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ABSTRACT

Fracture toughness, fracture mechanisms and fractographic features of poly-
crystalline chromium alloys have been studied at temperature range from 77K
to 1073 K. The fracrographic analysis shows that brittle fracture of chro-
mium occurs by the cleavage. Using the scanning electron microscopy stereo-
scopic technique it has been found that chromium is characterized by the
cleavage crack branching. The shape of the crack front at the moment of
Sranching is about square and it does not depend on the shape of specimen.
The stress state determines both the :emperature range of the brittle-duc—
tile transition and mechanisms of frac:ure. The least square method is used
for the approximation of irnperature dependence of fracture toughness. An
activation energy obtained from the dependence is 0,068 eV,
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INTRODUCTION

The essential fractographic difference of chromium from other body-centered
cubic metals, as has been noted by Vasilev et al (1985), consists in a
practically complete absence of intergranular fracture and delamination,
Cleavage  with  periodic relaxation is seldom observed in it. A division of
deformed chromium specimen during fracture into three parts with a forma-
tion of a biconcave muff in a middle part of a specimen is also rather
unusual, as was shown by Bullen et al (1970), Brodnikovsky et al (1992) and
others.

An  assumption has been made by Bullen et al (1970) that the above fracture
feature is resulted from crack branching. Yofr. {1951) Attempted to explain
the branching of cracks from an analysis of the problem of a moving crack.
From this solution she found that the naximum stress acted normal to lines
that make an angle of 60° with the direction of crack propagation when the
crack velocity exceeded 60% of the shear wave speed. She suggested that
this fact might cause the crack to branch. Congleton and Petch (1967) de-
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valoped A theory Ia which branching eceurs when cribical stress intansity
Factor, #g, i3 achiwved. A crack is sublected to hranehing wher & stress fp-
tenaity factor at a crack Eip exeeds a frectutre toughness, Fips Anthomy and
Congletom (1968},

This Tesearcn deals wich the fracture toughness, crack branching, and mp=
chanigma of Ffracture within the tomperaturs range of the brittile—ducclic
cransition and brittle fracture In <hramium.

MATERTALS AND TECHNIGUES

Mhe  alloy examined was chromivm containing 0,3 La, 0,3 Ta, 01,3 ¥V, 0,02 ¢,
0,001 0 and 0,015 H (4o wt. ), Active zlaments (La, Ta, V) werr introduced
to  increase che plasticity by purification of salid selutioa Fram C, ¥ and
T« The roda deformed by the extruding had grain size 510 mlcrons, Some of
them were racryatallized in vacwem &t 1273 E for | howr. This procedure re—
sulted fn oan increases of average grain diameter up ta 30 microna. The frac—
ture toughness of materials was tested by a tension af round spedlmens with
zircular notch. To make a sub=criticzl rcreack in chramiem §s rathar diffi=
zult task. A& sharp crack created easily spreads through cross section of
specimen (Sally, 1971}. Trerefore fatigue erack was not grown, Nniaxial
tension of round samples wasz carrisd oot undea the tecperature range 77 B -
1077 K at the deformation rate about 107 %a” ), Fracrure mechanisms were
studied with scannlng electron =lcrescopss JSM-T20 and "Superasrohe=731"
[JEGL).

EXPERIMERTAL FROCEDURES

Fracture Tooghness. The dependence of the racture coughness of the allay
on the test temperature Is presented in Flg. 1. These data were obtalned
tor small specimens (diamecer 1 mm) at tomperaturcs Stom 77 £ and 29% K o
large specimens {diameter 10 mm} at higher temperatures. The increaso of
the spesimen 3ize allaws to keep the plane defarmation condition at high
Cemperabure,

The least aquare line of the hest fit gives the Folowlng correlation be—
tween the Iracture topghness and test temperature:

Kpp = Aexp(BT) 13 Cry
Wwhere A and B are constants. For deformed materizl & s 2,17 MPa.n''? (the
fracture toughness for T = O E)Y and B is 3,6xlu_3 R_I. The dependence
corresponds to a one obtained by Lung and Gaa (19853,

Crack Branching. The Fractographlc analysis shows that the britcle [racture
of the deformed and recrystalllzed chromium cecurs by cleavage [Fig, 2,
Fig. 1,ad.

By the stercoscoplc techaloue wsing the seanning electroa microscopy 1t has
been found that chromium is characterized by the cleavage crack branching.
The crack arising in the perpendicular directics co the axtention axis
branches  intoe two cracks going further under the angle ahaut 31539 ro she
atarting dicection and formineg & agquare shape aperture la a wmff (Fig,
Z.a}. Az a result of this the specimen may be divided inte thrae parts witzh
Formacion of a beconcsve ouff.

The epecimen is separated into three parzs wher the kranching cracks reach
its side surface. In some cases (the low testing cemperatere or the big si-
e of graine) cne of Lhe cracks may act =each the side surface and the Spe-

cimen is separated inta ctwe parts but the place of the branching is clearly
ceen (Fig. 2,b),

The crack shape at the moment of heanching is about a square and it does
not depend  on the shape of zpecimen. When the rectanpular crass—section
apecimens  are tested, the crack front sides &t the moment of branching arae
oriented at the angle approximately 457 to the side surfaces of the
specimen (Sameljuk st al, 1990), The crack front shape is praserved during
the ecrack propagation after the branching znd i3 alsa almast a guUATe At
Lthe moment af the second brarching.

fechanizms of ZFracture. The ductile (raciore by pores coalescence {Fig.
fﬁa arose  at 4731 K far small notehing specimens deformed and annealed
chromium and at %53 K for large notehilneg specimens in daformed skate. The
pores were farmed at the secced phase particles. The small specimens of the
annealad chromfum are fractured In this manner at temparsture range Srom
473 K to RT3 . At higher temperatures {up to 1073 B) pares were Eormed ar
grains boundaries. The Fracture £z caused by the delamination at grain
boundaries and the strecch of greins te a aife {Fig. 3,c),

The ductile fracture waa not pbserved in larpe specimens of the recrystal=
lized chromium, The brittle intergranular fraccure (Fig. 3,d} was Fformed
4l the notch tip at B23 ¥ and higher temperatures, The area of the bricele
tntergranular fracture conmecting with the propagation of the incergranular
crack increased with test temparature,

The transcrystalline brittle cleavage was cobserved in the case of the
behind-critical crack propagation. Due to the Farmation of the sharp
intergranular crack the brittle cleavape waz ket uentil higher
temperaturss. The signa of che dimple fracturs was revesled only ar 1073 E.

DISCUSSIDN

The change of the plare stresa state to the plane deformation one at che
crack tip Increasas the britcle-ductile transition temperature. Tn additisn
sub=critical brittle intergranular crack arlses at the not=h tip. The ap—
pearance of a sharp crack at the notch tip permits to keep the plane defor-
mation state In the specimens up te high tewperature,

Crack bkranching Lz known as ths phenomenon in britele materials (glagses
and ceramics) where it i[5 widely used re cstimate the fracturs toughness
(Macholsky and Fraiman, 197%9). anthony and Congleton (1968) pointed out
that  branching occurs only over a =small range of values of the rtatio
H‘TI."rKIC' Branching is oot comman ip metals, because of the ahsarption of
enerzy by mobile dizlocations and by tearing at zraln houndaries in polyc=
rystals. That is why for metale the crack branching ia practically unkrown,

The above fractographic dace (Fig. 2.} show that the crack hranching is in—
herent 1in chromiom, The chramlce has a low fracture energy compared with
ather BOC metals: malybdenum  (Nasilevy at al, 1981) and iron [Ramaniv,
1379}, 1t erahlas ta reach & criticzl stress intensity of branching in
chromium.

The yield stress of material being Investigated 13 dezceibed by the
equation (Milmam ac al, 1983}
#¥ - Hhexp{ﬂﬁf]KT: [2)



Fig. 1. The variation of
fracture toughness of de-
formed (1) and annealed
— (2)  chromium with test
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Temperature, K temperature.

Fig. 2. The shape of the crack front at the moment of branching when the
muff was removed (a) and not (b).
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Fig. 3. SEM microphotographs chromium fracture surface in deformed (a - T =

293 K, b - T = 823 K, ¢ - 973 K) and recrystallized (d - T = 923 K) states.

where K is Boltzmann’s constant, UO is an activation energy of plastic de-
formation, 6_ is an constant. The activation energy obtained from these da-
ta is about 0.07 ev.

Lung (1985) and Vasilev et al (1981) found that the same process controls
the temperature dependences of vield stress and fracture toughness,
Therefore B is 3K/U_ 1in equation (1). The activation energy obtained from
the temperature dependence of the fracture toghness is about 0.068 ev,

CONCLUSIONS

L. The plane deformation state in the tensile specimen may result in the
brittle intergranular fracture which is not typical for chromium.

2. The manner of chromium fracture is caused by the cleavage crack
branching, The phenomenon is accounted for by low fracture energy.

3. The temperature dependece of fracture toughness of chromium can be deg-
cribed by the equation

KIC = Koexp(BKT/UO) (3)
where KO is a fracture toughness for T =0 K T?g UO is an activation
energy. For the deformed chromium K is 2,17 MPa.m and U_ is 0,068 ev,

8y o » 5 ;

Activation energies obtaned from temperature dependences of fracture
toughness and yield sress coincide.

REFERENCES

l.  Anthony, S.R. and Congleton, J. (1968). Crack-branching in srtrong me-
tals. Metal. Sci. Vol. 2, pp.l58-163,

2 Brodnikovsky, N.P., Vasilev, A.D., and Samel juk, A.V, (1992), Fractogra-
phic peculiarities of polycrystalline chromium during uniaxial tension.
Physicochemical mechanics of materials, Vol. 28, N 4, P. 7-16, in Russian.
3 Bullen, F.P., Henderson, F., Wain, H.L. (1970). Crack-branching in
heavily drawn chromium. Phil. Mag., Vol. 21, N 172. pp. 689-699,

4 Congleton, J., Petch, N.J. (1967) Crack-branching. Phil, Mag. Vol. 16, N
142, pp. 749-760.

5 Lung, C.W. and Gao, H. (1985) Analysis of Kj. and it’s temperature depen-
dence of metals by simplified dislocation modef. Phys. Stat. Sol. Vol. 87a,
ppP. 565-569,

6 Mecholsky, J.J., Freiman, S.W., (1979). Determination of fracture mecha-
nics parameter through fracrografphic analysis of ceremics. In: "Fracture
Mechanics Applied to Brittle Materials'", ASTM STP 678, S.W.Freiman, Ed.,
American Society for Testing and Materials, pp. 135-150,

7 Romaniv, O.N. (1979). Fracture toughness of structural steels. Metallur-
gia, Moscow, (in Russian.)

8 Sully, A.H., Brandes, E.A. (1967). Chromium. London,Butterworths.

9 Vasilev, A.D., Trefilov, V.I. and Firstov S.A. (1981) Mesurement of ef-
fective surfase energy of molybdenum at fractographic investigations. Phys.
Chem. of meter. treat. Vol. 3, pp. 100-104, in Russian.

10 Vasilev, A.D., Perepelkin, A.vV,, Trefilov, V.I. (1985) Compare fractog-
raphy of chromium and molibdenum. Ukrainian Phys. Journ.,, Vol.30, No.4,
pp.603—606,(in RussianQ

Il Samel juk, A.V., Vasilev, A.D., Firstov, S.A. (1990) Crack branching in
brittle materials. In: ""Mechanics and physics of fracture of brittle mate-
rials", IPM, pp. 89-95, in Russian.

12 Yoffe, F., (1951). The moving Griffith crack. Phil. Mag. Vol. 42. PP.
739-750.

505



