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Abstract 

Scanning electron fractography is 
an inherent part of investigations of 
factors which determine the mechanical 
properties of materials and their failu
re. Transition bee metals show the wi
dest variety of fracture mechanisms un
der uniaxial tension. 

Brittle fracture is affected by 
cleavage from various defects - stress 
concentrators. 

In brittle-ductile transition, fra
cture starts by a "tough" mode but fini
shes by a brittle one - by cleavage. 
A fracture mechanism changes after the 
"tough" crack has reached some critical 
length. ~.Iechanisms of subcri tic al growth 
are of cleavage with relaxation, inter
granular fracture and dimpled ones. 

Dimples e.re observed in ductile 
fracture. Cleavage is absent. The dimp
les are nucleated as a result of both 
failure of particles and their interfa
ces and delamination of structure ele
ments. 

All varieties of observed fracture 
surface may be described as a result of 
act ions of the follov,ing mechanisms -
cleavage, cleavage with relaxation, pore 
coalescence, brittle intergranule.r or 
intercellular fracture. 

Fractographical analysis allows one 
to obtain information not only about the 
fracture mechanisms but also such charac
teristics as: fracture toughness, brit
tle-ductile transition limits, structure 
transformations preceding fracture. 

KEY WORDS: Bee metals and alloys, Brit
tle-ductile transition, Uniaxial tension, 
Fracture, Fracture mechanisms, Fractogra
phy, Fracture toughness, Failure analysis 
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Introduction 

Advent of modern scanning electron 
microscopes stimulated a new interest to 
fractography and caused a rapid grov,th 
of fractographic research. Scanning ele
ctron fractography has become an inhe
rent part of investigations of factors 
v,hich determine the mechanice.l properU.
es and failure of materials. A number of 
reviews may be found in literature devo
ted to interpretation of fracture surfa
ces as v1ell as mechanism of their for
mation /7,8, 10, :8, 26,27,41/ and conditi
ons under which some of them are revea
led in specific materials /1,19,21/. 

Among fractographic studies of the 
last decade, experiments with transition 
bee metals which are apt to brittle-duc
tile transition and show the widest va
riety of fracture mechanisms are of the 
most interest. They allow one to clas
sify most fully varioc,s morphological 
types of fracture surfaces associated 
with these or those fracture mechanisms. 

The eiven paper sum;-narizes some 
fracture mechanism studies of materials 
on bee metal base subjected to uniaxial 
tension. We shall also discuss other in
formation \'1hic!1. is contained in pictures 
of fracture surface, about such as 
energy conditions of failure, brittle
ductile transition limits, and so on. 

Fracture mec!1.anisms 
and their change at transition 

from 
brittle state--rrito ductile one 

Comparison of temperature dependen
ces of mechanical properties of sincle
phase and particle-hardened materials 
on body centered cubic (bee) metal 
base which have been found in references 
/2,4,9,25,31,32,46,t,8,53-55 and others/ 
and are shovm schemc,tice.lly in Pig. 1 
with pictures of their fracture surfaces 
allo~s one to divide the temoerature 
range under study into the following 
three regions: BRITTLE FRACTURE region, 
up to ~t; BRITTLE-DUCTILE TRANSITION re-
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Fig.1. Diagrams of temperature influence on mechanical Properties and fracture 
mechanisms of single-phase (a) and particle-hardened (b) materials on bee metal 
base under uniaxial tension: 1a,b - cleavage from pre-existing defects; 2a - cle
avage from the Fridel - Orlov or intergranular cracks; 2b - cleavage from inter
granular cracks; Ja - cleavage from dimpled cracks; 4b - dimpled localized frac
ture; 4a, 5a - dimpled fracture. 6y - yield strength, <3':1-- fracture strength, 
d' - elongation, 'f- narrowing. ~t and T1:-'-'-are the lower and the upper limits of 
brittle-ductile transition, respectively. ~ is temperature at which a mechanism 
of subcri tical crack growth is changed. -r;,w is temperature at which size of dimp-

les is abruptly changed in pe.rticle-he.rdened materials. 

gion, T.t - ~u., ,•1hich, in its turn, may be 
divided into two subregions, T/ - Tc and 
Tc - ~u.., and DUCTILE FRACTURE region, 

above T.eu.., where two subregions may be 
distinguished in particle-hardened mate
rials: Tt - T;u' and above ~w. 

Width of these regions and subregi
ons, as well as their limits, depend on 
material and especially on its structu
re. The same mechanisms, v1:1.ic:1. are ob
served in some materials, e.g., inter
granular fracture in a number of Mo al
loys /50,54/ in an extremely wide (seve
ral hundred degrees) temperature range, 
manifest themselves in other materials 
in a very narrow (hardly some dozens of 
degrees) temperature range, and, hence, 
the very existence of these mechanisms 
becomes problematic, e.g., intergranular 
fracture in V alloy /5/. Only does con
sideration of all scales of material 
(single crystals, sin6le-phase and par
ticle-hardened alloys) allow one to 
construct the general scheme of modifi
cation of fracture mechanisms at transi
tion of materials on bee metal base from 
the brittle state into the ductile one. 

Consider now the fractographical 
peculiarities of fracture in the tempe
rature regions stated above. 

Brittle fracture. In the region of 
brittle fracture, at temperatures below 
T/, samples fail by cleavage e.t stresses 
below their flow stresses. Fracture is 
not preceded by noticeable plastic 
strain (fig.1). Fractographical analysis 
unambiguously shows that the cleavage 
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crack originates from inner or outer 
pre-existing defects of the sample which 
satisfy the Griffith condition /24/. 

Bee metals cleave usually along 
planes where the surface energy is mini
mum, i.e., along planes of the ~100~ fa
mily, although cleavage along other pla
nes, e.g., {110)-, may be observed. 

Formation of the cleavage surface 
has been treated in detail by Gilman 
/2J/, Low /29/, Beachem /7,8/ and other 
authors. Therefore, ,·,e shall discuss here 
only such important elements of cleavage 
as "the step" and "the river pattern". 

"The step" results from a joining 
of cleavage cracks produced \'1hen a crack 
has passed, e.g., a twist boundary or 
a screw dislocation (fig.2a). Hew clea
vage cracks do not appear while crossing 
a tilt boundary or an edge dislocation. 
In this case, only tilt of crack is 
changed (fig,2b). 

Joining of a large number of clea
vage cracks or, using a generally accep
ted term, confluence of cleavage steps 
forms "the river pattern" (fig.2a). The 
main value of the river pattern is that 
it allows one to determine the direction 
of crack propagation: a crack has run in 
direction of confluence of cleavage 
steps. By the way, the river pattern may 
be, in principle, found in ductile frac
ture too. In this case, the pattern is 
named "chevron" /10/. 

l:Iorphology of cleavage in materials 
containing particles has some peculiari
ties connected v1ith both morphology of 
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Fig.2. Transj_tion of cleavar;e through 
a) a tvlist boundc.ry v:i th formation of 
steps and rj_ver pattern and b) a tilt 
boundary. Cr alloy at T=20°C. 

partj_cles themselves and value of their 
bonds with matrix. In materials conte.j_n
ing plaj_n particles, the cleavage surfa
ce fragmentatj_on is observed (fig.Ja)/2, 
4,5/, Size of the fragments depends on 
dimension of particles and distance bet
ween them. ~h~n a cleavage crack passes 
through a p2.rtj_cle strongly bound to 
matrix, the relief does not reveal mar
ked changes. But when the bond is weak 
particles are separated from the matrix 
e.nd cleavage transfers to another ple.ne 
(fig.Jb). This implies that crack propa
gation is retarded by particles in ac
cordance with Cook and Gordon /15/. 

Brittle-ductile transition. Fractu
re in temperature range of brittle-duc
tile transition ( T/ - Tt"·) occurs after 
some plastic strain (fig.1) and is cha
racterized by the fact that its start 
and development to a definite limit are 
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Fig.J. Pictures of cleavage in particle
hardened alloys: a) fragmente.ted cleava
ge in V alloy at T=-4°C; b) transition 
of cleavage through particles weakly 
bound with matrix in Mo alloy at T= 
-196°C. Delaminations of particles from 
matrix and transfer of cleavage to ano
ther plane may be seen. 

realized by one mechanism but is comple
ted by another one in a brittle mode -
by cleavage. Fractographical analysis of 
the cleave.ge river pe.ttern gives us op
portunity to distinguish these two 
fracture stages: s. stage of "tough" sub
critical growth of a crack and a stage 
of its brittle catastrophic propagation 
(fig.4a,b). Change of fracture mecha
nisms and the very transition from tough 
fracture to brittle one occur after the 
"tough" crack has attained some critical 
length /48/ according to the Griffith 
condition /24/. 

Critical size of a tough part of 
the crack and the mechanism of its 
c;rowth depend on temperature /52/ and 
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Fig, 4, Tvro stages of crack grovrth in sin
gle-phase Mo materials at T=20°C: 
1 - a stage of subcritical grovrth, 
2 - a stage of catastrophic cleavage. 
a) single crystals of Mo [100], 
b) polycrystalline Mo alloy, 
c) striations of subcritical stage, 

Higher magnification of b) crack. 
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rate of loe.ding /51/. Accordine to the 
erowth mechanism of subcritical cracks 
o.11 temperature range of brittle-ductile 
transition is subdivided into two subre
gions: T_/ - Tc and Tc - Tt_"-(fig. 1 ) • At 
Tc temperature, a grov,th mechanism is 

changed, and a neck is formed in sample. 
In the first transition subregion 

( Ttt - Tc ) , fre.cture occurs after relati
vely small plastic strain. A mechnnism 
by which the crack grows to critical 
size depends on structure. In single 
crystals and single-phase polycrystals 
v1hich are not apt to int ergranule.r frac
ture, the crack grows by jump-like over
coming of its inherent zone of plastic 
relaxation. Specific features of such 
crack are strie.tions (fie;,4-c) and appa
rent likeness to fatigue crack (see, 
e.g., /10/). Relief o: these cracks de
pends on temperature and crystallogra
phic orientation. Such cracks were obse
rved by Hull et al on Mo, W e.nd Fe-Si 
notched single crystals /9,25,37/, in 
LiF crystals by Gilman et al /22/ and in 
ceramics by Stocks /42/. The striated 
relief may be result from comparatively 
slow propagation of cleavage crack vrith 
periodic relaxation. Going from Gilman 
vrorks /22 and ot1ers/ Fridel /20/ and 
independently Orlov /35/ gave an appro
ximate scheme of this orocess. In this 
connection, we shall n~me the cleavage 
with relaxation as the Fridel-Orlov ~e
chanism. 

In materials nith weak grein boun
daries cleavage is preceded by intergra
nular fracture vrhich may be both brittle 
(fig,5a) and ductile by pore coalescence 
( fig. 5b). Int ergranule.r cracks are gene
rated in process of plastic deformation 
by sliding /38/ or twinning that has 
preceded fracture. Traces of this defor
mation may be observed on the ~rain bo
undaries as steps of slipping \fig,6a) 
or hlinning (fi 0 .6b) shifts. Considered 
above int ercra.nule.r cracks have approxi
mately transverse orientation to tensile 
stress. 

V/hen temperature rises to Tc inter
granular cracks of another type appear 
in a fracture surface. They orient them
selves alon~ axis of a sample and dela
minate it (fie;. 7). Becinni.ng from Tc 
temperature, this process is developed 
to such extent that transverse inter
granular cracks are not observed. The 
sample is divided by the delaminating 
cracks into microsa.:nples - everyone of 
which is fractured by itself either pla
stically vti t'.1 the formation of :mife-li
ke fracture or in brittle mode by clea
vage, In addition, the misoriented dis
location cell structure is formed in 
neck of sample. It leads to appee.ra.nce 
of intercellul2.r delaminating cracks. 
Quantity of such cracks also increases 
v1ith e. rise of testing temperature /54/, 
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Fig.5. Pictures of intergranular fractu
re of particle-hardened alloys: 
a) brittle one in Mo alloy at T=210°C, 
b) ductile one in Nb alloy at T=20°C. 

In materials v:hich are deformed via 
twinning and have strong grain boundari
es, e.g., in silicon iron, the cleavage 
begins from cracks produced by fracture 
of twins (fig.Sa) or from intertwin 
cracks (fig. 8b). 

At temperature above Tc, fracture 
is preceded by significant plastic defor
mation (fig.1). The neck is developed in 
the sample. Subcritical cracks grow by 
pore coalescence (fig.9a,b). 

When the sample flow is suppressed 
by a notch, the upper temperature limit 
of the Fridel-Orlov mechanism range 
is shifted to the higher temperatures, 
practically up to Tt:u.. In this case, 
intergrs,nular fracture may be not obser
ved ( excluding case v:here a grain bounda
ry lays in a plane of the Fridel-Orlov 
crack). Hence, it may be concluded that 
the Fridel-Orlov mechanism is valid only 
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Fig.6. Tre.ces of plastic deformation on 
surfaces of intergrHnular fracture in Fe 
alloy: a) traces of slipping at T=-100°C, 
b) traces of twinning at T=-196°C. 

Fig.7. Delaminating crack and cleavage 
in Mo alloy at T=200°C. 
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Fir;. 8. Cleav2oge fro!!: intra.tPin cracks in 
Fe-Si alloy at T=-80°C (a) and surface 
of int ertwin era.cl, in Armco-Fe e.t T= 
-196°C (b). 

for the plain strain, when deformation 
constraj_nt tal<es place but general samp
le flov, promotes to develop intergranu
lar fracture and fracture by pore coa
lescence. It also follows from this that 
under conditions where general flow is 
impossible the Fridel-Orlov mechanism is 
the only mechanism of subcritical crack 
growth even in materials with suffici
ently weak grain boundaries. 

Cleavage observed in temperature 
range of brittle-ductile transition at 
the ste.ge of fracture completion is cha
racterized by: 

1, Tear ridges. They ere due to the 
hii:;her touglu1ess end plasticity of mate
rial and result from ductile fracture of 
bridges between cleavage cracks under 
shear stresses. In ~article-hardened al
loys the bridges are observed to be fra
ctured by pore coalescence (fig.10a). 
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Fig.9. Two stages of crack 6rowth in 
particle-hardened alloys. 1 - a stage of 
subcri tic al growth, 2 - a stage of cata
strophic cleavage. a) Cr alloy e.t T= 
200°C, b) V alloy at T=20°C, 

The cleavage with ridges is often called 
"quasicleavage", "tough cleavage", "cle
avage III" /1,21/, 

2. More rough relief. It is ca.used 
by nevi structure formed by e. plastic de
formation preceding fracture. Slide 
bands and dislocation cells are display
ed as the strips (fig.10b). Twins are 
seen as "tongues" ( fig. 11a), X-shaped 
(fig.11b) and other pictures. It is pos
sible to observe ductile fracture of 
tvlins with format ion of knife-like (fig. 
11c) or dimpled (fig.11d) fracture. 

Ductile fracture. At temperatures 
a.bove ½:"• ductile fracture takes place. 
Samples fail via the nucleation, growth 
and coalescence of pores*). Fracture is 

*) In the TTestern literature the term 
"void", but not "pore", is usually used. 
The sample becomes porous, not empty, 
so, the term "pore" is more acceptable. 
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preceded by sj_gnifice.nt deforme.tion 
(fig.1). Fig.12a shows a typical pictu
re of ductile fracture. Dimples are ob
served. In single crystals the so-called 
knife-like fracture is often formed 
(fig. 12b) • 

The most important stage of ducti
le fracture process is nucleation of 
pores. 

It is usually assumed /16,17,28,30, 
43 and others/ that pores nucleate due 
to presence of particles. This is sup
ported by the fact that, as Cryssard et 
al./16/ have shovm, particles or their 
fragments are found in dimples. Really, 
in materials where particles are weakly 
bound to matrix, pores may be formed al
ready at a stage of elastic strain 
through the Olsen-Ansell mechanism /3~/. 
In materials where the interface is 
strong, pores are created by plastic de
formation according to Broek / 11-13 /. 

However, dimpled fracture is obser
ved not only in materials containing 
particles but also in single-phase mate
rials and even in single crystals (figs. 
12c,d). It was repeatedly noted /6,14, 
40/ that there is no simple correlation 
between quantity of dimples and quantity 
of particles. Bauer and Wilsdorf /6/ 
showed that density of dimples exceeds 
density of particles by a factor of 
about two. It evidently shows that the 
particles are not necessary for the pore 
nucleation. 

Investigation of effect of disloca
tion structure on a fracture surface of 
materials free from particles has shown 
that with grov:th of plastic deformation 
before fracture, and with grovrth of per
fection and misorientation of dislocati
on cellular structure, fracture varies 
from cleavage to intergranular, inter
cellular one, more close by its shape to 
dimpled fracture. Distance between large 
dimples corresponds to grain size while 
distance between small dimples corres
ponds to cell size. It has been sugges
ted that ductile crack propagates by 
successive rupture of structure elements 
(grains, cells) as microsamples with fo
rmation of the knife-like fracture in 
every microsample. Pores are nucleated 
on boundaries of structure elements due 
to delamination /49/. This conclusion 
has been proved by Wilsdorf et al /36, 
57 / when they deformed their thin foil 
samples in a high voltage electron mic
roscope. 

The pores may also result from for
mation of disclination /39,56/ or inter
action of twins between themselves and 
grain boundaries / 47 /. Large pores-pj_pes 
originate mainly at a triple joint of 
grains /53/. 
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Fig.10. Peculiarities of fracture by 
cleavage on a stage of ce.tastrophic 
crack propagation: a) fracture of brid
ges between cracks by pore coalescence 
( "dimpled cleavage steps") in V alloy at 
T=200°C, b) striated contrast due to 
slip band in single crystal of Mo L100] 
at T=200°C. 

In materials with intense delamina
tion, e.g., in Mo and W, temperature in
terval may be pointed where fracture va
ries from delaminated mode to dimpled 
one /31,32,48,55/. 

Study of particle-hardened alloys 
has shovm that in temperature range 7tu.
Ttw ductile fracture occurs after relati
vely small deformation (fig.1b) under 
its localization in a thin layer of sam
ple. Crack runs in a deformation band 
/33/. Fracture surface is characterized 
by small dimples elongated in direction 
of crack growth. Particles are observed 
in the dimples ( 13e.). 

At temperatures above r:', plastic 
deformation before fracture increases 
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Fir,.11. Pictures of fr2.cture of twins in Fe-Si alloy at T=-80°C (a,b) and Armco
Fe at 'f=-196°C (c,d): a) twin tongues; b) X-shaped fracture; c) knife-like frac

ture; d) dimpled fracture. 

sharply (fig.1b); size, shape and orien
tation of dimples change. The dimples 
are large now, deep and elongated in di
rection of normal stress. There are no 
particles in the dimples (fig.1Jb). It 
has been found from a longj_tudinal clea
vage of fracture~ samples that at tempe
ratures belovr ~11. there are cracks and 
pores around the particles (fig.14a), 
while above Ttu.' they are absent ( fig.14b). 
This shows that above Tt-11.' particles are 
not more efficient obstacles for dislo
cations. Dislocations bypass the parti
cles by transverse sliding. Partj_cle
hardened alloys behave as single-pha
se ones. 

Fracture ~echanisms in bee metals 

As follows from the above stated, 
all varieties of observed fre.cture sur
faces may be described as a result of 
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action of such mechanisms or their com
binations as: 

- cleavage, 
- the Fridel-Orlov mechanism, 
- pore coalescence, 
- brittle intergranular or 

intercellular fracture. 
Intragranular fracture occurs by 

cleavage, the Fridel-Orlov mechanism or 
pore coalescence, while intergranular 
fracture occurs either in brittle mode 
without or with traces of plastic defor
mation, or in ductile one by pore coa
lescence. 

Other information 
contained in fracture surface 

The main information dravm out from the 
fracture surface is undoubtedly informa
tion about mechanisms and origins of 
fracture. At the same time, as it fol-
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Fig.12. Pictures of ductile fracture: a) dimples in Fe alloy caused first of all 
by nornnetallic inclusions at T"'20°C; b) knife-like fracture of Mo [110] at T=-80°C; 

c) dimples in Mo L100] at T=600°C; d) the same, e.t T=B00°C. 

lows from the above presented results, 
fracture surface may give other not less 
important information, e.g., about such 
properties and characteristics of mate
rial as: 

Fracture toughness. In temperature 
range of brittle-ductile transition two 
stages of crack propagation are distin
guished: stage of a "tough" gro 1llth of 
the crack and stage of its brittle cata
strophic propagation. Assuming that cri
tical conditions, acceptable in fracture 
mechanics, are realized in a sample at 
moment of change of fracture mechanism, 
it is possible to determine some crite
ria of fracture mechanics, such as ef
fective surface energy Ye; or stress in
tensity factor K,c , because we knovr the 
length of subcritical crack and fracture 
stress. 

It has been sho'!m /51, 52/ that fra
cture toughness is controlled by the sa
me thermoactivated processes that as the 
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flow stress, and dependences of effecti
ve surface energy on temperature T and 
rate E of loading me.y be described by 
relations 

~f =cfo +Aexp(-2ti 0 /3k T j , e.t E. =const, ( 1) 

?.:.1=J/,+Bj(i) 2/3 at T =const, (2) 

v1here ifo - true surfe.ce en~rgy, lk_ - acti
vation energy of dislocation motion, k -
the Boltzmann constant, A,B-constants. 

Temperature limits of brittle-duc
tile transition. At some temperature Tf, 
fractographical analysis allons one to 
find out the subcritice.l stage of frac
ture and to show that just a crack pro
duced at this stage has served as a "de
fect" which has caused the subsequent 
catastrophic failure by cleavage (figs. 
4,9). The Ti temperature also corres
ponds to point where curves of tempera-
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Fig.13. Pictures of dimpled fracture of 
particle-hardened Mo alloy at a) T=420°C 
and b) T=600°C. 

ture dependences of the fracture 
strength and the yield strength cross 
(fig.1). At the same time at~<, the ma
terial plastic characteristics differ 
from zero and start to increase. These 
three facts ( appearance of the subcriti
cal cracks, 5i-(T)=6y(T)and \L',o'>-O)permit 
one to define the~ as the lower tempe
rature limit of brittle-ductile transi
tion. 

At T/ temperature, fracture by cle
avage is no longer observed. It allows 
one to define the T" temperature as the 
upper limit of brit\1e-ductile transiti
on. Curves of mechanical characteristics 
vs temperature (fig.1) do not show any 
observable changes which could make more 
exact the value of this temperature. 
Hence, the determination of the upper 
limit of brittle-ductile transition as 
temperature at which any signs of clea
vage disappear from fracture is a single 
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Fig.14. Interaction of particles with 
matrix in Mo alloy at different tempera
tures revealed by additional cleavages 
at T=-196°C: a) cracks around particles 
due to their delamination from matrix 
at T=420°C, b) cracks around particles 
are not seen. Particles were not dela
minated from matrix at T=600°C. 

one at present. Above determination is 
consistent with the well-known determi
nation of the transition temperature li
mits from a share of fibrous fracture at 
visual study of impact samples. 

Besides, for particle-hardened al
loys in region of ductile fracture, 
t em;:ierature T;,"-' exists at which dimple 
size grows abruptly, The same is obser
ved in austenitic stainless steel vrhere 
small dimples become large ones when 
testing temDerature varies from -1S6°C 
to room temperature /10/. At r;,w, plasti
city before fracture increases abruptly 
(fig.1b) and then particle-hardened ma
terials behave as single-phase ones. 
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Grain boundary state. Some polycry
stalline materials are apt to intergra
nular fracture under certain conditions. 
The fact that it is impossible to obtain 
even a few intergranular cracks suggests 
an extremely high strength of intergra
nular binding. Opening of boundaries by 
intergranular fracture provides us op
portunity to analyse their chemical com
position by Auger or X-ray microanalysis 
and crystallographic orientation by ele
ctron channeling pattern method. Usually 
analysis of grain boundaries is practi
cally impossible when metallographical 
samples or thin films are used. 

Surface of intergranular fracture 
also gives information about particles, 
their morphology and distribution (fig. 
5), Brittle film precipitations are des
troyed and fallen away from the grain 
body. Ductile streaks along the bounda
ries suffer ductile fracture and reveal 
dimpled intergranular fracture (fig.Sb). 
At nonuniform distribution of intergra
nular precipitations brittle and ducti
le intergranular fracture may be simul
taneously observed /2/. 

Presence of particles. It is usual
ly not difficult to detect particles we
akly bound to matrix and having rather 
large sizes. But, as a rule, small par
ticles are not seen in fracture. They 
may be indirectly discovered by investi
gation of fragmentation of the cleavage 
surface (fig,Ja). Size of separate frag
ments gives information about size of 
particles as well as distance between 
them in dependence on particle orienta
tion /5/, 

Adhesive strength of particles with 
matrix. It is very important to deter
mine the adhesive strength betvreen par
ticles and matrix, even qualitatively. 
One of the ways to solve this problem is 
to establish the SD-effect /J,34,44/, 
but the same qualitative estimation of 
the adhesive strength of particles with 
matrix may be also obtained from fracto
graphical studies. 

In cases, when the binding is weak, 
crack may be observed on matrix-phase 
interfaces (fig,Jb), while at the strong 
binding they are absent (fig.14b). 

Particles of a plate shape cause 
the fragmentation of cleavage surface 
(fig.Ja). Absence of such fragmentation, 
e.g., in steels, says about the strong 
binding between cementite particles and 
matrix, while the fact of fragmentation 
seems to imply some average level of the 
binding strength. 

Strength of particle-matrix inter
face may also be estimated from ductile 
fracture. If the binding is not strong, 
particles are found in dimples (figs.Sb, 
12a,1Ja), but there are no particles at 
strong binding (fig.1Jb). 
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Structure changes preceding fractu
re. There are the following signs of 
changes that talrn place in structure be
fore fracture: 

- the striated contrast of cleavage 
surface (fig.1Ob). It indicates prece
ding deformation by sliding or tv1inning. 
Sliding gives more regular picture. 
Twinning gives rare strips. 

- the intercellular fracture. It 
indicates formation of m.isoriented cel
lular dislocation structure. 

- the twin pictures. Large figures 
are referred to deformation preceding 
crack formation. Small figures are pro
duced just a moment of crack passage. 

Use of additional cleavage 

To get additional information about 
material under test a longitudinal sec
tion of fractured sample by the cleavage 
should be prepared. This technique is 
usually adopted to establish relations 
between structure and crack, but it can 
also be used to solve the following pro
blems: 

- effect of particles on deformati
on process. E.g., Fig. 14a shows pores 
around the particles in cross-section 
by cleavage and there are the particles 
in dimples of usual fracture too (fig. 
1Ja). It shows that such particles have 
served as obstacles for dislocations at 
temperature 41O°C /45/, But, at the same 
time, these particles have been not ef
ficient obstacles for dislocations at 
6OO°C, The dislocations do not pile near 
particles and do not break their inter
faces. There are no cracks along these 
boundaries (fig.14b). The particles in 
dimoles of fracture are also absent 
(fig. 1 Jb). 

- disintegration of material into 
microsamples by delamination along grain 
boundaries (fig,15a). 

- morphology of pores and ple.ces of 
their origins at ductile fracture (figs. 
15 b-d), 

- dynamic recrystallization (fig. 
15d). 

Conclusions 

1. All varieties of fracture surfa
ces may be described as combination of a 
limited number of elements produced un
der action the following me~hanisms: 
cleavage, the Fridel-Orlov mechanism, 
intergranular and intercellular fractu
re, pore coalescence. 

2. Rise of temperature and, hence, 
growth of metal plasticity results in 
more complex cleavage relief in the fol
lowing succession: smooth, "mirror" cle
avage, practically with no relaxation; 
cleavage with steps; cleavage vii th peri
odic relaxation (the Fridel-Orlov mecha-
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Fig.15, Preceding fracture transformations revealed by cleave-ges of fractured 
samples at T=-196°C: a) disintegration of Mo alloy sample into microsamples 
resulted from delamination along grain boundaries at T=400°C; b,c) pores on 
grain boundaries in Mo alloy at T=600°C and in Fe alloy at T=20°C, respectively; 
d) long pore-pipe and brittle intergranule.r fracture ovring to dynamic recrystal-

lization of Mo alloy at T=1000°C. 

nism) and cleavage •;Ii th ridges. 
Rise of temperature results in 

growth of dimnles of ductile fracture, 
change of their morphology and orienta
tion. 

J. Depending on material purity and 
testing temperature intergranular frac
ture may be: brittle, almost with no 
traces of plastic deformation; brittle 
with traces of plastic deformation and 
ductile by pore coalescence. 

4. Pores whose coalescence produ
ces ductile fracture, in material free 
from particles, originate along bounda
ries of structure elements, but in mate
rials with particles they result from 
failure of particles and their interfa
ces. 

5. In temperature range of brittle-
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ductile transition, fractographical ana
lysis e.llovrs one to distinguish stae;es 
of the subcritical slow crack growth end 
~he catastrophic crack propagation by 
cleavage. Mechanisms of the subcritical 
gro\'rth e.re as follov:s: the Fridel-Orlov 
mecr..e.ni sm, int ergre.nular fracture and 
pore coalescence. 

6. Analysis of fre.cture surface al
lows one to obtain information not only 
about origins and mechanisms of fracture 
but also about such characteristics of 
materials as: fracture toughness, limits 
of brittle-ductile transition, presence 
of secondary phase precipitates and 
strength of their bonds v;ith matrix and 
structural transformations preceding 
fracture. 
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Discussion with Reviewers 

Reviewer I: Can you please define the 
Fridel-Orlov mechanism? Is it limited 
to bee-materials? Why should striations 
of Fridel-Orlov mechanism originate? 
Author: The Fridel-Orlov mechanism is 
cleavage vii th periodic stops due. to re
laxation. It is limited to materials 
which cleave. Short description and 
scheme of this mechanism are given in 
/20/. According to the scheme which is 
quoted in Fig.16, plastic relaxation 
retards motion of cleavage crack. If 
velocity of crack is less some critical 
quantity, the crack stops suddenly. T~p 
of this crack is blunted, The crack will 
renew motion vrhen tension stress vrill be 
increased. Continuous increasing of ten
sile stress which takes place at uniaxi
al tension results in periodic stops of 
crack. Periodic stopping and blunting of 
crack will produce striations on cleava
ge surface (fig,4c). 

0. 

' , ' / ~</ 
/ \ ,, \ 

/ ' / 

Fig.16. Plastic zones and thei~ contours 
in successive stops of crack tip: 
a) surface of crack, b) cross-section. 
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Reviewer I: Can you please define the 
Cook-Gordon mechanism? Is it limited to 
bee materials? 
Author: The Cook-Gordon mechanism is me
chanism of blunting of crack tip by lon
gitudinal stress ahead of crack /14/, 
It is valid for materials with interpha
se boundaries: particle-hardened materi
als, delaminated ones and composites. 
Reviewer I: Where, when and why do small 
dimples turn into large ones? . 
Author: In particle-hardened materials, 
e g /5 45 and others/. At increasing 
of t ~mp e;ature, above 7;,u.'( fig, 1b), dislo
cations do not apparently pile at par
ticle-matrix interface due to transver
se sliding. Particles are not delam~na
ted from matrix. Alloy behaves as sing
le-phase one. Origin of pores is not 
connected with particles because they 
are absent in dimples of fracture. Com-
pare Figs, 13, 14, . 
Reviewer III: In your paper you superim
pose two different effec~s: a) Th~ ?ha
racteristic brittle-ductile transition 
which is shown by bee and hexagonal me
tals and which depends on temperature, 
rate of loading, state of stress and the 
condition of the material. b) The ten
dency to intercrystalline fracture which 
mainly depends on the condition of the 
grain boundaries (especially precipita
tes, impurities and the like). Inter
crystalline fracture may also occur at 
high temperature (liquid films on grain 
boundaries) and, in principle, all poly
crystalline metals and alloys could be 
concerned, Would you agree to distin
guish clearly between these two effects? 
Author: Really, there are the intergra
nular fractures to be expected in poly
crystalline materials. But the intergra
nular fracture, in materials which are 
apt to brittle-ductile transition, is 
temperature sensitive /54/, Manifesta
tion of intergranular fracture depends 
on intergranular strength and its tem
perature dependence, and competitio1; be
tween intergranular fracture mechanism 
and other ones. 
Reviewer III: Can a plastic deformation 
by sliding or twinning precede the in
tercrystalline cracking? I don't think 
that such a mechanism occurs in general. 
Author: In principle, a plastic defor
mation is not necessary for fracture of 
materials with weak grain boundaries. 
But in materials with sufficiently high 
strength of grain boundaries, plastic 
deformation may be necessary to produce 
intergranular crack for following frac
ture. Scheme of this process was given 
by Zener (Zener C.(1948). The micro-me
chanism of fracture, in: Fracturing of 
metals. ASM, Cleveland, 40, 3-31). _Frac
tographical evidence may be also given. 
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Reviewer III: Did I understand you cor
rectly that there should be no partic
les in the dimples after a tensile test 
at higher temperatures? That is quite 
unusual and contradicts the common expe
rience. 
Author: If temperature dependences of 
flow stress and plastic characteristics 
of your particle-hardened alloys are 
similar Fig.1b, I think, it is possible 
to find some temperature range in li
mits of which there should be no partic
les in dimples of fracture. 
Reviewer I: Fig. 7g and 7h, what is a 
"usual" fracture of (which) Mo alloy? 
Author: "Usual" fracture is fracture 
after testing. I used this term to 
differentiate a fracture after testing 
from a fracture produced by longitudinal 
cleavage of fractured sample at low 
temperature. 
Reviewer I: In the 'Ductile Fracture' 
section the author says, "Wilsdorf et al. 
(text ref. 36, 57) have fractured samples 
in situ in the HVEM." In which manner? 
Thin foils? 
Author: Wilsdorf et al. have investigated 
beryllium thin foil under uniaxial tension. 

Reviewer I: V. Thien 

Reviewer III: G. Lange 
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