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ABSTRACT

1t is well recognized tnat the tatizue fracture resistance of
metals and alloys at elastic-plastic crack srowth can be mar-
kedly dependent on the plastic gtrain constraint factor. In this
connection the tatisue fracture regsigtance of steel , titanium
and aluminium alloys are researched at constant plastic const-
raint factor usin: the threshold value of AK = Kyg. Farameter Kjyg
charac?erises the thresold value of Ak at wnich elastic-plastic
transition is observed under maximum plastic constraint factor.
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IHTrODUCTLUN

The modern approaches of the nonlinear fracture mechanics enable
the cracking resistance of structural materials to be estimated
under similarity of plastic strain constraint factor (PCF). It
is well known that tne existing spread of data for Kyg of plas-—
tic muteriuls often reaches 20-505 (followinzy the recommendati-
ons of ASil for determination of kyg). sSuch a spread is

due to the fact that when unstable crack growth is achieved in
the case of plastic materials different degrees of PCF may take
place, depending on the geometry of a specimen and loading con-
ditions. Besides, the application of large—-sized specimens of
structural materials, as recommended by a3Tkl, involves difficul-
ties in estimation of fracture toughness of new alloys while dis-
regard of the effect of rCF prevents prediction of fracture pa-
rameters under the eiiect of a spectra loads. Changes in loa-
ding conditions result in change of tiie crack motion energ

which is dependent on the PCF. Conseyuently, in order to obtain
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adequate estimations of fracture i
toughn i i
zg tg use tone method of the similarity iiio;;.ls found necessa~
e ghggi by Ivanova (1976, I1982a, 1982b) the simplest soluti
P s ¥ p;oposed by Sedov (I98I) In according to Ivano o8
1 e12;t£28552s§be self;similar transition from quasi—el;gtic
—plc ic crack growth } it
X%l%g 2 %1, astic or equzlogohkégxfontrolled by the critical
t the self-similar crack growth the para Pari
Erdogan, 1963) being the exponent in gquaﬁiggr 2 {Remis and

da/dN =C (aK)™ (1)

will also acyuire a physical subst iati
1 ; : antiation. at -simile
%gdcﬁ gne stress fields at the cruck tip may ge gz:ciiigdSlmlidr
ofethz g iﬁ aiS}?gular member K/VZ2rnr', where r is the sgiz
elf-similar zone in the direction of a

%?§e; gpe?e conditions the parameter n in thecgzgse$§OWt?f

e 1? 10at§§ the sensitivity of the material (in tne 2?i'lon

8 $b§uctufél gtate) to the cruck (Ivanova, 1982a) lg '%cu—
ﬁn§Sl € po‘oomga;qwtue behaviour of the materials Qith :déeé k
achigvgémlldr of Pbgrathtnetﬁoment when the limiting state i:c

chi when e failure mechanism i 3
sz;;m;mlgxc}ud? the effects of external factors (;izghg?b:d apd
oS %h_Od }ng rate, tempergture, etc) on the fracture touvhﬁeC1—

1 is case the proplgm is to find the value of param to o
tgliglz:ilmliar conditions and to calculate as the tnrégggidn

) = Kyg corresponding to the transiti i
elastic crack growth to an ela pl: Y o e, & GRS
. ra ] stoplastic crack g

ﬁaglmumZPCi as (ga/dN) by the equation (I) at Airfwﬁisgﬁgeg
min = 2. Krs and n &are the most important rin i a
?Sgggs of the qycllc fracture touzhness (Ivanﬁgglgggrggﬁ ke

€ gpntrpll%né the duration of the stage of a quasi- i?S%'
?riqk ?rowtn. Lhe parameters Kys and n are inte%rei tedds’lc
a linear dependence (Ivanova, l§52a), namely ated with

Nmax — N

KIS = [Klsjmax‘_—__ (2)

) Npax = Nmi

Values of npmax and npin in the e p e

: : 3 (2) were ex i

lished by the recomendations (lvanova and othgig?miggg%lngitab—

iron-based alloys Kgxg = 40.4 siPaVm
L ; Bl ! = . n = ¢ o= 2 T
titaniun-base alloys “krs = I7.0 e e a1 By for
uminium-base alloys krs = 8.7 LiPavily Dmax= 9’angh%;f 2 2or
n=— &e

Thus, if the parameter n disg known it i 2 i
T;n? the cyclic fractu{e tougzhness by tig ggiaglggb%eﬂto atbem
v;ng the lower level of the self-similar elastoplast%g oot
%rowgh under a max1mum\elastio—plastic PCF. At K = Kty qgagk
ound possible to fulfil the condition of a close confaﬁl o
zgen Fhe macroscoplc‘rate of the crack growth (calcufggifqe bet-
he m%cr01n?rement QI the crack propasation) and the mie 4
ﬁi;iéﬁﬁeféﬁﬁlcﬁiatiﬁ bylthe use of gpace of the striatiggozgo;
1 ’ @ seneral case, the correspondence of th
said crack rates may Dbe achieved under differ pe . afo;e:
gzﬁa;scS:ggtzizﬁedthr:2%9%d vilue ALK (complyggé :?tinzﬁigfﬂguﬁ.
e Cé Vi a qu ity with e el
éfufev19h and maidovich, 1%74;’&urevigi? iggigé igrwfge works
there thé moment wnen tie threshold value of AK = K 4 revea;ed_
1§~{olloweﬁhby a sharp cnange of acceleration of thg 2s”aptalnea
pasation, This acceleration is determined as the secongaggrggg—
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tive of the crack length by the number of the cycles, i.e€.:
ace = dv/dN = d?a [dN> (3)

where acc 1is the acceleration of the crack propagation, V is

the rate of the crack growth, is the crack length and N is

the number of the loading cycles. This parameter features is

sensitivity to change of the main failure mechanism governing

the rate of growth of a fatigue crack (uurevich and Edidovich,

1974).

The relationship between the acceleration of the crack propaga—
tion and the number of the loading cycles can be described by a
piecewise linear function and has a salient point of AK = Ka
corresponding to the start of the accelerated growth of the fa-

tizue cracke

consequently, the degree of PCF characteristic of an elasto-
plastic transition may Dbe determined by the use of the coeffici-
ent of PCF M = Kxs/ Kag. Vhen Kz = Kzs or mi= I, then the
maximum PCF are realised while ME =(M} ) min COmplies with the mini-
mum PCE, The use of parameters KIS and _M¥* enables the cyclic
fracture toughness of the structupal materials to be determined
py means of small (model) specimens. The present investigation
persued the following objectives: (a) study of the relation
between the parameters of Kis and the threshold value of K =
Kas which corresponds to the achievement of the condition of a
proximity of the macroscopic rate and microscopic rate of the
crack growth, for which purpose use was made of scanning elect-
ron microscopy and fatigue tests of large-sized specimens of 1i-
hear fracture mechanics (aluminium alloys) were perfomed; (b)
determination of both the threshold value of KIjs on small (mo-
del) specimens and realized the degree of KCF by use of accele-
ration of the crack propagation (titanium alloys, steels).

TEST MaTERIALS &ND MELAODS

subjected to the test were aluminium alloys DI6T and AMT6H2,
Jd - titanium alloy 0T4-1, commercially pure titanium BTI-O0, as
well as steel 30XFCa. The chemical composition of the alloys

( in weight percent) and its mechanical properties are pre—

sented in Tables I-4.

TABLE I Chemical Composition of aluminium alloys

Koy wg  wn  Cu  en Fe  8i 21
DI6T  I.6 0.65 4.670 0,20 0.28 0.12 -
all 642 6.2 0.55 0.UIT -  0.21 0.13 0.23

TaABLE 2 Chemical Composition of Steel 30XFCa

C wn S5i 4 3 Cr nNi Cu

G.29 0.94 1.02 0,009 0.005 I.9 0.25 0.18
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TABLE 3 Chemical Composition of Titanium Alloys

Alloy

grade Al un Fe Si H N C 0
OT4-1 1.0 0.80 0.30 0.I5 0.0I5 0.05 0.I 0.1I5
BTI-O - - 0.30 0.I5 0.0I5 0.05 0.I 0.I5

TABLE 4 usechanical Properties of Tested Materials

Grade of

material 65 6;-1 S
MPa MPa %
DI6T 554 395 14.4
AMe6H2 422 330 9.6
BTI-0 420 335 53.0
OT4-1 650 520 38.0
30XFCA (I) 1620 1180 I.4
30XrCA (II) 1560 1080 2.48

The cyclic tests of the aluminium alloys were performed with
the aid of flat specimens with a central notch, measuring 300x
xIoox6 mm, under repeated tension with a loading frequency of
20-35 Hz. The tests were accomplished by means of testing ma-
chine "Instron". The specimens have central notch, 0.2 mm wide;
precrack made by use electroerosive method. lhe relative length
of the notch was 2ag / W = 0.1 - 0.22. The notch was oriented
at right angle to the direction of rolling. The specimens of
titanium alloy, titanium and iron alloy measured I00x300x0.6
mm and were subjected to a repeated tensile test with the aid
of a testing machine, type "“Schenk". So as to have the deve-
lopment of the fatigue crack well observed thne preliminarily
polished surface of the specimen was provided with special
marks, I mm spaced apart. The lenzgth of the crack was measured
visually by means of an optical microscope of tenfold magnifi-
cation. The fatigue crack growth rate (da/dl) was determined by
graphical differentiation of the relationship between the
lengtn of the crack and the number of the loading cycles. The
stress intensity ractor A K was derived by the formula:

FY2a

AK= T 9 4)
where y = (W%/2)-sec (TA/2 ) -( I - 0.0257% + 0.06A"; F is
the range of the applied load; t is the thickness of the spe-
cimen; W is the width of the specimen; A = 2a/w is the rela-
tive length of the crack; a is the half-length of the crack.

EXPERIMBENTAL DaTa AND DISCUSSION

Aluminium alloys.Fige. I shows the kinetic diagrams of aluminium
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e s DI6T and Akl 6H2. Stage II of the fatigue crack growth is
J;iiﬁed (using parameters K;g or K.) by vertical gptted lln?s
into a 3tage of quasi-elastic 5rowtﬁ_(lla) gnd a stage o? elas-
tic-plastic growth (I1Ib) of the fatigue crack. EBach staoi is
controlled by the respective main mechanism of failure (Gure-
vich, 198I). The value of KIg was calculated with the use of
cquation (2), while the quantity K, was determined by the point
of intersection of relations 1lg V = £ (1g (LSIQ}) and 1g S =

~ ¢ (1z (AK)), where 5 is the pitch of the striation spaced.
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Fig. I. Kinetic Diagrams of Fatigue Failure of
Aluminium slloys. a - alloy‘Amr6né;
b - alloy DI6YQ; for 3, o for V;

P &c! sraphic research shows that at staze Ila tpe microre-—
i?szg%cgﬁg fitisue fuilure surface corresponds to the weak de-
pendence of the striction spaced on ﬁne lgngtn of tée gruck.
This is indicative of quasi-elustic behaviour ofJa fatizue ‘
crack. Transition to stage IIL is accqmpan%eu‘wlch an increase
of the spaced of tne striation witn rise of the crqgk lgnsun”
crack propagation, und also as d trenq t?ward equallzaplon of
the rates of the crack growth (determined macro- «nd microsco-
ggg:ééﬁgﬁtly, the moment when the macrosoogic and microscopic
rates of the crack zrowth is ach;eved stands for tbg t}me of
local plastic instaoility, that 1sAcha;acterlzea w;th the thr?—
shold coefiicient of stress inten51ty'ma egual to h%svunder ma-—
ximum PCF. Table 5 presents the experlmentql da?a.o h?’ as well
as the data of Kig calculated by the use of eguation (29 apd
experimental values of n. The same‘taple co%falns the particu-
lars indicating the values of coefficient My . . »
It will be obvious that whenever tuae self-similar conditions of
the crack growth are provided the pafametgr§ Kis andﬁKa.are o
approximate, i.e. a maximum pCE (MY = 1) at tnf elastic-plas—
tic transition takes place. These conditions (Mmi=1)
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can b ali i ingo i
seleciiﬁid%g:eioggi;?sgggﬁiifzil’Slzed speclmens, respectively
Y = e 4 & : ns, so as to provide d ing-—
Tizgnitmtiilgzgduﬁﬁzrhi? t;n the self—similir conZigggS:mlna
- L L /S. letic diagrams of fatizue fai ‘of
iigiiailge%“sge01mens_w1th & central cmck are shgj;lgge“qi ‘
o elwft i”co?ted lines are the stages of the quasi—elfl%; °
Cul“teggoﬁptﬁzttﬁsigowgntOf the crucks with tne use of has 221
La on as o he paraméter n a C£3 -
aja & P > o ™~ nd Y' d
Tﬁelﬁizu; i?dfp cbfnée of acceleration of the Jracitgiglgigt'
The valus of Ko was determined in the fallowing way Thg °fllon°
S gaki;%rgt found by the kink point on the curve acc Ydfuen
the stress in%gzoizﬁcgunf this value the respective values of(N)
: s actor K_ wer i b
dependence ace = F (N) and lo% g =efd?{§i?i?ed by means of the
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Fig. 2. Kinetic Diagrum of Fati i
K1 i 3 ratigue railur
f;tan;um. a - alloy OT4-1I; b - ti%agf
nium B1LI-0. ’

Table 5 contains the res i
B . pective values of n, Kya : *
éngtheaggszeddmater;als. It hus been apparéntl%ﬁagatﬁgdv;;L
of ¥ é nd X ctermlged for the model specimens are ver aues
el éeteriiﬁgiggntg?ttﬁhemedgl specimens of titanium gllgsgo_
: ) I e boundary of transiti i
elastic crack growth to an ¢ ] i el el R B
Llc - elastic-plast & % A ;
gggg;tlggz gi 1ts felf—similar érow%h isl§a§§;;kmgiowggdWh%n the
> T yclic fracture toughness can also ; el
ggg obtatned'experlmental dataosudgest thatsthgeagizerg%ned.
Séﬁs' etter characteristics of cyclic fracture t yr on g Cn
compared to commercially pure titanium. L
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TabLi 5 Values of Threshold Factor A K complay—
ing with Transition irom guasi-elastic
To elostic—plastic OI Tatigue Crack

Growtn

alloy n Koy K, Juﬁ

- piraNm Lraym -
DIeT 2 8.7 8. 1
Ali 62 2.8 ToT I0.0 0.8
BTI-O 4.0 1I.9 8.7 0.73
or4-1 3«'( 2.8 12.0 C.94
30X Ca-1 3.9/3.9 20.2 - -
30X Ca-II1 2.4/2.8%35.0 - -

% - index n for tests in low-cycle loa-

ding areae.

Steel 30XCCA. Subjected to testing tor cyelic fracture toush-
Tless w.s steel 30UXCCa melted by two methods; (a) by the method
of ordinary melting in an open-hearth furnace (method 1), and
(b) by the special melting method (method 2). The kinetic diazs-
rams of the fatigue failure plotted in the conditions of an
self-similar creack srowth are ziven in Fige. 3. The obtained da-
ta concerning the gquantity n_ are presented in Table 5. The
material was tested both for low-—cycle and for hish cycle fa-
tigue. Lt mizht be well to point out that comparison of the cur-
ves for low-cycle loading and higzh-cycle loading indicates a
slight variation of the parameter n in the expression (1).
This sugzested that the parameter n, i.e€. the exponent in the
Paris' equation seems to be more conservative to external con-
ditions of loading as C parameter. The obtained experimental da-
ta shows that steel 30XFCa melted by method 2 features &a hig-
her cyclic cracking Tesistance as compared with that melted by

the ordinary method.

CONCLUsIOLS

Phe use of the threshold value AK = K.o complyinz with the
transition from quusi-elustic to elustf%—plcstic Tatizue cracks
srowth under maximum rCF makes 1t possible to compare the alloys
in the conditions of similarity of local fracture stress state
and to determine the PCF in the case of a elastic—-plastic tran-
gition complying with a sharp change of acceleration of the
crack growth, or under realization of the condition when the
macroscopic rate of crack propagation determined by the macro—
increment of the crack corresponds to tne microscopic rate cal-—
culated by the fatigue striation spaced.
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Fig. 3. Kinetic Diagram of Fatigue Fallure of
Steel 30XICA. a — melting method 1;
b - melting method 2; @ - for low-
cycle fatigue; o - for high-cycle fa-
tigue.
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