture in HSLA-steels Ean usually
be devided into three main groups as illustrated in figure
2.2. At low tepperatures the fracture behaviour is domi- /
nated by cleavage failure, whereas ductile failure by (\
nucleation and growth of voids is the mechanism observed at
higher temperatures. In the transition between these two
\fracture modes a third mechanism referred to as delamination
or splitting is frequently observed. Figuré 2.2 also list
some of the fracture criteria applicable to the various ¥/
fracture modes and the various microstrqctural features
which influence the fracture processes. However, the majority ?
of the models ‘describing both brittleand ductile failure have
been developed for normalized or hot rolled ferrite pearlite
steels w{th well characterized microstructures and are not
necessarily apricab]e to the complex microstructures
exhibited by t?e controlled rolled HSLA-steels. In this
investigation attention has thus been focusedhon the predominant
fracture modes as illustrated~in figure 2.2 in order to

develop criteria for fracture-and to delineate a detailed

correlation betweén microstructure and fracture properties.

For clarity the results for the various fracture

modes are presented in separate subchapters together with

-~

’\ N
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a discussion of the parameters used to relate experimental

data to current theoretical models.

5.1 CLEAVAGE FAILURE

The majority of quantitative models available in
the literature describe cleavage failure in terms of the
attainment of a critical stress (Cottrell, 1958; Smith, 1966;
Almondkztial., 1969). The value of the critical stress can
be related to microstructural features such as grain size
and carbide thickness (eqgns. 2.2.l3land 2.2.18) or in
materials with 3 less well defined grain structure to an
effective érain‘size defined by the cleavage facet size
(Brozzo et.al., 1977). Further the models describing low
temperature fracture toughness all eva1ua§e the fracture
resistance in terms of the cleavage stress 9 and some
critical length (eqns. 2.2.20 and 2.2.21). “A detailed
understanding of the microstructural aspects of the
cleavage stress is thus of major importance in éeve]oping
structural steels with good low temperature fracture
properties.

In the fine grained materials used in this work
the cleavage stress could not bé,attaiﬁed in pure tension.
A single .edge notched (SEN) bend test where the stress
level is raised by a factor of about two to three due to
the plastic cohstrqint in front of the notch was therefore

used. The maximum
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stress value can be evaluated gY%her by a finite element
method (Griffiths and Owen, 1971) or by a slip line field
analysis (Green and Hundy, 1956). The lattér method as
described in chapter three was used in this study.

Further the fracture toughness at -196°C was
determined using SEN-specimens in four point bending.
The specimen dimensions were not sufficient for valid
- K]C-tests according to ASTM specification E 399, but
approximate (Ka) values were determined. The influence
of specimen geometry on the fracture toughness was studied
by varying the notch root radius from zero (fatigue crack)
to about 0.3 mm, These results are compared to theoretical ¢
predictions from eqn. 2.2.21. and ca]cu]atéd vallues for

the process zoné size or the critical distance.

5.1.1 Results
The results aof the slow bend tests performed to

determine the critical cleavage stress are shown in figure

r
A
\

5.1 a-c for steels A, B and C respectively. The fracture
and general yield loads for tests performed at various
temperaturézkre~plotted, and the critical stress calculated
from the fracture load for the condition that fracture and
general yield coincide. Values of the critical cleavage

stress are listed in table 5.1 together with the*tritical

temperature and interpolated values of the yield stress

v

at the same condition. It is noted that both the polygonal
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Fracture and general yield load for notched slow bend specimens
of steel A and B.
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Figure 5.2: Apparant fracture toughness measured in four
point bending for various root radii: .
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steel A and steel B which is almost fully acicular have
cleavage stresses of the same magnitude whereas steel C

(EQOWS a substantially lower cleavage stress.

v A correct evaluation of the low temperature fracture
Eoughness according to ﬁhe ASTM standards (E399) was not
‘possible due Fo a tack of material. Thus both the specimen
dimensions and the number of specimens aQai]ab]e are
Jdnsufficient to give statistic]y dependable results.
However, the results obtained are of great value in
detgrmining the microstructurET\aspects of cleavage fracture
resistance. In figure 5.2 values of the apparant fracture
toughness Ka are plotted versus the squarg root of the notch
root radius according to equation 2.2.21. The experimental
results are campared to theoretical predictions éf he
fracture toughness based on the critical c]éavage giress.
These are shown as dotted lines marked A and C in the

figure and represent solutions of eqﬁation 2.2.21 using

the cleavage stressgs from tab]é 5.1.

, ~In ordec/fg relate the failure event to the scale

of the structure critical parameters such as grain size and
carbide distribution ;eré determined in chapter four

(figures 4.2 and 4.10-4.12). The critical values of the
cleavage stress are plotted verﬁus tﬁe invetse‘§quare root of

the grain size in figure 5.3 and compared to theoretical

predictions from the Cottrell model (egqn. 2.2.13) and the

A

(€
N
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model by Almond et.al. (eqn. 2.2.18) using carbide thicknesses
of 0.1 and 0.2um in accord with the observed va]ges. Due to
the difficu]ty in assessing a grain size value to the

acicular structure of steel B (figure 4.1 b) only steels

A and C are represented on,figure 5.3. A relatively poor

fit between theoretical predictions and experimental results

is observed.

-

A

Brozzo et.al. (1977) have suggested that the
cleavage stress is determined by the effective grain size
as determined from the cleavage facet size on the fracture
surface. Figure 5.4 a-c shows the size distribution of
cleavage facgts in steels A, B and C respecti@e]y. When
plotting the critical values of the cleavage stress versus
the effective grain size figufe 5.5 is obtained) The Tine
deduced by Brozzo et.al. for brittie failure of bainitic
steels is included in the diagram for Eomparison. The
stress levels determined by Brozzo et,al. are h&ﬁever,
calculated using a ;inite element method which yieTas
results that are lower than the slip line field data by~
.a factor of 1.12. In order to faci]ftéte a direct
comparison thé present data are rgduced by the same

amount and represented by the open symbols in figure

5.5. CaTcu]ation'éf the effective surface energy then

. i @
yields a value of 109 Jm 2 which is‘yery/c1ose to the value

of TZd Jﬁ"Z deduced by Brozzo et al. Fﬁ% lower limit of
the present results are indicated by the dotted line

(v = 103 Jm'z), thus all the current data are within
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Figure 5.6: Optical micrograph.from sectioned Charpy specimen
(steel A) showing non propagating microcracks in
polygonal ferrite. Cracks are'nuc1eated in grain
baundary carbides (arrow)}. (Nital etch).
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14¢% of the effective surface energy determined by Brozzo
et al.

The fracture resistance measurements at -196°C
are reported in figure.5.2. Apparant fracture toughness

"3/2 and 40.5 MNm~3/?

values of 49, MNm were obtained fok
steels A and C }espectively. Due to lack of material
precracked specimens of steel B were not available, but
one specimen with sitotwidth 60 um gave a toughness value

of 32 MNm~3/2,

Further the influence of the notch root
radius is demonstrated in figure 5.2 for steels-A and C.
The lower shelf in fracture toughness described by Malkin
and Tetelman (1971) is not observed in this investiéation
for the range of root radii studied. Lines representing
the theoretical correlation between apparant fracture
toughness (Ka) and root radius (p) according to models"
by Malkin and Tetelman t1971) (eqn. 2.2.21) and Heald
et al. (1972 b) (eqn. 5.1.1) are included in figure
5.2 for comparison_.~

In.order to relate the magnitude of the critical
cleavage stress and the fracture toughness to the scale
of the microstructure, studies we;e made both of the
fracture surfaces and the strugtu;e beneath the notch
in the double notch bend samples. It appgared.from
these observations that the averagé cleavage facet size
and the ]eﬁgth of the noﬁ-propagating microc}acks Were

about two times larger than the scale of the ferrite



Figure 5.7:

Figure 5.8;

SEM-micrograph from sectioned slow bend specimen
(steel B) showing microcrack in acicular ferrite.
(Nital etch) (2400x magnification).

SEM-micrograph showing corre1qtion between fracture
path and microstructural features.

Fractuye surface and polished and etched section
revealed simultaﬁiously by preferential electro
polishing and etching in nital.
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grain size. These features are illustrated in the micro-
graphs figures 5.6 to 5.8. -The same result appears by
comparing the grain size distributions and the cleavage

facet size distribution. in figures 4.2 and 5.4 .

-

respectively. "For steel C the average value of the

grain size and the cleavage facet size is about the same.

5.1.2 Discussion

The theoretical models for cleavage stress
deséribed in chapter two, except the Smith model,
indicate that the q]eavagé stress depends on the inverse
square rdbt of the grain size. The physical re;soning
behind the various equgtionE.presented 15 chapter two is .
however different. In the mechanisms described by Cogtre11 i
(1958) and Almond et al (1969) it is assumed that the
critica] event is growing a microcrack through a ferrite
grain under the combined action of the applied stress and
the stress cogcentration at the tip of a dis]oéation pile
up. Thus the‘miérostructural features of importance are
the mean free ferrite path (eqn. 2.2.13),andﬁthe carbide
thickﬁess (eqn. 2.2.18). TFor ﬂo]ygona] ferrite structures
the mean f%ee ferrite path corresponds to the grain size,
and_the ;1e§vage stress is assumed to scale with the .
ferritegrain size as determined in chapter 4 (%igdre 4.2)

N

As 'seen from figure 5.3 however the Cottrell model,
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which takes no account of second phase particles, tend to

seriously overestimate the cleévage stress for fine

grained materials, eg. a factor of two for steel A.

By taking the carbide size into account a somewhat

-

.better fit is obtained. The carbide thicknesses observed

are typicly ab0uF 0.1 um (figure 4.10 - 4.12). When this
value i1s introduced in the Almond model (eqn. 2.2.18) and
plotted in figure 5.3 an overestimate of the cleavage
stress of about 40% is still observed.

‘ It has been argued {Knott, 1977) that not only the
average grain size, but also the detailed grain size
dtstriBution is of importance, i.e., for a Qide grain size

distribution there may be a sufficient number of large grains

to trigger off a complete fracture aTUmugﬁd‘the stress

.level may be subcrifical with respect to the average grain

size. Observations of secondary microcracks nucleated
AWaj-from the main crack path in a slow bend specimen
gfigure 5.6) tend to confirm that the larger grains
show a greater propensify for cracking.

A similar argument can of course be produced for

the influence of the size distribution of carbides (Curry

- and Knott, 1976) ie., the crack nucleation process may be

dominated by a small fraction of 1a¥ge carbides. In order
to Jntroduce any effect Qf size distribution in the cleavage

fracture models the critical level, say the 90 or 95



115

percentile must be determined. This can be ‘done by
quantitative metallography if zleavage fracture occurs in
the uniform stress field in a tensile specimen (McMahon-
and Cohen, 1965). If, however, the presence of the hydrostatic stress
component in front of g rotch is requirea tc reach the
cleavage stress, fracturf will occur in a stress gradient.
Thus the probability of failure of a particu]ar.;arbide

‘or ferrite grain is dependent on the local tensile stress
in addition to the actual carbide or grain size. The
controlled rolled HSLA steels which frequently exhibit a
non-uniform distribution both of grain ééfe (figure 4.2) .
and carbide thickness can therefore not be expected to
behave according to the nodels developed for ferrite
pearlite steels.

Due to the boor fit between the obServed values of
the cleavage stress and the theoretical predictions based on
the models by Cottrell and Almond et.al. (figure 5.3) a
third ané]ysis proposeh by Brozzo et.al. (1977) was
considered. This is simply a modified version of the
Griffith equation. {eqn. 2.2.19) using a microcrack of
grain size dimension as the flaw size. The critical
event in this mechanism is not to produce the ferrite
microcracks as in the Cottrell and Almond models, but
rather to extend the"ferritemjcrocracks accross the grain

boundaries. The flaw size was taken to be the average
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cleavage facet size as deterﬁined from§SEM fractographs
from slow bend specimens of the T-L orientation. The size
distribution of the cleavage facets determined by the line
intercept method is shown in figure 5.4. In the fine grained
polygonal material, steel A, the cleavage facet size is about
twice the average grain size indicating a texture effect
ie., only small angu]ar'deflectioxzuare necessary for the
cleavage crack to propagate from oné ferrite grain to the
next. In steel C which exhibits a mixed po]&gona] -
aciculgr micrestructure the cleavage facet size observed
represent an average value for the two structures. Nhep
the grain size was ﬁgasured, however, only the polygonal
structure was considered. - It is thus reasonable to
expect a v$1ue of the average cleavage facet size between
the polygonal grain size and the acicular ferrite
cleavage facgt size.

When the experimental values of the cleavage
stress are plotted versus the inverse squareé?%vtisk the
effeciive grain size eg., cleavage facet size, as
determined above (figure 5.5) the points fall very close
to a stréighf line through the origin indicating a good N
fit with equation 2.2.19. In order"éo facilitate a
direct comparisonwithdata in the literature the results
were reduced by a factor of 1.12 (Brozzo et.al, 1977).

‘Using these data to calculate the effective surface

r



energy in the Griffith equation yields a value of 109 Jm_2

which is in very c¢lose agreement with the value of 120 Jm~ 2
deduced by Brozzo et.al, (1977) for bainitic steels.

Inherent in the model by Brozzo et.al, is the
assumption that ferrite microcracké can nucleate at a
stress level lower than the critical cleavage stress required
for complete failure. It may thus be argued that in a test
stopped immediately before failure the specimen should
contain a fair number of microcracks in frontof the notch
or crack tip. In order to investigate this concept‘further
the microcrack distribution in double notched bend samp1e§
(figuﬁ:f3.2) of various root radii broken at -196°C was
studied in the SEM. The salient feature of theobservations
was however‘that no microcracks could be detected”in front
of the unbroken notch. It is thus concluded that the
‘stress required to nucleate the ferrite microcracks must
be of the same order of magnitude as the stress required
for crack propagation. This is in agreement with the view .
of Knott (1977) who indicate that by decreasing the scale
of the microstructure there may be a continuous transition
from ferrite microcrack nucleation as the critical event
in the fracture process to a mechanism where microcrack
propagation is the crucial step.

In summary the cleavage failure models which introduce

the scale of the microstructure through a Hall-Petch
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relationship do not describe the experimentally determined
values of the cleavage stéess adequately for fine grained
polygonal and acicular steeis, although they show an excellent
correlation between fracture stress and grain size for

coarser grained structural steels. On the other hand
theoretical predictions of the cleavage stress based on

the Graffith equation show close agreement with experimeqta]
observation. The effective surface energy calculated from

the Griffith equation is 109 Jm 2

which compares very well
to the surface enerqgy deduced by Brozzo et.al. (1977) for
bainitic steels.

In attempting to describe the fracture toughness
of a structural material it is %mportant, as Ritchie et.al.

(1973) have pointed out, to define both the critical cleavage

stress o and the distance X over which this stress is

!
kY

attained ahead of the crack tip. Assuming a sharp crack
the toughness can then be described by eqn 2.2.20. When
cracks or notches with a finite root radius are considered
the stress distribution ahead of the crack, and thus the
value of X, will change. To incorporate this effect it

is convenient to introduce the concept Qf a process zone.
For cleavage failure the process zone can be defined as

the volume of mglerial in"front of the notch or crack tip
where the condition for microcrack formation is fullfilled.

-

The size of the process zone will therefore scale with the
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radius of the crack tip as deduced By Malkin aftd Tetelman
(1971) (eqn. 2.2.21) and by Gerberich and Guest (1979) for
the elactic plastic stress distribution in a notched bar.

< The experimental va1ue; of fracture toughness
determined for steel A and C (figure 5. 2) do not correlate
with the Malkin and Tetelman analysis (eqn. 2.2.21).
Al though there 1s a slight dependence on notch root radius
it is much less severe than predicted from eqn 2.2.21.
Further there does not seem to be a lower shelf in the
KIC versus Yp plot and thus no well defined lower limit
of the root radius or limiting créck sharpness (po). It
should here be noticed that the range of root radii tested
is fairly small (0--300pm) and that a rapid increase in
fracture resistance may occur at larger root radii. This
was observed by Ritchie et al (1976) who found large
variatiéns in N in a 4340 steel austenitized at different
temperaturés. However, due to the fine scale of the micro-
structure in the present materials oo-vaTues below 100 um
were expected (Malkin and Tetelman, 1971).

The trend from the present data is a continuous
increase‘in fracture resistance with increasing notch root
radius starting from p=o (fatigue precracked specimens),
thus resembling the yesu]té from Heald et.al. (1972 b).
This model is a modified version of equation 2.2.10 (Heald
et.a1.197g a) where the influence of the notch root radius
on stress distribution is taken into ‘account. For small

values of (KIC/CU), where o is the applied stress at

u
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instability, the final equation is written
K + ¢ Jup
Kp(o) = € u 5.1.1
(1 + /(p/a))

where a is the crack length.

Values of K,(p) have been calculated according to this
model taking o, equal to twice the ultimate tensile

strength (Heald et.al., 1972 b) for the notch bend test.

>

The use of oy = 2 SuTS in the failure condition can be
rationalized in the f01lowin§ way. Failure is expected
when the siress jn the outer fibers reaches a critical
stress level. In the case of cleavage this stress level

is giveﬁ by the cleavage strgss. The cleavage stress;
values determipned for the ‘present materials are close to
twice the ultimate tensile/ stress observed at -196°C.

Thus justifying use of th, Heald model wilhout corrections.
Further the value of KA is rather insensitive to changes in
Oy eib. decreasing the value of T by a factor of two will
only change the KA—value‘by aboyt 4%. The choiée of oy”

value will therefore not influence the prediction of the

apparent toughness to a large extent.
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Tﬁe value of the fracture toughness determined for the -
fatigue precracked samples are used for KIC’ thus making
the model semi empirical. The calculated values of KA
for larger root radii are however ié very godd agreement
with the expe(imental results (figure 5.2). It seems
that in the présent case‘the variation of the abparant
fracture toughne’sé with the notch root radius is satisfactorily
explained by the Heald model by modifying'the stress
distribution in fraont of crack tip to account fcr.the’ ’
finite notch root radius. However the basic pngp]ep of
relating the fracture toughnéss Kyc to the scale of the
microstructure still remains to be considered.

The low temperatufe fracture toughnésﬁ values of

49 and 40.5 MNm~ /2

fog steel A and C respecIiQer are in
very good agreement with data from Curfy and Knott.(1976)
who havé investigated the influence of grain size on the
resistance to cleavage fracture . By extrapolating their
data to the actual grain size K1C~va1ues ofw53 and 44 -

-3/2

MNm would be predicted for steel A and C respectively.

Thus a continuous .increase in .toughrness seem to be observed
when the grain size is reduced. further below 12 um which
was the smallest- grain size considered by Curry and

Knott.
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At this point it is of interest to calculate the

extent of the process zone- or the characteristic distance
for the mqteria?s, Assuming a linear elastic stress
distribution in front of the crack tip the characteristic

distance is given by (Rawal and Gurland)

Kip 2
1C
(

This yields characteristic distances of 57 um and 59 um

for steel A and C respectively. Although the use of

Tinear fracture mechanics in determining the process zone

size may seem a rough approximation similar results are

obﬁéﬁned when_ the finite element analysis due to Curry

and Knott is used. The important results that emerges

from thgse calculations are that the gize of the process

zone is suystantially smaller than those c§1cu1hted by

Curry,3n§ Kﬁott for materials with similar grain size.

. Thigigi;/éttri1)uted to the higher tevel of the ‘critical cleavage stress
'obse;ved/?n the present materials. Further the characteristic’

'disfancétgeems té‘have attained a constant value, i.e.,

the grain size in steel A and -C is different by a factor

of.twb wherea; the extent of the process zone is fixed.
Again this behav10ur corresponds to that reported by

‘Curry and Knott for 10Wer strength mater1aI, except that

‘1n;the present case the value of the characteristic
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distance is reduced by a factor of three.

The values determined for the characteristic

distance in thq)present investigation of fracture behaviour

of controlled nolled HSLA-steels and values for other
structural stea\b/reported in the literature can be
rationalized in the following way. In order for cleavage
failure to occur at a crack tip tworconditions must be
met. First the maximum tensile stress must exeed the
critical cleavage stress thrQughout the process zoneg.
This is usually obtained by stré;s amp]iﬁcatim1 due to
plastic constraint at the crack or notch tip, requiring

a plastic zone size sufficient to accomodate the cleavage

process. In 5ddition thescharacteristic distance must be
greater thah'The microstructbra] unit ggverniég the
cleavage process, eg., grain sizé or effective grain size
(Ritchie et al, 1972) such that at least one whole grain
will experience the cleavage stress. Thu$.f0r very coarse grained
materials it is reasonable to assume that the process zone
size will gca]e with the microstrhc£ure (Curry and Knott,

’

1976). For finer grained materials the latter condition

& .

is always met and the size of the pnocégs zone will depend

*

only on the scale of plasticity required to accomodate
the cleavage process, ie., to attain the critical tensile
. !

stress through stress amplification.

Based on the above arguments a semiquantitative"

-~ ———

%2
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description of the fracture toughness can be deduced.

For grain sizes greater than a critical value Xo the
characteristic distance will scale with the microstructure
eg., x = nd where d is the grain 'gize and n is a

constant. Several attempts have gé?n madeé to quantify

the correlation between characteristic distance and grain size,
n-values of 1.5 and 2 have been suggested by Tetelman et.

al. (1968) and Ritchie et.al. 1973 respectively.

Combining equations 2.2.19 and 2.2.20 the'fracture toughnéss

can now be expressed as

4EYeff X é'

. K = ) 5.1.2
e (a(l-v?)

3

where a is the flaw size and X the characteristic distance.
If a is some multiple of the grain size as suggested by
Brozzo et.al. (1977), eg., a.= m(%), and further'only coarse
grained materials are considered. equation §5.1.2 can bg

rewritten _ ‘-

i <
- (SEYeff ”) \ 5.1.3
1¢C -~ N 2. ;

(1=-v™) m .

» >

This equation indicate that the toughness i§ indepty nt

of grain size. By introducing the value of~veff = 1. Jm"?

as determined in the cgrrenﬁ work and assuming that (n/m)

= 2 for coarse grai?ed materials (Ritchieet.al., 1973) a

LY

.o
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3/2

Kic value of the order of 20 MNm~ is obtained. This

value is somewhat lower than the cdnstant K]C Tevel- of

25 MNm~3/2

determined by Curry and Knott for coarse grained
structuralésteels. However, considering theidpproximations
made in the model the agreement is reasonable.

For fine grainéd materials the characteristic

distance is constant eg., X = Xo, and equation 5.1.2 becomes

BEYeff Xo

Kyo = ( ) 5.1.4
€7 Tnd (1+99) : .

Inserting the values for yeffand X0 from the pgéséﬁt work
and'm=1, the solution of equation 5.1.4 is plotted versus
grain size in figure 5.9. together with the éesu?t of
equ&fion 5.1.3. It is seen that these predictions are in
qualitative agreement with the data of Curry and Knott
(1976), eg., thg fracture toughness is independent_of‘grain
size for large grained materials and shows a d‘% relation
for fine grain sizes.

The important result that emerges from the above
considerations is.that‘the low temperature fraétureatough-'
ness)is determined by the value of the cleavage stress and

“}he process zone size. The experimental observations
JéuggéSt tﬁat the process zone is independent of the scale
of the microstructure for fine grained materials. Hence
"the fracture toughness will be governed by ,

the magnitude of the critical cledvage'stress, and thus

by the microstructural features contro11idg this stress level.

Fra et e
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Figure 5.9: Diagram showing fracture toughness for steel A
' and C as a function of grain size. Data from
Curry and Knott (1976) are included for
comparison. The dotted Tines represent thedretical
predictions from equations 5.1.3 and Sx?fﬂf

TABLE 5.1

CLEAVAGE BEHAVIOUR IN THE SLOW BEND TEST

CRITICAL YIELD CLEAVAGE
STEEL | TEMPERATURE, | STRESS | STRESS
T ., (9€) (MPa) - (MPa)
gy
A - 170 . 965 2620 )
B . - 168 930 2490 .
c - 147 905 2170 \\\\\\\\

Fad oot Vs
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5.2 DUCTILE FAILURE

The basic mechanisms of ductile failure by void
nucleation and growth were reviewed in chapter two. It
is, however, pertinent to the understanding of the micro-
structural'aspects of fibrous fracture to br{efly consider
the parameters which determine the fracture resistance
prior to embarking on a detailed discussion of the results.

In broad terms there are four types of factgrs
that have to be considered to obtain a complete descriptioq
of the fracture toughness. First, from a purely mechanics
viewpoint, ch, since it is related to the square root
of the energy release rate, should increase as the plastic
zone size at.- the crack tip or, equivalently, as the crack
oﬁening displacement increases (eqn. 2.2.7). Second, there
is sufficient evidence (Brown and Embury, 1973; Rice and
Johnson, 1969; Smith and Knott, 1971f to suggest that the
crack opening disp]acemen€!Epou1d roughly equal both the
spacing of ihciusions and second phase particles which
determine phe hole spacing and the size of the intensely
deformed plastic zone, referred to as the process zone
in ductile failure, at the»crqck tip. Thus K1C should
decrease with decreasing spacing of partié]es, and hence
with increased\mlumefract{gﬁ“ii a fixed particle size.
Third, Ky should be lower in high strength'mgteria1 or

materials which show a greater tendency for strain

-

L

-
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localization than would be expected from extrabo]atidn
from lower strength due to the occurrenceof plastic
instabilities and failure along characteristic slip
paths. Finally, crack tortuosity and crack branching
should increase the apparent fracture toughness simply
because of the increase in surface area and plasticity, and
hence the energy consumed per unit'projected area. The
latter effect has receibed little attention in the
1iterature and has nof;been incorporated into any of the
theoretical relations for Kyeo

Ip the following section the tensile ductility
and the fracture resistance as measured by the COD test
are reported for the three steels investigated. The
results are then intérpreted in terms of the ﬁicrostructura1
features, eg., inclusion morphology and nonferritic

transformation products, described in chapter four, .

5.2.1 Results

The occurrence of ductile failure in controlled
rolled HSLA-steels has been studied using both tensile
specimehs and notched bend specimens of various notch
acuity. The room temperature tensile properties of the
three steels are sumﬁarized in table 5.2. Both longitudinal
-and transverse tensile properties have bgen determined 1in
order to.correlate the tensile behaviour to the fracture

properties determined from COD-specimens in- the T-L orientation
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TABLE 5.2

TENSILE PROPERTIES AT ROOM TEMPERATURE

ULTIMATE
YIELD TRUE FRACTURE
STEEL ORIENTATION SIRESS (MPa) gggé Igf(IMPa) 1 strRaIN

L 472 608 1.5
Al

T NDX ND ND

L 476 613 ND
A2

T 461 589 1.2

L 507 769 0.9
B

T 500 639 0.8

L 506 1732 ND
C .

T 465 685 0.6

L

x Not determined
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TABLE 5.3

FRACTURE PROPERTIES

CHARPY "
FT. LB/% SHEAR

DWTT® (% SHEAR)

-15% | 235% -159¢c | =359 { -45%%

STEEL Al 92/100 | 91/100 100 | 100 -

STEEL A2 112/100 {104/100 99 100 -

STEEL B 77/100 { 73/100 95 88 75
STEEL C, 35/100 | 35/100 100 100 92
X Specimen oriented 40° to rolling direction.

e

™~
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o7

(figure 3.2).\ Large variations in fracture strain,
measured as reduction in area, aré noticed both between
the different steels and from testing the same material
in different orientations.

Various methods are currently being used to assess
the fracture resistance in line pipe steels. For example
Charpy tests and drop weight tear tests (DWTT) are required,
by the American Petroleum institute. Although these tests
describe the fracture resistance and are extensively used
by the steel industry the results are not easily
interpreted in terms of the detailed fracture mechanism,.

In the present case Charpy and DWTT data were supp]ieﬁ

by "the steel producer and are reported in table 5.3. Tﬁese
data can not be correlated directly to K]C or COD values,
'except by empirical relations. They do, however, serve

as valuable means of comparing the fractgre resistance of
various materials. Further it should be noted that the
DWTT *specimens are oriented at 40° to the rolling direction
to simulate a crack running along the axis of a-spiral
welded pipe. #

In order to determine the fracture residtance for
fibrous fracture COD tests were performed at room temperature
‘using the rubber impregnation techn{que (figure 3.6)
to determine the critical value of the crack opening

displacement at crack initiation. Fatigue precracked

A

/

g
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specimen were used as recommended by Knott (1973). To

obtain further information about the detailed fracture

process eg., the influence of the process zone size,

specimens with various notch root radii were broken. The

results of these tests are plotted in figure 5.10 as crack
opening displacement versus notch root rad1us p. The
characteristic features of these data are a linear

dependence on root radius for large values of p and a

consfant COD value for smaller root radii. The minimum

COD value appears to be étrong]y dependent on the

cleanliness of the material. Further the fracture strain .

in a notched specimen can be calculated from the slope of

a CoD versug o plot (Hahn et al, 1976) according to

Equation no. 5.2.2. The results ,of this calculation are reported
in figure 5.10. To compare these results to the fracture
strains in tension it is necessary to convert the data to
true strain values. fThe values for the notch ductility \
for the threé steels are reported in table 5.4. It should
be noticed that the st%ain value for steel B is calculated
from one data point only and may thus deviate substantia]ly'
from the trqe notch ductility. . ‘

Due to the complexity of the ﬁfcrostructures in the
“controlled rolled HSLA-steels it is of interest to
investigate the rolte played by tﬁe various miérostructura]
components in the fracture process. Thus douﬁ&e notched

bend samples ‘of various root radii were braken, and

P e e e = W o
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Figure 5.10: Diagram show1ng COD values determined from four
point bending specimens with various notch
root radii.
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-Figure 5.11:
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n At - tw Cos EREERP J
Composite mjcrograph‘(SEM) showing voiding
ahead of the unbroken notch ina doub[e
_notched slow bend specimen. (steel A).
Voids are observed both at inclusions (A)
and at carbides (B). Extensive void ’
linkage has occurred at (C).
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metallographic sections prepafed. Both nonmetal]iq%'

inclusions, martensite-austenite islands and cementite P?Tfiﬁleé wer:
found to participate in the fracture process‘b& serving

as nucleation sites for voids. This is demonstrated in

figures 5.11 and 5.12. In steel A which showed the greatest -

notch fracture strain,extensive linking of voids formed at
grain boundary carbides was observed {(figure 5.11).

Further 1nformation'on the behaviour of the various.
nonferritic phases and inclusions was obtained by deter-
mining the strain gradient in front of the unbroken notch
in a double notched bend specimen. THiS'wag donelby
measuring the microhardness of the material in the plastic 
zone ds a function of the distance from the notch root.  « <
From these curves (figure 5.13) the critical str?in for
void nucleation in a crack tip stress field could be:
estimated. In the case of sulphides and oxysh]phideé.
\vbiding was observed aftgr a strain of about 0.1 Qhere;s
‘the nucleation strain for thé martensite aﬁstgnite' ’
constituent and the cementite bart{cles w?s of th€ order
of 0:3. Thus the fracture e;ent seem to be 'dominated by
the distribution of the non meta11ic'inc1usions, bﬁt
the carb1des and the M/A-phase are- play1ng an 1mportant
ro]e in the. termﬁnat1ng stage of the fracture process.

The process of void coa1escence w1th the crack

tip is 111ustrated in figure 5.14 which 1nd1cates‘that plastic

LN
o
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Figure 5.12: SEM-micrograph showing details of void formation
at cementite particle ahead of notch in steel C.
(6000x magnification).

o - 1 2 . . 3 A Z
. DISTANCE FROM NOTCH (mx107>) ) .

'Figuré 5.13: Siraih gradient in front of unbroken notch in.a ) f;
- double notched bend specimen determined from =~ . . 3
‘micro hardness measurements. The inset-micro- a 2]

graphs indicate the critical strain level for = I

nucleation of voids, at nonmetdllic jnclusions o : g"

and M/A-islands respectively. ‘ o . :
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N

instability and strain localization along characteristic
slip paths becomes important in the coalescence stage in

"HSLA-steels.

5.2.2 Discussion

For materials with a uniform inclusion distribution
the fTracture st}ain in tension may -be esiimated from
theoretical models such as the Brown and Embury model (1973).
However, characterizing the heterogeneifies which represent
the void nucleatior sites in a structural material is a
.major problem waen attemptin§ to interpret the mechanical
properties in terms of a theoretical que]. This is clearly

demonstrated by calculating the fracture strain according

to the model suggested by Brown and Embury (1973), viz.
a='s»+]n(/“ -/2-1‘) 5.2.1
f n , BVf T3 T

Using a nucleation strain (én) of 0.1 and the volume fraction
of inclusions repofted in table 4.4 fracture strains of the
order 3 are obtained. This is about three times tﬁe observed
Qa]ues for the true ?racture strain determined’ffbm the b
reduction in area (tab]e 5.2):. '

There mayﬁbe gevé;ai reasons for this deviation
between tHeoretica] bredittiéns and experimenﬁal observations.

First the nonuniform inclusion distribution may reduce the

fractyre strain in tension.substantially. If the particle
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Composite micrograph (SEM) showing nickel plated
section of notch tip region of COD speciment
(steel A). Arrows indicate void coalescence by
localized shear at the fracture surface (A) and
shear band starting at notch tip (B}.

Figure 5.15:

Scanning electron micrograph

dshowing voiding at M/A-phase

plated section of the neck
aof a tensile specimen from
isteel €.
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spacing is reduced locally the nuc¢leation strain will
decrease due to overlap in the stress fields around the
particles as described by Argon et.al. (1975,b). Furtzif/
the local growth.strain is reduced (Brown and Embury, 1973)
leading to the formation of large voids or internal f]aws
It has been suggested (LeRoy, 1977) that the furtheﬁ
deformation tendsto localize in front of the super voids
and that these expand as a large crack. The macroscopic
reduction in area associated with this final stage of® )
fracéure is thus very small, and the overall ?racturé v
" strain will be substaﬁtia11y smaller than predicted from
a model based on a uniform- inclusion distribution.

In addition to the effects that can be ascribed
to the non uniform inclusion dig%ribution most HSLA-steeTS
contain various other phases which may serve as nu&]eation
sites for voids. In the present materials both islands
“of the M/A*phase and cementite parficles have been observed ’
to produce Voiding {figure 5.15). The nuc]eatio; strain
for 'voids at the M/A-islands is about 0.3-0.4 as armarmjto
0.1 for -the sulphideﬁ. Thus thé initiation of fracture
- will be dominated by the distribution of non- meta111c
inc]us1ons, but at 1arger strains the presence of non
ferr1t1c transtrmat1on products may become 1ncreas1ng]&
- M

1mp0rtant by reduc1ng the stra1n ¥equ1red to term1nate

- the fracture process. ‘The Tower fracture strain.observed
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in'stee1 B, compared to steel A2 of the same inclusion
content, can be understood in terms of the above argument.‘
According to table 4.2 the M/A content of steel B is about{
12% which is almost four times the amount found in steel
A2. ‘ :
Theoccurgenceof elongated inclusions and inclusion

sheets (figure 4.18 and 4.19) give rise to anisotropy
in the fracture strain (tabTe 5.2). This effect is
however difficult to incorporate in any theoretical model
and can ornly be treated ip qualitativé terms. In general
"inclusion stringers orien%ed normal to the tensile axis
are the most *severe as they will serve as internal *flaws
after decohesion at the particle matrix interface. This
aspect of fracture is treated in more detail in the section
on-delaminatiom, |

) Recently there have been much. evidence (Smith and
Knott, 1971; Hahn et.al. 1976) to suggest that fibrous
fracture initiation océurs at a constant value of stnéin 

at the crack tip as indicated by Cottrell (1965). The

crack opening displacement. is then given by
CoD = 2p €¢ _ . 5.2.2

whére p:ik the crack tip radius and e, a measure for the
hotqh ductility. The data repd%ted in figure 5.10 seem

to fit equation 5.2.2 very well for large values of p.

M n i b et e TN
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It has been suggested (Claussing, 1970) that the notch
ductility as‘determined from COD-daéa should equal the
plane strain ductiTify for a material and evidence for
this correlation has been reported by Hahn et.al. 1976.
The plain strain ductility was not determined iﬁ the
present case, but it is evident by comparing the notch
ductility (table 5.4) and tensile ductility (table 5.2)
that the stress state plays an important role in deteﬁ—‘
mining the fracture‘strain. Th&s is in accord with
pr;vious results of Bridgeman (1952) ) 'that void
nucleation is retarded by applying hydrostatic pressure,
and further that the growth of voids may be accelerated
by the presence of a hydrostatic tensile stress component
(McClintock, 1968; Rice and Johnson, 1969). R
The detailed mechanism. of ductile fracture by
nucleation and growth of voids,at heterogeneities in the
microstructure is the same in tensile and COD tests. Thus
the notch ductility is expected.to show a similar |
depehdence on the microstructure as the tensi]e“ducti1ity.
It is evident from figure 5.10 that reducing the
inclusion content apd use of inc]usibn shape modification
greatly impfoves the notch ductility*as calculated from
the slopes .of the curves. The effect is however more
obvious in terms‘of the minimum COD—va]ue\( /r-
The minjmum“COD-va1ue“is deteymined'by‘the spacing

of the inclusioms or second phase particles servinpg as
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sites for void nuc[eqtion (Smith and Knott, 1971; Rice
and Johnson, 1969, H{rth and Froes, 1977). Hirth and
Froes have”sﬁbwn that ﬁost of the plastic deformation
accompanying crack propagation occurs in a narrow zone
close to the crack tip. The intense deformation close to
the crack tip takes place during the void coalescence
stage in the fracture process, and the width of the zone
should then be of the same size as the inclusion spacing
(Brown and Embury, 1973). It follows directly from the
Brown and Emburyimodel that the COD-value will scale with
the inclusion spacing. The same result is obtaiﬂed by
coqsidering an energy balance. If it is assumed that most
of.the fracture energy is‘?onsumed in a narrow zone of

" width L the ??ergy releage rate can be writtén,(Hirth and

Froes, 1877%)

G]C = L Oy €¢ 5.2.3,
1t then follows from'equation 2.2.9 that
CoD = Lef : . 5.2.4

ie., assuming a constant fracture strain the crack opening
displacement is directly.related to the inclusion spacing.

“In deducing the above re]athns a uniform inclusion
distribution is assumed: If, however, clustering of the

inclusions occurs the critical event in crack propagation

SR e e wn pan e
.
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TABLE 5.4

%

NOTCH BEND BEHAVIOUR AT ROOM TEMPERATURE -

Stee’l‘ ;nci:sggg Notch ductility - COD (um)
\ pacin from figure 5.10 { Experimental | Calculated
spacing{um) V| Galeutate
A2 199 0.83 X 213 / ! 165
B 200 0.63 159 126
¢ 170 "0.50 101 87

-

e g e W e
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.Wwill be to link the supervoids formed at the inclusion
clusters. Hence the width of the process zone or the
intensely deformed zone will not scale with the average
inclusion spacing but rather with the spacing of the
clusters, and the COD values are expected to increase
accordingly. In chapter four the spacing of inclusion
cTusters in the rolling direction was found to be about
four times the average inclusion spacing. Using tbis vatue
for the process zone size and the notch ductility determined
from equation 5.2.2 the minimum COD-value for a shérp craek
can be estimated. Table 5.4 compare calculated and
experimentally determined COD-values. Although there is

a reasonable correlation between calculated COD values

and experiments the analysis is at best semiquantitative
due to the difficulties in estab]igﬁing statistically
significant values of the imclusion spacing.

In.addition to the difficulties in characterizing
the inclusion morphology in a quantitative,manner other
microstructural feagures such as the M/A-constituent and
the éementitg distribution may plday an important role in
determining the fracture resistance. 'In figure 5.13 it -
'is seen that voids nuéleate at the M/A-islands after
straining fo‘abodt 0.3. Further the strain required for
coalescence of tﬁe voids nqcleated at the M/A phase is

small because of the large volume fraction of this
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constituent. The nonferritic transformation products will

‘therefore tend to accelerate the process ofuvoiq coalescence.

This is illustrated in figure 6.16 a,bwhich show the fracture

appearance of steel C. The fracture process isjzgﬁinated

by the elongated manganese-su1phides which appear as long

stringers on the fracture surface. The remaining -1igaments between

the large inclusionsare however deformed sufficiently to
produce voiding at the nonferritic transformation products as
revealed by the special etching technfque described by
Chessnut and Spurling (1977) (f%gure,§.16 b). This results
in a fracture surface (figure 5.16 a) ;haracterised:by long
featureless ban%s'from the MnS stringers, and between the
large inclusions, ridgéseeoyered w{th fine dimples from
voiding at_tﬁe non ferrite transfbrmation products are
observed.

1

The effect of the non ferritic transformation products

on the ductile failure behaviour is difficult £0*incofporate,

in any quantitative model because the p]astic"inhomogeﬁeity
associated with the M/A-cdnstituent and the cemen£{te
aggregatesdebends an the tocal carﬁon ;onten;, the degree
of autotempering and the dispersion 6é%the ca}bidés. Hence, -
although thg non ferritic regigns may serve as §ites for
 void nucleation the ductility does.not decrease in
proportion to the volume fraction of the non ferritic. phases.
The linking of voids by 1%calized éhearg(fig;re‘SMTQ)

-,
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Figure 5.16.a: SEM-fractograph of COD-sﬁgc ;en from stee
Long ridges of fibrous failure form between
MnS-stringers. :
(660x magnification)

.

t

Figure 5.16.b: SEM-micrograph shging section of the ridges
seen in figure 506.&——Woiding at M/A-
islands and carbides is seen to accelerate
the coalescence of large voids. '

(2600x magnification)
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is a common]y‘observed feature in HSLA-steels (Embury et
al, 1977). The phenomenon is usually associated with materials
with higher strength and lower workhardening capasityw(ﬁrnst

and Spretnak, 1969; Hirth and Froes, 1977). The occurrence

of plastic inStability Py 1oca}ized shear along characteristic
slip paths clear imppses 15mitations on the fracture
resistance of HSLA steels in terms of the COD value which
can be attained. Although current models of ductile
failure indicate a proportionality between the COD value
and the inclusion sﬁaéing. (equation 5.2.3) the constant of
proportionatlity (Fhe fracture strainm Er in eqn. 5.2.3)
may be severely reduced in materials 6f low quk ;
*hardening capqsity, thus placing sone restrictions on the
benefits to be derived from inclusion control at higher
strehgth levels (Hirth and Froes, 1977). -

) The objective oﬂfthe COD measurement, is twofold.
Firstly it provides a means of gva]uating the inf]ueﬁce of
various nmicrostructural features on .the fracture resistarce,
and is thus a usefu1 Screening test for comparing tﬁe)fréct-
ure of various-materials. Further theré Ws\e idence that
the COD-value, obtained from small scale spec?mens which
suffer general yield, may be.related to the fracturp
toughness or KIC~vaTue by relations S1m11ar to equation

2.2:7 (Knott,-1977). This however requires a detailed

knowledge of the stress and strain distribution in front

-
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of \?e crack tip. However, prior to discussing thg stress

~

-

and strain distribution it is of importance to ,consider

'briefly the physical processes occuring at the crack tip.

It has beern shown in the last section that the

'

fracture events whjch 1ihit' the COD-value are nucleation,
growth and coalescence o0f voids in the process zone. 1In
equation 5.2.4 an attempt has been made to express the
COD-value in terms of the width of the extensively

défbrmed zone (L) and the notch ductility (ef). ‘The

Tatter -is governed by méta]]urgjca1 factors §uch as the‘
size'aﬁd distnibﬁtion of inc1gsions, whereas the former
also 1s‘strong]y dependent on geometricdl factors. Fpr
large values of the notch root radius L is effeéfive1y the '
slo{ w{dlh. As the root radius décreases, however, and a
sharp crack configuration is approached the width of the
process zone will be gaverned by metaf]urgica] factors

éuch as the inclusion spacing.or the inclusion aggregate
spacing.’ Thus the COD-valqé becomes independent of
geometry at sm&ll values of‘tﬁe notch root. radius as seen
in figure 5.%0. . According gg-jhe‘experimentaf'dqté the .
critical vaiues of "L or 2p, are 150 um for steel C and
about 170 um for steels A apd B. This is in reasonable
agreemeﬁt Vith the inclusion regate spacing,]istéd in
tab]é S.Q. fhus for a sharp crack>™oth the/hotch ductflity‘

& =
and the size of the process zone are deterﬁﬁned”by micro-
; . > .

B
. [§
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structural features and are independent of geometry. This
has béen confirmed in recent experiments by Lereim (1977)
who %ound, by altering the specimen dimensions and the
crack tip geometry, that tﬁe COD-value 1is indépendent of the
plastic zone size and geometricai factors in specimens
suffering extensive yielding prior to féi]ure:

Agsuming that {Ee critical fracture event occurs
cloe to the crack tip the hydrostatic stress component at

this point is small and the material is undergoing plane

2

stra%n, plane stress “deformation, eg. €, =0 and og =0
(figure 3.7). The fracture strain in this condition hag
been me%sured by E]aussing”(1970) and Sailors (ﬁ976)'who -
found a ratio between the ﬁlane strain Fkacture\strain and
the tensile fracture strain of 0.7 and 0.6 respecti§e1y for
a 506 MPa yield strength material. Using a ratio of 0.65
the plane strain fraéture strains can be calculated from
the tensile fracture strains in tab]e 5.2 which y1e1ds
values of 0.8, 0. 5q§pd 0.4 for steels A2,8 and £ respect-
jvely. Comparing these ya]ues to Ihe notch duct111ty
determined from the COD tests (téb]e 5.4) a quite good
ggreement“is obserVed. The}e is, however, a trend that the
exper1menta]y determined notch duct1]1ty vatues are higher -
*than those pred1cted from a p]ane strain mode1 This may

be explained in terms of theé detailed fracture process

occurring at. the crack tip. When void nucleation and

-
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'growth start in front- of the crack tip there will be a
loss of plastic constraTnt in .the rema1n1ng ligaments.
Thus there will be a local tran51t10n from the plane stra1n
condition to a stra1n state resemb11ng that of fracture 1n
a tensile specimen. Although the process zone apparantly
is deforming in plane strain there may be a ioca1 Toss of
constraint towards the termination of.the fracture process
leading to somewuat higher fracture strains than expected
in plane strain. '

Good‘agreement is also observed between the nutch
tip fracture strajin determtned-from the COD-speuimens'and
. the fracture strain values obtained from ‘microhardness ‘
measurements in front of the notch root in the doub]efbend
specimens,(ftgure,5.13). The co1nc1dence of fracture strain
vatlues determlned from 1ndependent experiments and fracture
straan va]ues\astwmated .from the plane strain deformat1on
model indicate that the process zone .is subjected to plane
-stra1n deformatxon and that the loss of plastic constra1nt
is not 51gn1f1cant until very Tate in the fracture process.

In attemptlng to est1mate the fracture toughness
from COD measurenents the stress dtstr1but1on in front of
the crackwtipfmust be considerad. The fratture toughness:
s usua11y expressed by reiations such as.equattun 2.2.7.
This, however,ﬁneglects‘both tte inf]uence of WOrkhardeuing
and the effect of p]ast1c constraint on the crack tip stress

dwstr1but10n The p]astwc constraint’ factpr which shOu]d be

~u ’

.
B R b e o ey N A b s oot <A
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. .
applied 1is criticaly dépendent on where the fracture event

is nucleated relatiye to the grack tip. If fracture is
initiated at the very tip of’the crack the materijal-is
subjected to biaxial stretching andthe constraint factor'is
1.15 according to the von Miéeg‘yield criterion. ~‘If,‘ how-
ever, fracture is initiated further away:from the crack tip
the triaxiality and thus the plastic constrajnt factor is
increasihg. Sailors (1976) calculated a constraint factor
of 1.3 for high strength materials with negligible work
hardening rates,‘thus indicating that fracture is occurring
. in the ]arge strain region very c]ose to the crack tip.

A work hardening factor (H) c@n be- est1mated by
‘generat1ng r1g1d p]ast1c.f}ow curves with- the éame plastic
,i work over strain ratio as for the actua1 material (Sa110rs,}
]976) Assun1ng that the material obeys a power 1aw
hardenlng function ‘the work hardening factors can be

expressed 1in terms of the n-value, eg.-

__T”(6~;g2)n | " ! - 5.2.5
Us1ng n- va]ues of 0.1 whlch is. typical for controlled
ro]]ed HSLA-steel and the notch duct1]1ty data'fromifabTe"
5.4 equat1on 5.2.5 yields work harden1ng flactors of 1.66, )
1.62-and 7.58 for steels A2, B and C reSpectiré1y: ’
Comb1n1ng the p1ast1c constra1nt flactor and the

. work harden1ng factor the effect1ve stress in the process
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. zone is of the order of 2. 1 agy. Insertrng this value for
the effect1ve flow stress and the. CoD- values from tab]e 5.4
in equation 2.2.7 the f0110w1ng ch—values are ca]cuTated.
215 Mam~1/3, 200 Mfin=3/2 and 150 Mhm=3/2 for steels A2, B
and C respectively. Contro]ied rolled plate for line p%ne
applications ismnormally produced in gauges ineu?fjcient

for valid Kic-measurements. Thus it is‘di?ficult to make a

d1rect comparison between est1mated and exper]menta1ly deter— -

mlned KIC-¥e1ues The calculated ch-values are however, of

the same magn1tude as those reported for, A533B steel wh1ch
15 of the same strength Tevel .and shows s1m1]ar notch

» duct1]1ty propert1es as‘stee] A2 and B’ (Knott 1977},

|

.reasonable agreement is therefore expected between ca1cu1ated

'and,exper1menta11y.determhned KIC*va1ues;

o - I - .‘ _-;fffx

'5.3 (DELAMIRATION — ° . S ' .
. ’ : S : . e
In the tran$1t1on range between ducti]e and. br1tt1e

Failure f1gure 2.2, sp11tt1ng or de]am1nat10n is often

~observed along- p]anes para1TeT to the ro]]ing p]ane 1n

| COntrolled rolled p]ate and sheet. Character1st1c Features
of the de]am1nat1on fracture are 111ustrated 1n figure

5. ]7 The occurrence of de]am1nat1on is due to p]anes'
‘of weakness er1ent“§)paral1el to the ro]11ng plane The
or]g1n of these planes has been descr1bed in the 11terature

_:]n terms of c1eavage,on (100) p]anes or1ented para]]e]. SR

-
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PR

F‘ighr‘e 5'.]7..a: Photogl"aph showing de] aminat‘iqn,
| in fractured charpy specimen.

.

. Figure 5.17.b: Photograph showing the oceurénce of delamination .‘ .
- in the neck of a tensile specimen. =~ . =

.
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to the rol1in§ plane, grain boundary decohesion or
decohes1on along sheets of 1nc1us1ons

It is often assumed that de]am1nat1on occurs under
ohe~act1on of the stress component normal to the:
de]amination plane.. However, many delamination fractures
occur after large p]ast1c stra1ns, eg in the neck of a
"tens11e samp]e An attempt has thus been made to
.quant1fy the through th1ckness propert1esjof the materials
using tests 1nv01v1ng var1ous states of stress and strain,
The tests 1nc1udes short transverse tensile tests, and a
Br1dgeman ca1cu}at10n to find the transverse stress in a
long1tud1nal tenS1}e specimen, in addtt1on notched bend
B tests were used xo determine the crwtrca] va1ue of the, .

fstress component requ1red to produce de1am1natlon at

various tempe*atures

!
. -

9301 ‘Results
o JThe results obta1ned from the 1nvest1gat1on of the f
‘ dejammnatwon behaviour of HSLA stee]s are based on a
.var1ety of: tests on steel Al and B.. Steel A1 (referred
to as stee? A in the. further dlscuss1on) has the h1ghest
volumefractlon of rare earth oxysu]ph1des and exh1b1ts
a. non aniform 1nc1us1on d1str1but1on ‘ | -
By deta11ed optwcal and SEM meta11ography splits
~were found to propagate a1ong two sources of weakness

e1ther ferrwte gra1n boundar1es as descr1bed by Hers et.
1i "’ » . - .

° -
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al. (1975) or along sheets of inc1usion§ (Embury et al.
197°7). F1gure 5.18" shows a sectaoned slow bend spec1men
where the splits are seen to propagate preferent1a]]y
along inclusion sheets., Details of the crack path and
fracture surfaCe are also’ shown. F1gure 5.19 shows the

fracture appearence after de]am1nat1on along the ferr1te

grain boundanyes. The scale of the features seen on the-

fracture surface correspond to the ferrite grain size in

the material, hence eic]uding the possibility of failure

a]ong the austen1te grain boundarwes

In order tozdeve]op fracture crwter1a for these
fa11ure mechan1sms mechan1ca1 tests invelving various
states of stress and’ strain were performed The normal-
stress act1ng across the plane of weakness. at fallure
was\then'determlned. In addwtlon it becane apparant
during .the experimenﬁa] programme that the materials

hesﬁétancq to p!astic'deformatioh,'as expressed by the

_makimum shear stress at failyre, was an important pdrameter..

Further the influence of’s@raiﬁ'on the dg?amiﬁqtidn
.‘behaviour waé'determined by deforming through thickness

spec1men5 1n compress10n to straxns of about 0.5 before

remach1n1ng and test1ng 1n tensvon i

)

- "

Re5u1ts for thé three types of test used are

§ummar15ed:1n fqures,S.ZO a, b and 5.21 a,~b. . The -

| «critical values of normal stress at failure are shown

.
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Figure 5.18.a:

Figure 5.18.b:
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Optical micrograph'showing delamination,

dn nickel plated section of Charpy specimen

from steel A.

o SR l
.g(m. ; g P I st
. ® _f'ifﬁ.‘ n;':r e :‘q).“ ({’ ';,l o "’. » 'O.;LI. -+
Optical micrograph showing detail of fracture.’
path. in figure a. Large inclusions are seen
ih the fracture surface between the nickel

plating and the matrix.
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Figure 5.18.c: SEM-micrograph showing fracture surface of
delamination failure propagating along an
inclusion sheet. (2000x magnification):

" Figure 5.19: SEM—micrbgraph showing fracture surfaée of
: delamination fa11uré\Qropagat1ng a]ong
ferr1te grain boundar1é§
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in figure 5.20 a and 5.21 a for steel A and B respectively.
Redults from the through thickness tensile tests, the Bridgeman
caTgulation from longitudinal tensile tests, and the slow bend
test performed at various tenlperatures between -196°C

and room temperature are {ipncluded. In fiqures 5.20 b and 5.21
éritical values 6f shear stress at delamination are

evaluated for the same test;. The salient feétures

revealed by these exéeriments are that in steel B, which

is the material of 1ow sulphur content, there is no

correlation between normal stress at failure from one test

A ’

to- the other. IQ this material the fractur; path in all
cases appeared to follow the ferrite grain boundaries,
i;e., the fracture mechanism was the same.  There is
however, a major difference between the Bridgeman test ané
the shart transverse tensilé test in terms of strain to
failure. In the longitudinal test used for the Bridgeman
calculation the true strain to failure varied from 0.5 to
about 1.0 depending on temperature, whereas the short
transversg specimens usually failed after strajning to
0.2 or less,
"~ The results for steel A are more cdmp]ex because

" th sources of de]amfnatfod were observed in this materia].

In the sho}t trénsverse tests the dominant mode of failure
was by decohesion of aggnega;es‘of inclusions, whereas

both in the neched portion of the ]ongifﬁdinal tensile

b the

2y RS SR

L Lo W)



161

~

3

specimens and'in the notched bend tests the grajn ?oundary
' failure mode occurred. . ) ~~ o

In 6rder to show tﬁe infiuence of ;recBmpression
the values of shear and normal stress at failore for
specimens tested at-68°C are reported in table 5.5. For
steel A, the material containing the largestfraction of
oxysulphides, the fracture stress dropped by a factor of:
two to 280 MPa which is about one third of the flow itress
in .the. workhardened condition. In steel.- B there was no
sign{fiqant decrease in fracture stress after deforming
the samples in compression. - |

To further investigate the concept of ﬁ’criticgl
shear stress, tensile specimens were cut with the axis
at 45 degrees‘to both rolling p]ane'normal and rolling
direction, thus.a1igning the plane oflweakness parallel
to the plane of maximum shear stress.

At room temperature these specimens exhibited
-localized shear failure at very low strains and before
any sign of géometric instability (figure 5f22). The
shear stress at failure however, is comparable to the
.shear stress in the \neck of the short transverse'Specimens.
At lowar feﬁbergtur s the mode of failure.changes from

localized shear to a mixed mode involving shear and

'cleavége at -65°C to pure cieavage at -196°cC.



-~k

)

& 162

v

Figure 5.22:

"

Photograph showing f‘lr‘acture
surface of 45° tensile
specimen after failure at
r:oom temperature. '
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Diagram i1lustrating the propensity for delamination
and ‘the variation in maximum sfipargstress as a

3

 function of . temperature.
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5.3.2 Discussion N

The detailed‘metaliography on sectioned test
specimens and observation of %racture surfaces revealed
two mechanisms of delamination failure, e&.g., decohesion
along inclusion sheets and crack propagation along ferrite
grain boundaries. The ‘former”does not represent the.
traditional form of lamellar tearing aloné_e]ongateq
ﬁndhsiong but is due to the agglomeration of rare earth.
oxysu}phjdes in Ehe melt which are subsequently ro]]éd-
out to form sheets of inc1usioﬁs (Embury-et.a1., 1977);
Inc]us{on sheeté exceeding 5 mm in length wd¥re f}equent1y
observed on the fracture surface of through th1ckness '
tens11e samp]es - " ‘ -

. Propagation of sp]iﬁs along ferrite grain
boundaries was first descr1bcd by Herp et. al. (1975) who '
attributed the delam1nat1on failure to extensive,
precipitation of cement1ﬁe on ferr1te grawn boundaries
during £he austénftleerrite ‘transtrm_at*ion‘,~ |
Transmission electron m1cros§opy did not reveal the same
degree of grain boundary pr:c1p{tat1on in the present
‘materials as obgerved by ﬁena et.a].. Hﬁwever,'tﬁé |
extensive voiding at ferrite grain boun&éries obSErvéd
" in front of the notch 1n the double’ notéhed bend Spec1mens
indicate that the gra%n boundar1es represent & p]ast1c

4

inhomogeneity (fwgures 5. ]T\and 5 13)., Further the

propen51ty to de!amlnatwon was greatly reduced after

> . !
. N N
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. St |
annea11ng the stee]s at 600°C for 24 hours to sphergdize-
the grain boundary carb1des Recrysta111zat10n of the
ferr1te did not seem to occur at this annea]1ng\tem erature,
Hence,.  the delamination fai]ure‘seemsto be'assoEiated with
the ocourrenceof grain boundary cementjte.

Although cleavage facets were observed occasionally

. on the de]amination fracture surface they only represented *
a small area 'fkootion'of tﬁe surface, Cleavage fracture
is. therefore not considered a significont fraeture mechanism
for deIamjnatibn This s in accord=wifh the cr&sta11o-
~graph1c texture obseérved wh1ch on]y show very weak {100}
components in the rolling p]ane {figures 4.15 and 4.16).
Cleavage may however be a possibie sp]ittfng mechanism in -

materials with a strong 100 texture component (Miyoshi'et.

al. 1974).

rt

S Except for the occurrence of a non uniform inciusion
’d1str1but1on in the present mater1a1s de]am1nat10n failure
is attr1buted to the banded carbide’ a1str1but1on;
‘common]y observed in contro]]ed rolled HSLA steels (figure
.4 5). The morpholOgy and d1stribut1on of the carbon rich
,phases depends cr1t1ca1y on the. deta11ed transformataon
k1net1cs of the mater1a1 as descr1bed in chapter 4. #.‘
'Thus the occurrenceof eIongated austenwtevgra1ns be%ore

transformat1on tend tw produce a non unwform'or banded

.carb1deud1str1but1on. (Hero et.at., 1925, Hornbogen and
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Beckmaﬁn, 1976): On straining decohesion tendsto occur

!

at @he interface between the grain,boundary1carbideé and
the ferrite matrix in the carbon rich bands thus producing _
planar weak areas parallel to the rolling plane where splits

may - form.
©

-

Having estab]fshed the mechanisms by which delamination
occursit is of interest to formulate criteria for f%i]ure./
This rgquiréf a detaj]ed'know1edge of the state of stress
- and strain at de]am%naiion. .

It was fognd that when the'ﬁnrmaj stress actipg on
_the p1én;'of weakéess was calculated for the various test
geometriés very poor confe]atidn was obtafned between the
qelamiﬁétiog stresses from one test to the ofher (figure
é.21”a). . To investigate whether this was due to different
levels of strain in-the Tongitu&inél and ghort transverse
test épecimens predeformed sbecimen§ were tested:

No significant decrease of the fnacturé stress
was ogserved {n steel B after defd%ming the samples. in
bombressioﬁ (table 5.5 thus iﬁq1géting that delamination
by the grain'Pdundarx deéohesion‘ﬁeéﬁanism is.ingensitiie
to the Jevel of strain. In" steel A, however, ‘the fr&cture:
stréss‘;asireduced by a factor of-twa after compression
t(§5b1ek5.5)i The effebt.of‘prestfainiqg in this caﬁe
appears té'be fhe introduction of damage in’the~ihc1u5ion
.confaining material By opeﬁﬁng’up voids a]oﬁg the inclusions.

i
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The inclusion sheets will then act as internad flaws in
the material when subjected to tension. Assuming the
fracture toughness of the material in the prestrained

=3/2 4t _p8°C and

condition to be of the order of 50 MNm
introducing a flaw size of 4 mm which was often observed;
linear elastic fracture mechanjcs yie]dé a critical stress
of 240 Mba which is in good agreement with the o?served
values, '

As there was no effect of prestrain on the shpré
‘transverse fracture in steel B, the'dgffe?enée between -
splitting stress for,]ongitudin&] and short transverge
‘ tensiigltest cann&t be due to the difference in fracture .
‘strain. This suggests that for the grain’b%quary -
fnit}ated delamination mode the propagation of thé splits
under the action of a normal stress component may not be
the .critical event for.delamination failure. The"‘
‘a}ternatﬁie is to consfder nup]eatiqn of voids or .
decohe;ion at the grain boun?ary carbides as the critical
event in the"onﬁetﬂof‘de]amination;

In thiﬁlcése, detamindtion is compeiit{ve Qifh
continyed plastic flow and is,thuslexﬁected to bcCﬁr at a
critical tevel of resistanéglto plastic defd?matioﬁ;\i,é,,
at a criyicaf 1eye].bf the flow stress. The flow Qtfegs
of the materia§ is'éﬂafaﬁterjzgd by fhe maxﬁﬁum.sﬁean

4 ) [ . . oy > ;; ! o ‘ '
stress at failure, i.e., ‘the radius of the expanded von
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Mises yield surfate‘ R . a
From table 5.5 it is seen that there is good
agreement between'the various test metheds in terms of
the critical shear stress‘when the 'delamination fractures
are propagating along the ferrite grain boundaries. Thus '
confirming the theory of a crit%ca] shear stress criterionf
Further the results from tensile tests oriented
at 45° to botf1 the ro]?ing plane normal and the rolling direction'

.1nd1cate that- the critical shear stress at failure 1is

AN
I

independent of or1entat1on, a]though the mode of failure ' 4
changes to pure shear fa11ure (figure 5. 22) when the
plane of weakness is orlented para]]e] to the maximum
:shear stress

The change in fai]ure‘mode ftom pure shear along
the planes of weakness at rdom temperature-to a'part1a] .
cleavage failure at -65%C ‘and complete c}eevqge:fractdre
at liquid nitrogen‘tehpereture'shggest thét the occurvenge
”\of delamination due to nucleation of“coiinear,arrays of
voids paralleljtefthe rolling p]ane must be considered
in relation to. other fracture ﬁodes. Atﬂlow temperatures
the stresses close to the tip of a notch become suffacwent.
to produce cleavage fa11ure and at h1gh temperatures the
yxe]d stress of the mater1a] is suff1c1ent1y low so that

ahe cr1t1ca1 stress for delam1nat10n is not attalned

Thus in a Charpy anotch samD1e there shqu]d be a-range
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in‘temperature over which delamination is observed. The

»

critical temperature range foride]aminatjon will depend
@n thé competing fracture mechanisms and how they
espono to,changihg temperature ahd stress state. - Thus
de1amihation 1§ obser;ed_at different'teﬁperatures in
G hotthed bend tests and tensile tests " This result is
. in accord with data reported in the literature and fis
sketched in a sem1quant1tat1ve manner\1n f1gure 5.23 .
~ which-illustrates the occurrence of de]amxnat1on in sub
size Charpy specwmens as a .function of temperature, The
curve shows the- shear stress at the onset of delamwnation
for various ‘test temperatures, and the tendency to form
splits is indicated by photograohs of the fractufe
-Surface at represehtattVe températures. The corre]atioh
%3 . between sp]jtting'intehsity and shear stress is clearly
a_demonstrated in figure 5‘23 Further the transition
to dUCt11erfa11ure and fewer sp11ts at 1ower 1eve1s of .
_‘the flow stress is apparent at higher temperaturest
/ Although 1t is currently not estab11shed ‘i
\whether de]amfnat1on pIays a de]eter1ousro]e in terms of
the dynam1c toughness, it. does promote the occurrence of

&
" a slop1ng shelf energy region whigch is of 1mportanCe 1f

]

one of” the deS1gn cr1ter1a spec1f1ed for HSLA stee1s in

p1pe11ne use is the va]ue of the CVlOU parameter, 1 e.

* " R ©
. -



the Charpy energy at 100% shear failure. Also it is clear

that the specification of the critical stress condition

e

ARG IR g ey

for delamination is pertinent to the occurrence of

delamination in the form of lamellar tearing in welded

i
3

CONStVUCtiOHSwhere the fracture may initiate under a
comb1nat1on of applied and\res1dua1 stresses |
The observatTOn that delam1nat1on can arise either
from decohesion in the vicinity of grain Hﬁmndar1es or arrays
of oxy-sulphides strong1y suggest that control of these
.migrostructural features is of majur«importance. This |
ruquires strict attention boiu to the dgéu]phurisatiuh,
deoxidafion'anduveoxidation reactions in p@éhsteel-making

. - ' b<] .
process and a much more detailed understanding of the

" carbon red1str1but10n 1nvolved in the formation of a fwne
sca1e ferrite. The observat1on that the formataon of
. grain boundary qarb1des is much greater in 0.06% C stee{
‘ thah 0.025% C steel (Brozzu et.al., 19771‘und0tﬁe variation
"/of carbide morpho]ogy with sect1on s1ze and subsequent Tow
temperature annea11ng (Hero et. at. . 1975) strongﬂy suggest b
E?at optwmasﬂ"on of coo11ng rate and section size may ' E
. present future d\ff1cu]t1es in the app11cat1on of control
ro]led HSLA steels from the v1ewpo1nt of the attainment of | A' .

adequate through thwckness propert1es..




6. CONCLUDING DISCUSSION

The exberimen;al results outlined in the preceeding chaﬁteré\

raise que§£ions of interest both in défining the critical fracture
parameters for HSLA-steels éna in rega}d to the optimisation of the
microstru;turés of these ma;erié]s'from the viewpdiﬁt of fractufé
resistqnce}
’ : ?rior to émbarkigg on a ﬁistussion of the fracture modes
and the criteria wbjph'gbﬁern their®ccurrence  the microstructural
features'which appéardetrimenta1to the fracture resistance will be
briefly reviewed. ‘ ‘ |
The "occurence of 1s1ands of .the martens1te austenate phase
can 1ead to deleter1ous effects because in.some cases at low
temperatures these phases can act as nuclei for cleavage cracks
(Embury et.al., 1976)'5pd at-higher temperatures voids may form in
- the highly strained region close to the crack £€p;'thus reduéing the
" . fracture toughness of the ﬁatefial (figure 5.]3fﬁ r
The sulphide inclusions modified by rare earth add1t10ns(
-exert a ma;or effect on duct111ty'by v1rtue of their d1str1but1on
It appears that with rare earth additions to the ladie the Su}ph1de
mod1f1cat10n process and the re-oxidation react1ons occur | .

s1mthaneously resulting in a very complex arrangement of both’

‘sulphides and oxldat1on,products. Frequgnt]y(these products arg

N R
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aggregated to form lépge area; of agg]omérétgg inclusions which
represent one source of lamellar tearing in the HSLA-steels,
Further in attempting to rationalize éhelrelatidnship
between inclusion distribution and critical- fracture parameters,
such as fracture strain or COD values ﬁt‘is 1mportaﬂt.to realize -
that the inclusions are not raddom]y dispe}sed and that the
ductility deperids both oh_the nearest neiéhbour disténce in the
“aggregates énd~the mean'spacihg of the agé%ega%es.
During the transformation of austenite to ferrite after
> contro]leé rolling extensive precipitation of carbides mqy occur on
ferrite grain bodnﬁarigs aligned paraliel to the rolling plane.
fﬁése,carbides‘aléd sérve’as sources of delamination, but the proceés

is operggiye at higher stresses than in the case of the inclusion

——,

. sheets. é} ‘ '

- Plastic collapse by stréin localization is frequen%ly pbseFved
in HSLA—st;;1s. This leads to the occurrenceof shear fai]u}e in a
manner simi]kr tqrthaf observed in higher strength materials. f;é

| ]inkingrof voids by a localized shear process.repreéent a premiture
failure wﬁicp ﬁ$y~sever1y.reduce tﬁe.CDD—vaiue or the frécturp

toughness predicted from a fibrous, fracture model.
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6.1 CLEAVAGE FAILURE

In the'case of brittle fdailture it is found that the fracture
resiétance is determined by the cleavage stress and the size of the
process zone. For coarse grained material;\the latter will scale
with the g}ain size as outlined by Ritchie et.al.(1973) and Curry

\ahdﬁKnott (1976). ?pr grain‘sizes below about 40 um, however, the
process zone size becﬁmes indepenﬁent of the scale of the microstruct-
ure and is determined by’fhe p]aéiicity required to attain the crjtical
c]eavaée stress. Hence the fracture toughness will be governed by
the magnifude of the cleavage stress and thus by the microstructural

_ features which control oc. Using this semiquantitive model it has ,

. been possfblé to predict the grain size dependepce of_KIC both” for
coafgé and %ine grained hatérials (figure 5.9). -

The’pre;eni_resﬁlts emphqsize fhe importance qf*the criticéi
c]eavage siress 1n deterpining the loﬁ tewﬁerature fracture resiSLAh’e,'
and henca the need of(ﬁggz¥§xand1ng the detailed nechanlsm by wbvcn
cleavage failure is nucieated. In general two cond1ttonc must be

fmet for:ileavége'fracture to occur First]y the app]ied’stress musf

" be suff1cwent to cause m1crocrack1ng either: by a-dislocation
mechanism (tottreil, 1958) or by a carb1de cracking mechanism

‘(Almohd et'aT 1969), second]y the mlcrocracks must be of a sjze :“
suff1c1ent to supply the extra energy required to extend the micro-

,'cracks past the gravn beundarles (equation 2 2. 19) In the present

'mater1als the dlstr1but1on of the cenent1te partwgles seems tq sat1sfy

SN
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the condition for nucleation of mi¢rocracks, g};haugh both the
average grain size and the average carQidé dﬁgtribution is smaller
than exgﬁ%ted from the recorded values of ; e critical cleavage stress.
Thus the critical event in cleavage failuné is extending the micro-
Eracks into the neighbouring grains. This condigﬂon can be
expressed by a modified version of the Griffith uat}on (?.2.19)

-

in terms of an effective ferrite grain size, eg. the cleavage facet
size. The average microcrack size or cféa:age facet size exceeds
the ferrite grain size by a factor of aboué two, although substanti-
ally larger cleavage facets are observed occasionaljy (figure 5.8).
This indicatesthaf in addition to the scale 6f the microstructure,

texture effects may be important in detgrmining the microcrack size

and thus the critical cleavage stress.

&
*

In order té improve the” Jow temperature fracture properties
it is therefore important to avoid microstructural constituentse
which may reduce the critical} cleavage stress. In particular it is

»

important to ébtain a fine and uniform ferrite grain size or
covarjant pachet si:;. The effecf of texture on the microcrack

. size and diétnibutiog has not been HnQestigéted in any defail.

The present results do, however, suggest‘thaf‘this parameter ma} Se
of importance in determining the critical cleavage stress anqathgt

"attention should be a focused on texture effects in future investi-

" gatians of -the cleavage fracture process:
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6.2 DELAMINATION

Delamination failuke was commonly observed when testing the '
materials in the temperatu?e egime between ductile and brittle {
fracture (figure 2.2)}. The occuxrence of delamination was attributed '
to the'presence of either inclusion sheets produced by rolling
‘materials containinq large inclus{on ggregates, or cementite
particles precipitated at the ferrite g in boundaries. In the
former case splits propagatéd along the intlusion sheet unde; thea : i
action of the stress component normal to the Yolling p]ane.h In the
latter case, however, there is a competition between continued
plastic flow at the grain boundaries and nucleation of vof&s at

the grain‘bodndary carbides. Since the carbides are acting as

barriers to the plastic deformation strain gradients and hence stress

qoncentrations will build up at the particles until voiding occurs. - ;
If the macroscopic flow stress is increased either by decreasing the
tempe?atute or by prestraining the materiaI,contiﬂued plastic flow
is impeded and the propensity té'delamination is increased (f{§hre
5.23),

In.méterials with a banded carbide distribution planar
array; of voids are formgd and dé]aminatioé may occur due to the ‘ 'J
‘ norﬁal stress actiﬁb on the void sheet. .However, void nucleatioﬁ
', is the critical event and thus the cﬁnditionlfpf‘de1aminationacan be

1
]
. expressed by a shear stress criterion, or-effectively by the flow . ?

. stress’ jin shear. N f
. : ' ‘
‘ , . ‘ \
. ) . . t
~ " ) . *
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The local shear stress may“repr;sent the combined effth of

. the applied stress and internal stfesses in the material. In;ernal

stresses may be bre%eht either as residual stressedldue to the phase'

transformation or they may be génerated during straining if textural

banding occurs on a microscopic 1gyel (Chao, 1977). Large fesidua1

stresses ‘may also be produceé during welding of‘hehvy sections.
Textura} banding in HSLA steel may arise if the austenite

is allowed to recrystaliize partially before transformation, which

emphasizes the importance of controlling the rolling scheduie such

that duplex microstructures are avoided.

6.3 DUCTILE FAILURE

At higher tempratures the failure mode is by fibrous rupture
and the condition f&r fai]gre is the attainment of a critical strain
rather than a criticaf stress. Failure occurs by nucleqtion and
growth of voids at second phase particles which are introduced h
the m;térial either in the steelmaking prbcess or during the
austenite~ferrite transformation. v

The resistance to fibrous fracture in the HSLA-steels
investigated is found to be dominated by the spacing and distribution
of the non metallic inéIusioﬁs formed in the melt. In particular the
sutphides and oxysulphides.; The use of rare earth additions Eo moﬁify
fhe~su7phidé shapg may impreve the fracture resistance substantially.

However,, this practice requires both a detailed know]edge“of the

- - o
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chemistry of the various compounds and é é1o§e control of the
éteelmakiné process. It is found that inclusions formed ddring
the deoxidation protess qre'smail and evenly distributed, whereas
inclusions formed by reoxidation of the rare earth su]ﬂhide? are large
and often agglomerated in~c1usters. During rolling both the shape and
the distribution of the inclusion aggregates will change. If the
aggregates are large, sheets of very high. inclusion density will form

[P

bara11e1 tg the rolling plane resu]tfpg in poor short transverse
ﬁroﬁertigs;
L/ : .
In clean materials with a large spacing between the nonmetallic
inclusions the presence of the M/A‘constituept may bé importaﬁt as a
void nucleating agent. Fur;hef.failuré by strain localization and
’plastic>c011apse is frequently obdé}VEd in these materials (figure
5.14). Hénce indicating that ihere may be a limit to the benefits that
may be attained from reduction of the inclusion content and the use
of sulphide shape con?rol in structural steels.
Testing the fracture ré§istance of structural steets represent
a major engineering problem. gue to the size requirement§ of the
test specimens {eqn. 2.2.5) K;.-measurements acco}aihg to ASTM E399
are tooexpensive fOr;quality control purposes. Further these
materials are not normally produced in gauges s;ffigient to meet the

size requirements. However, the present results indicate that the

COD~-test may be a valuable tool in evaluating the fractﬂre résistance

for Tow and medium strength,strud%uralosteels. (K P
a - - ¥ .
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In éhe case of ductile fqi}ure the COD-values are found to be
uindependent of the extent and pattern of the plastic zone (Lereim,
1977). This is contradictory to the results of Tinearfélastic “
fracture hechanics,Qhere ﬁroportipna]ity between the COD-yalue qnd —
the plastic zone sjiénis expected (eqn. 2.2.23). In the fg]ly t
plastic case, however, the COD-value is determined by'the extent
of the process zone. Hence the ‘COD-value is limited solely by
meta]lurg1ca1 features, such as volume fraction and distribution
- of 1nc1uswons, flow properties etc. :
Although the amount.of plasticity experienced in the failure
of structur&i members and the COD test specimen hay be vastly
dlfferent the foregoing arguments "indicate that the critical crack
open1ng d1sp}acement is constant and 1ndependent of geometraca]
factors. Thus it is possible that the COD-value may be used as a
désign parameter.” This will allow an eva]uatjpg of the fracture‘
resistance from simp1e and|jﬁexpensive small scale tests requiring
Tittle advanced testing equipment.
| Further the COD test allows the fracture resistance to be
determined locaily in materlals exh1b1t1ng large g?adwents in
fracture resxstance ,~T2x§"ﬁs of 1mportance in_wélded structures
where thF fracture prép rties of both the we]d—metal and the heat
affected zone may‘be evJ}uated Similar problems exlst in materials *

suffering’ rad1at1on damage where it is of interest to determ1ne the

- fracture resxstance both in terms of. the position in the plate and

.2 CER T T TUPTEE TN S RN ]
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as a function of exposure time at a given location. Both.in the
case of welded structures and radiation damaged materials small
scale tests are required in order-to Tocate the~Erack tip in the
structural constituent of interest. |
Considering the potential savings and the additional

information that may be obtained from the COD-test compared.te
conventiona] fracture toughneseetesting, it %s important to
achieve a better understand1ng of the fracture 3vent occurlng in

\
d

small scale spec1mens. ' . c

“

6.4 SUGGESTIONS FOR FUTURE WORK

" In v1ew of the increased 1nterest1n dual phase materials
wh1ch make de11berate use of a h1gh vo1umefract1on “of the M/A~
constituent (Bucher and Hamburg, 1977) it 1mportant to attain
a better upderstanding‘both of the transformatlon mechanism by
which this phase is formeé and of.the role p]eyed by the. M/A- SEUSS
constifuent in determining the fracture resistance of the material.

The dual phase steels exhibit a very high initial work
hardening rate which may be beneficial both 1nA¥1‘§e material where
it can balance the detrlmental influence of the Bauséﬁunger effect 4
in the pipe form1ng Operat1oh and in sheettfbrm1ng app11cat1ons
where a better formability may. be- atta1ned with no reduction in
the fina) product. strength . Cons1der1ng the potentially de]eter1ous
effects of the M/A constituent on the fracture res;stance the successfu]
use of these mater1aTs depends strong]y on the steel producer being

/s

%
=
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able to make a material with a given vo1umeﬁ&ébt1ond size and
distiribution of the sgcond phase. Th1s,~of course, require$ a
detailed knowledge of the transformation beﬁ3v1qur of controlled
rolled HSLA-steels in terms of predicting the hérQenability from the
steel chemistry and processing schedule. Furthef in tﬁe‘heat treated
dual’ihase material it 1s important to delineate the effect of the
1oca1 carbon content and d1spers1on of the carbides on the plastic
inhomogeneity of the M/A-phase . ‘ , '

Thus there is a great 1mpetus for further work both on the
transtrmat1on kinetics and on the mechan1ca1 ‘response of the.
martenglte-austenite constituent. Particularly in view of the growing

interest in dual phase materials for agtomofive applications thisarea ~

, will become of major importance in the future.

In the present viork only the static fracture toughness or
the resistance to fracture initiation has been considered. Over the
last few years, however, the dynamic fracture resistance or the materials
ability to stop a runniné crack has been of gﬁowiné concérn. Recent
wdrk by Hahn et.al. (1975) suggests that the frgcturé resisténce [
varies strongly witb'crack'gelocity and that Tn some casésathefe isa
mfnimum.in!the dynamic fracture toughness for a given craék velocity.

. The qicrostructural features which govern the dynamic~%racture
properties have bégn offéred 1i£t1e éttehtion in the past, and alloy
development has;at the bést,been based on the static fracture
resistance, K]c Thus the p051b111ty exlsts thatmater1a¥s which have
been de51gned to<y1eld optimum static fracture propert1es may show

Poof crack arrest ab111t1es

w
.



This praoblem is‘ of majorﬁimportance in the application of
HSLA-plate for pipelines. In pipelines carrying pressurized gas
fthé velocity of a runhing"crack may substantially exeed the rate
by which the line can be depressurized, héhge there will ue no
reduction in the driving force .for crack propugation. As this .
example shows there is great impétus fur improving the understanQing‘,
of the:mechanisms by uhich energy is consumed during fast fracture
’ ahd crack arrest. In this fie]d extenswve research efforts are
required to ddT1neated the 1nf]uence of metallurgical variab]es on

* A

the materials crack arrest properties. .
The present work indicateﬁ,intisemiguantitqtivé manner,the

influence of a variety of microstructural features on the basic modes

of failure whith are important in the app]iéation of HSLA-steels. The
need for relations which guable tolerable flaw sizes and critical stress
ievels to be predictgd in a quantitative manner under general yield
. conditions is howeuer auparént Currently the ch and COD approach
looks prom1s1ng but further work is required to estab11sh the limits
within whicu these'tests can be used satisfactorily. It is | \\
characteristic for many of the low and medium~stréﬁgth'structurai materi:?;‘°

"4
that they are never used 1n th1cknesses resembling those requ1red for,

_va11d K]c—testIng.l Hence a valid K]C-value accord1ng to the ASTM |

standard may be too conservatwe as a design cnterwn for the actual

structure. The approach suggested by Heald et al (1972) where an

apparent Fracture toughness modified for the section size may be

useful in this regard, but again further work is required on a broad
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| range of materials to assess the limits for use of the model.
“ | In the final discussion some of the areas in which further
‘research efforts are requirgd EEQQ been emphasised. It is evident
from the preéeding .qggymants that several cha]lenging.propiems,
both in terms of mic;;séigcturai feqp&}es and with regard to the
i&eta{lfd fracture mechdnisms, have to bewconsidered before a complete
understanding of the fracture behaviour oJ‘controllgd rolled HSLA~

steels is achieved.

-

:j‘
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