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ABSTRACT

The fracture mechanisms of metallic and ceramic materials with
a brittle-ductile transition revealed by scanmning electron
microscopy are discussed with respect to the fracture tough-
ness and its temperatura dependence.

Under transition from a brittle state into & ductile one due
to temperature, the next sequence of fracture mechanisms may
be seen: cleavage, or brittle intergranular fracture if grain
boundaries are weak; cleavage or brittle intergranular fractu-
re with a periodic relaxaticn; intergranular fracture dua to
plastic deformation of grain bodies; ductile fracture inclu-
ding intergranular cne, by pores coalescence.The temperature
dependencies of fracture toughness for a number of fracture
mechanisme are mnalyzed and analytical expressions are given.
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INTRODUCTION

A lot of materials such as ceramics, the bce-metals with a
strocng temperature dependence of yield strength (tungsten,
molybdenum, chromium, and others) are materials with a prono-
unced brittle-ductile transition under loading over a wide
temperature range. Using the modern methods of fractographic
analysis based on scanning electron microscopy of fracture
surfares and related techniques it was possible to find a num-
ber of features which are fundamental to understand the influ-
ence of structure of materials and loading conditione on thedir
fallure. Thus, for example, it was found that the named mate-
rials fail with not a single but a few mechanisms. R wide
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region of loading conditions exists also where the mechanism
of a crack growth is changed as the crack length increases.

At the same time, the measurement of fracture toughness shows
also that practically every group of materials gequires its
own parameter to estimate the fracture toughness (K , COD
J—integral,.and others) in spite of that fracture toughness ié
energy required to create the unit of fracture surface.

A number of papers concerning the temperature dependenci

fracture toughness of materigls is nog enough yeg. Tg:legirgi
direct determinations of fracture energy in a rather wide
temperature interval appearently were done by the Patriarch of
Science on Fracture Dr. Alan A.Griffith (1920) in his famous
work on phenomena of rupture. Having tried to determine the
surface tension as a analog of the surface energy of glass he
had to measure the surface tension at a number of high
temperatures and deduce its value at room temperature by
extrapglation. Griffith has found "that the surface tension of
glass is approximately a linear functign of temperature"
decreasing fr8m 0,0031 1b. per inch at 15 “C to 0,0023 lb per
inch at 1110 “C. In the more recent works, e.g., with Zn done
by Gilman (1967), with W and Mo done by Hall et al (1965) and
Vasilgv et al (1981), with steels done by Knott (1978) and
Romanly (1979) the fracture toughness (surface energy, stress
intensity factor) has increased exponentially with increasing
temperature. In another works, e.g., done by Krasovsky (1980)
has been found non-monotonous dependencies of the fracture
toughness on the temperature. Fracture toughness of aluminum
alloys have decreased with increasing temperature. These data

cited points out the discrepant influence the temperature on
the fracture toughness.

The numerous data on the fracture mechanisms study of diffe-
rent materials under the different 1loading conditions summa-
rized by Ashby (1983), Vasilev (1986, 1991) and anothers shows
tbat the fracture mechanisms change one another with increa-
sing temperature. Thus, for example, the polycrystalline bcc-
metals and alloys, under uniaxial tension over wide temperatu-
re range, reveal the greatest number of the fracture mecha-
nisms. When the temperature of loading grows, the next sequen-
ce of fracture mechanisms may be observed: cleavage (brittle
intergranular fracture when grain boundaries are weak), clea-
vage or intergranular fracture with plastic relaxation, dimple
fracture with pores coalescence. In addition, sometimes the
dimple fracture along grain boundaries as well as the delami-
nation together with cleavage or dimple fracture, and high-
temperature intergranular fracture realize themselves.

SEM appearances of surfaces formed with some of the above enu-
merated mechanisms may be seen anywhere, e.g., Vasilev (1986).

Let us now try to analyze the influence of temperature on
fracture toughness of materials failing with some of the above
mentioned mechanisms (cleavage, low-temperature intergranular,
dimple, and high-temperature intergranular fracture) and give
them analytical expressions.
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FRACTURE MECHANISMS AND FRACTURE TOUGHNESS

Presented by Trefilov et al (1988) analysis of the temperature
influence on fracture toughness of materials shows that the
change of fracture mechanisms results from their competition
under a given temperature-rate conditions of loading. The se-
quence of this change is determined by the structure of mate-
rials as well strength of bounds between separate structural
elements. E.g., the ratio between cleavage and the low-tempe-
rature brittle intergranular mechanism is completely determi-
ned by the intergranular strength. Cleavage, in principle, may
be observed in all temperature region of the brittle-ductile
transition up to its upper temperature limit. At the 1low in-
tergranular strength, the cleavage is not observed at all, the
intergranular fracture goes directly into the dimple one.

Let us consider the influence of temperature on fracture
toughness for the certain fracture mechanisms.

Cleavage. Its appearance is well-known and as shown by Vasi-
Tev et al (1981), Lung and Gao (1985), the temperature depen-
dence of fracture toughness by cleavage, Lt (Fig.1l, curve
1), can be described by the dependence of thé following type:

2
¥, =% A/g (1)

where 7 lis the true surface energy, A is constant, and ¢ -
; %
yield strength.

It should be pointed out that the fracture toughness signifi-
cantly increases as the temperature dependence of yield stress
considerably decreases as was shown by Knott (1978), Romaniv
(1979) and Vasg}ev et al (1981) (Fig. 1, curves 1 and 7). May
be seen that K _ 2 = const in the brittle-ductile transition
temperature int&rvdl.

one of the most remarkable features of materials with a brit-
tle-ductile transitions is the stageness of fracture process
consisting in changing of fracture mechanism as a crack length
grows under active monotonous loading. During the first stage,
length or other crack/notch parameters are growing up to some
critical size and after that event the first stage fracture
mechanism is sharply changed into cleavage and thereby the
fracture goes into the second stage. By mechanisms of the
first stage may be intergranular fracture, cleavage with rela-
xation, dimple fracture by pores coalescence. Ceramics like
silicon nitride materials may show the foam-like fracture.
Other ceramics, not containing glass phases, may show other
kind of sub-critical growth mechanism not differing from
mechanism of the catastrophic cleavage of the second stage in
micro-scale. These two stages differ themselves only by the
roughness of a crack relief (Fig. 2) and result from microcra-
cking during the first stage and result in crack bridging.

The SEM fractographic study of samples tested for fracture
toughness, in some cases, allows to distinguish two stages of
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C with

sely proportiomal to yield face at 1200
sEgength (Fig. 1, curve 2}. Vickers notch, sub-
.4 o = const, as for cleavage critical growth and

tractlire mechanism. catastrophic cleavage.

QimEle Fracture. Difference appearances of fracture by pores
coalescence may be seen in Yasilev (1986) and the temperature
dependence of dimple fracture toughneas ¥, may be derived frcm
the following, similar Stuwe (15%80), model. The work of forma-
tion of a dimple fracture is the work being done by external

force o, which moves away the crack sucrfaces by a distance
equal to the dimple depth h,

ry= lfzuﬁh. {4}
Precise wvalues of stresses at the crack tip are unknown jyet.
But since the plastic relaxation at the crack tip 1limits the
stresges to a level which 1= proportional to the vyield
strength o , we can assume that ¢ = o . Expariments show that
n,* const.” Thus, s

¥, = !..z"E:-'w'.";1 (5)

of the

iz mainly determined by the temperature dependence

1d strength and decreases with increasing temperature (Fig.
in ecertain steels

'
y%e
l, curve 4). This phenomencn was observed

and aluminum alloys.

A8 to the mechanism of pores cpalescence, the main point of it
is the nuecleation of pores. In materiales, not containing any

kind of particles of the second phasea, pores nucleate ingide
of grain and dislocation cell boundaries by the three-
Vasilev et al

dimensional field of stresses as has shownm by




(1986, 1991). It was found that in i
ceramics as well
ge;als but at more high temperatures about 0,8Tmelt pi:stig
eformation forms a cellular structure with all ensuin
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. In this case, the fracture touqgh
according to Mikin'and Petor (1967),9a2ess can by described

2
¥, Tond/126, (6)
Using the data obtained by Grabsky (17) we can find that

rhl=CTédzexp(qq/kT), (7)

where C is constant, £ is the deformati

: ation rate d is
sizec,1 and uigls eénergy to activate diffusion aléng boundag§:in
¥, decreases8 with increasing temperature (Fig. 1, curve 5). '

According to the above considerations i
the wide t
E:ﬁg:rgzgindgnce gf fracture toughnesé may be compos:gpsiatzg:
: € dependencies of separate mechanisms whi
gredom1nant in certain temperature intervals. This lggsuiig
tgom the change of fracture mechanisms which is determined by
5 edenergy of .the processes operating under the specific
b;aeigge::gggsl?g?. ?g? p?rtial dependencies may be described
7 y (5) or (7). The resulting t
gigengen;ﬁ of giagtuge toughness is represented bg cﬁggzrztufﬁ
R € left-hand half of the curve is determi
cleavage and mechanisms of sub-critical growth rm;g:d i?g
right-hand half is controlled by mechanisms of ccaléscence of
pores and high-temperature types of fracture.

FRACTURE MECHANISMS AND FRACTURE
TOUGHNESS OF CERAMICS

The temperature dependence of fracture tou i

materials may be schematically representeg ggnzzzwnofn ;:;amli
by (1989). In the region of comparatively low temperature ' u

to 0,§Tmou, the fracture toughness decreases slightly' Ig
materials with _bure strong boundaries, this decreasé is
propably proportional to the decrease of elastic modulus The
basic fracture mechanisms is Cleavage. The fracture originates
from defects of the samples. With activation of sliding, at
temperatures above 0,6Tmelt, there arise intergranular cfacks

preceding cleavage, SEM fractographs i
in Vvasilev et al (1991). . of ceramics may be seen
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“he fracture toughness of pure
«aterials increases in the tem-
jerature range of 0,6Tmelt as
«sen from the scheme in Fig. 4,
~urve 1. The temperature depen-
tence of fracture toughness of
eramics is perhaps inversely
proportional to the yield
atrength as in metals, if it
would be measurable here.

Fracture energy

dtrength and fracture toughness
tependencies on the grain size 2
in this temperature range like ; g :
the Hall-Petch's type. Further g0 o2 D 06
tempaerature increase, above

0, W Tmelt produces a notable

jrowth of ductile properties.

ror some ceramics the phenome- Fig.4. The scheme of fracture
non of superplasticity is typi- toughness of ceramics
al here. Yield strength beco- vs temperature for ma-
nes measurable, fracture tough- terials with 1) "cle-
ness drops sharply. A transiti- an", and 2) "dirty"
on to the high temperature grain boundaries.
intergranular fracture by

intergranular sliding is obser-

ved. It caused by intensifica- tion of diffusion processes
along the grain boundaries. Then, materials with larger grain
size should possess more high fracture toughness.

0.8 T

rhe materials with "dirty" weak boundaries fail intergranular-
ly and reveal a considerable decreasing of fracture toughness
(rig. 4, curve 2) and strength due to "softening" of low mel-
ting intergranular phases. Unlike the pure materials with
strong grain boundaries, where the intergranular sliding beco-
nes only possible after nucleation of intergranular cracks re-
aulting from plastic deformation of grain bodies, intergranu-
lar fracture and sliding in these materials occur bypassing
the stage of plastic initiation of crack, and this accounts
for the observed decrease of properties.

CONCLUSIONS

1. Under uniaxial tension over a wide temperature region when
materials transit from the brittle state into the ductile one,
the fracture occurs by a few mechanisms changing consecutively
one another as the temperature is increased: cleavage or brit-
tle intergranular fracture, cleavage with relaxation, low-
temperature intergranular fracture resulted from yielding of
grain bodies, dimple fracture, and high-temperature intergra-
nular fracture resulted from grain boundary sliding. There
exists also a wide region -of 1loading conditions where the
crack growth mechanisms are changed as the crack length has
been increased, e.g., cleavage with relaxation transits into
cleavage. Other pairs: low-temperature intergranular fracture
- cleavage, or dimple fracture - cleavage may exist too.
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2. This replacement of fracture mechanisms is determined by
competition in respect of energy consumpticn under +the given
temperature-rate or other conditions of lpading. The seguence
and quantity of replacements depend on structure of materials
2s well as strength of bounds bLetween separate structoral
elements.

3. The temperature dependence of fracture resistance of mate-
rials depends on fracture mechanisms. Full temperature depen-
dence, covering the all temperature region of a brittle-
ductile tramsitien, consists of the partial dependencies typi-
cal fer intervals of the existence of certain fracture mecha-
nisms,
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