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ARSTRACT

Hask, laws of the influence of temperature, loading rate,specimen size, sTess state mode
i ke siructural materials fracture oughness and the relationship between the observed
(fewts and material smoucture features are considered. Crack growih micromechanisms in
e regions of brittle, combined and ductile fractures remain similar for materials of
ferenl classes, which allows their modelling from a unified standpoint of the
catlipcarity zone evolution at the crack tip. A nsw generalized conception of the
iitle-tn-ductile transition phenomenon in materials and the developed on its basis
prvwedures for predicting the influence of different factors on the britleness temperamre
v presented. Further evolution of this conception on the basis of the two-criteria
soproich includes consideration of brittle-to-quasi-brigle and quasi-brinle-to-ductle

visition temperatures and analytical description of their dependence on the specimen
o opart geomerry and size, loading rate, material structure.
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INTRODUCTION

Many cogineering materials revealing low-lemperature  britile-to-ductile fransition
sheponenon demonsirate similar behaviour doring their strength and fracture tnughness
testings. Exermal manifestations of this similarity are characterized by: similar behaviour

of the fracture loughness lemperature dependence, namelv, the existence of a low

jempperature plateau, brittle-to-ductile transition, typical increase in fracture toughness
with i wmperature rise up to brittle-to-ductile transition, a fracture toughness peak and
ity subseqguent reduction with an incresse in testing temperature; a similar character of
the loading rale effect on fracture toughness temperamre dependence, i.e. a shift of the
lracture foughness iemperaure dependence curves and the critical transition tempenitures




towards higher temperatures; an opposite character of the loading rate effect on the
fracture toughness below and above the transition temperature; a change of thc? fracture
micromechanisms in the brittle-to-ductile transition region. The results of active study
of the brittle-to-ductile transition phenomenon in metals for tpe last decades.allow to
conclude that the majority of effects observed at the above transition, such as the influence
of specimen size, the stress-state mode, the loading rate, Fhe mateflal structure, etc., and
the transition temperature itself are in a direct quantitative relation to the temperature
dependences of two characteristics: yield strength and fracture toughness of the material
(Krasowsky, 1980; Francois and Krasowsky, 1986). Typical temper.ature.dep.endences
of the steel fracture toughness for specimens of different size are given in Fig.1. The
figure illustrates the main of the above effects and the princqul' teqdency qf th.e
phenomenon. In fact, the explanation of the brittle-to-ductile transition in fna.tenals is
exhausted by the description of changes in the stress state at fracturc.lmpanon from
plane strain to plane stress with the temperature incrt.aas.e. However, with its apparent
simplicity the brittle-to-ductile transition phenomenon is, in fact, proyed to be‘a c:omple)(;
one and dependent on many factors, it is difficult to give its analytical description an

up to now it has not been obtained in a closed form.
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Fig.1. Temperature dependences of static (dark circles) and dynamic (light circlgs)
fracture toughness of 15Kh2NMFA steel for large pressure vessels wntf
specimen thicknesses, mm: 1-20; 2-24; 3-40; 4-100; 5-150'; .6-5;, 7-10; 8-20;
9-40. The dashed lines indicate the upper temperature hrpns of the plane
strain condition for each value of the specimen thickness (indicated by numbers
along each curve). _ N

Fig.2. Relation between 10G2FB steel fracture toughness and yield str.quth over .t e
temperature range of brittle fractures. Strain rates when determining the yield
strength (sec™1): 1-8-10™% 2-8-1073; 3-8:107%; 4-8:10™" correspond to the
loading rate when determining fracture toughness.

laying aside complex and important methodology of the material fracture toughness
cvaluation in the brittle-to- ductile transition region, we concentrate in this paper on
«ch problems as modelling of the brittle-to-ductile transition process and prediction of
the above factors effects; the study of the physics of the crack initiation, propagation
ind arrest processes in the brittle-to-ductile transition temperature region;
phenomenological description of the brittle-to-ductile transition and important
onscquences from it; finally, a generalization of the brittle-to-ductile transition
roncept based on the two-criteria fracture assessment diagram.

FRACTURE MODEL

Pvpical fracture micromechanisms in the transition region are cleavage (below the
transition temperature) and ductile “dimple” fracture (above the transition temperature).
I'he so-called “river patterns” existing on the cleavage facet surfaces make it possible
‘o have an unambiguous identification of the local direction of fracture. As is shown by
‘he extensive statistic investigations (Krasowsky, 1980), there is no correlation between
‘e direction of the main crack growth and the fracture propagation direction in each
ndividual facet. This fact can be considered as a direct experimental evidence of the
nain crack propagation through the nucleation of the microcrack at its tip and their
ubsequent coalescence. The parameters of this process are the characteristic distance,
V.. from the crack tip where the microcrack initiates, and the local microcleavage stress,

7. resulting in the microcrack initiation of a length X.. These prerequisites have been
nwed as the basis for the Kj,-model of fracture proposed in the work of Pisarenko and
Krasowsky, (1972). The known RKR-model (Ritchie et al., 1973) proposed later is
based on the same principles. The initial statements of the K,-model differ essentially
bV the classical concept of fracture as a process of a successive “stage-by-stage”
nteratomic bonds decohesion at the crack tip, so it is possible to say (Krasowsky and
I"uvinage, 1993) about a new conception of “coalescence” fracture due to microcrack
mittation and its coalescence with the main crack. The evaluation of the minimum possible
fractire toughness of the material has shown that the “decohesion” mechanism of the
fracture evolution corresponds to cleavage at the stage of microcrack initiation within
e grin, while the “coalescence” fracture mechanism requires much more energy
ronsumption and characterizes transcrystalline fracture of polycrystalline or multiphase
naterial. The main relationship of the K,,-model relates fracture toughness, K., with
‘he vield strength, oy, and the strain hardening exponent, n:

l-n

Kie _[g) 2"
P

where K, =(1} VnX.. When deriving this relation there was no need to make any
Assumptions about the character of X, and o} values. However, in the calculation within
the framework of the proposed model for the dependence of fracture toughness, Ky,
on temperature, T, and the loading rate, Kj, the independence of both X, and a} of
temperature and strain rate was accepted unambiguously in the work by Pisarenko and




FASOW v 'bv:'mmn‘gthﬂx.;mldﬂr}pumnmrsinme
i—m;cﬁy;::: Tﬂaadm'?aﬁ snf.mtw‘e. Relation {l}f ]nedicts the nan;:i:l
c:l;‘a,rac:tc:r of K. dependence on temperature and loading rate (Fig.1) as can be 3
judged by Fig.2 used as an example. Such a relation between Efa:ture toughness an
Juield strength was repeatedly confirmed by cxperiment but only in those cases when a
Ymaugc of vield strength was not connecled with changes in the pamrlneters af the Fm-;u:
micromechanism, X, and of (For example, with temperanre and sirain rate change). The
formula

Ky = Ad} (2)

which follows from relation (1), where A is (he factor including the parameters Xg and
a,.n = _d-n o verified experimentally by other authors as well {Kraffi and

2
Sullivan 196;; Silva and Brook, 1971; Pandey et al., 1974; Hahn et al, 1971} for

several values of the exponent n' correspanding to the interval of the strain hardening
exponent 0,2 =n =03

Parameters X. and a} of the K,-model are in a direct relation 1o the material structure;
their physical interpretation and experimental definion are shadwa:;l by the statistical
aature of the characteristic disance X¢ and the local nature of the microcleavage str_es:

o (Ktasowsky and Pluvinage, 1993). The additional condition for the determination
f s

of numerical values of parameters X, and r:{? can be obtainad from relation (1) 'wh;n-
considering the sitmtion at the crack tip at fracture at lowering temperihl n:. At ;EI‘E::; uagfl
mpe i iti i i tion) cou
mres the size of the critical plastic zone (at fl'df.l‘.'tl.il:e- initia : :
Ewu:: val:: aof X., i.e. the siwe of microcrack initiation coincides with the alastic-plastc
i

boundary, therefore, of = and from (1) we shall get:

Kremin = Ky =U.|: VX . (3}
It follows herefrom that K, can be determined by the lemperature dependence of f_mx:rure
toughness at the level of the so-called low-temperature platead Kiemin and relatdon (3)

-
is an additional condition for the estimation of X, and of parameiers.

STRETCHED ZONE

i feamres and micromecchanisms in the
The independent data on the fracture process & anis
m:tlaam-gcucmﬂ wransition region were obwined by analyzing the 5_'1‘3?‘*"5‘1 IJJ";E
{Erasowsky. 1988). This analysis requires special procedure ri;f 5|e:’;§:::np;: ;ﬂnm
) i i i fracmre surface, i
be used. Being performed firstly on a single :
ﬁiﬂ?@ in significant scattering of results. The development of 2 mew _mcasunng
procedure uf {he stretched zone height by the superposition of mahrng ]:;mﬂl:s of Tl'lu:l
i i ible to increase the reproducibility of measuremen
opposite fracture surfaces made it possi " D e bt
i extent, to reduce the scattering of data. e son of .
;z-lim'.-rits r:: nama-':;u:tlm b:: connected with the pecularities of the crack initiation resulting

l
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i ihe asymmetry of the stretched zone and in nonsimilarity of its two pars on the
cpposite mating Fracture surfaces. The results obtained have shown that because of equal
wobability for a crack in each point of the fromt 1o initiate into one of the ™wo plastic
nute fans (along the trajectory of the maximum material damage by plastic strains)
tepending on the location of the measurad profile along the crack front, the streiched
e asymmetry can he reversed, the fact which is the source of scattering in resulis
ncasurcments of with the use of only one fracture surface. The analysis of the stretched
some measurements data and the resulis of the material fracre wughness determination

iw standard methods in the brittle-to-ductile transition region has allowed to draw
nporant conclusions.
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g 4. Temperature dependences of the stretched zone geometrical parameters. Steels:

i, 2 — LSKh2ZNMFA (shell): 3 — C3SNIS313; 4, 5 — low-carbon; 6, 7 -
15Kh2MMFA (plate). Loading: /, 4, 5. 6, 7 = statc; 2, 3 — dynamic.

. Relation berween the stretched zone height and the yield strength for different
iemperatures in the temperamre region of britde-to-ductile transition and below.
Steels for main pipelines: A — 10G2FB-U steel; 5 — X70.

I appeared that over the temperature range where suberitical crack growth is not observed
privr 10 catasirophic fracture, there exists a linear comrelation between the stretched zone
helght and the critical crack tip opening displacement. Since the stretched zome height
1, In fact, the residual crack opening displacement, its occurrence is possible only above
canie minimum Ioad corresponding o the elastic crack dp opening displacement at the
tress intensity factor level being equal approximately o Kjomiq determined, as it has
iready been mentioned, by the low-temperature plateau of fracture toughness. Over the
emperdiure range above the britde-to-ductile transition, where a stable subcritical ¢rack

wriwih precedes catastrophic Fraciure, the correlation between the sireiched zone height

i the critical crack opening displacement calculaied using the K. value is not observed.
Ihe acmual crack initiation occurs much earlier than that predicted by the smndard
{1, -cstimation procedure or by the R-curve method but essentially later than the crack




initiation predicted by the standard K, estimation according to the § % -secant ru}e.
Consequently, over this temperature range the measurements of the stretched zone give
a conservative estimate of fracture toughness. Meanwhile, at room temperatures when
subcritical crack growth precedes catastrophic crack growth, the stretched zone height
appeared not to be dependent on the specimen thickness over the interval of thicknesses
from 10 to 300 mm.

As seen from Fig.3, the character of temperature dependences of the half height, &, and
width, w, of the stretched zone is identical to the character of temperature dependences
of the fracture toughness standard characteristics (Fig.1). Similarly, the relation between
the stretched zone height and the yield strength is observed (Fig.4 and Fig.2).

TRANSITION TEMPERATURE

The above peculiarities of the materials fracture in the brittle-to-ductile transitior. ‘egion
can be generalized as a new concept according to which the critical temperature of
brittle-to-ductile transition is determined as an upper temperature boundary of existence
of plane strain conditions (or in a more general formulation, conditions of applicability
of the linear fracture mechanics criteria) for a cracked body of the given geometry at
the defect tip at the moment of fracture onset. According to this, the brittle-to-ductile
transition temperature can be determined as the abscissa of the cross point of the‘fracture
toughness temperature dependence with the line reflecting the dimension requirements
to specimens for fracture toughness testing at plane strain (Francois and Krasowsky,
1986):

Te = 32 In(Be}/pK3) @

where B is the thickness, B is the coefficient equal to 2.5 for steels, for example; T, is
the transition temperature, the other values are the material constants approximating the
fracture toughness temperature dependence according to the formula:

K = Koexp(T/Ty) . )

From relation (4) a number of practically important consequences result which show,
in particular, proportionality of the transition temperature to the natural logarithm of the
specimen thickness, the fact which is confirmed by the experiment and gives the
possibility of: predicting the transition temperatures for large cross sections by using the
test results for small laboratory specimens; predicting the material fracture toughness
temperature dependence according to the results of its transition tempera.r_ure
determination; estimating the loading rate influence on fracture toughness and transition
temperature; using the transition temperature value in calculations of structural parts for
brittle fracture resistance. In the latter case the use of the two-criteria approach (the
so-called fracture assessment diagrams) is rather promising.

Generalization of the above brittle-to-ductile transition conception was peyformt;d on
the basis of the two-criteria fracture assessment diagram in dimensionless coordmfites
K, =K//Ki. and S, =P/P, , where P and Py are the current value of a generalized

load and its limit value for the completely ductile fracture, respectively. The fracture
Assessment diagram consists of a horizontal (K- = 1) and a vertical (S; = 1) straight
lines connected by some arc., while the beams starting from the origin of coordinates
correspond to the loading lines for cracked bodies. Two points of conjugation between
the straight lines and the curvilinear arc can be interpreted as corresponding to two
lemperatures of transition from brittle to quasi-brittle and from quasi-brittle to completely
ductile fractures. A family of beams crossing only the straight line K, =1 is described
by the condition

ﬁ> lid (=i£)

2 : , (6)
ch aPY aPY Pu

where P,/aPy is the slope of the beam crossing the limiting curve at the point of
conjugation of the horizontal straight line with the curvilinear part of the fracture
+ssessment diagram (i.e. at the point of transition from brittle to quasi-brittle fractures).
Inequality (6) as applied to laboratory specimens testings can be interpreted as the
requirement of correct definition of the material fracture toughness characteristic K. (or
K14, i.e. as the necessary condition of the applicability of linear fracture mechanics
criteria and also as the condition for determination of the brittle-to-ductile transition

‘emperature. In the former case, taking into consideration a specific geometry of the
specimen we can get the condition

2
1 ch
¥ = Ta/iw) (&i) . D

where [(a/w) is the dimensionless function depending on the relative crack length

4/w. This condition can be used for determining the minimum necessary characteristic
size of the specimen for fracture toughness testing.

Similarly, the expression for the transition temperature T, is obtainable when making
nse of formulas (5) and (6):

el ) ]

vhere L is the characteristic size of the cracked body. According to formula (8) the
< nitical transition temperature depends not only on the body dimensions and the material
mechanical properties but also. on the body geometry which makes it possible to use the

tesults of laboratory specimens testing for estimation of the structural part transition
lemperature.
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