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Determination of Fracture Mechanics Parameters Structural
Components with Surface Crack Under Thermomechanical Loads

Katarina Maksimovié "

Dragi Stamenkovié¢”
Mirko Maksimovi¢®
Ivana Vasovi¢?

Rotational components of aero engine turbine are the most important components. It operates at high temperature and
under conditions of extreme environmental attack such as oxidation, corrosion and wear. These conditions can cause
cracking of rotational components. The failure damage modes of turbine are classified in terms of main components as
flow path parts, rotating such as rotor, groove, disk, and blade. Aero-engine turbine components such as discs and blades
are susceptible to environmentally assisted cracking. Unlike fatigue crack growth, this involves crack growth under
constant load. If the crack grows long enough, sudden failure can occur with catastrophic consequences. It is therefore
desirable to identify the limiting crack size within fixings so that they can be inspected at regular intervals and removed
from service before failure occurs. Three dimensional axis-symmetric finite element models were created to simulate a
disc and the portion of a blade. The finite element method (FEM) allowed the prediction of the point of crack initiation
and the crack propagation using the orientations of the maximum principal stresses. Stress intensity factor (SIF) is the
base parameter in strength analysis regarding fracture mechanics. For a correct determination of SIF in this paper,

combining J-integral approach and FEM is used. J-integral is a path independent integral around the crack tip.
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Introduction

URING the past four decades an extensive research of

fracture mechanics has greatly enhanced the
understanding of structural failure. Today, fracture
mechanics is not only of academic interest, but plays an
increasingly important role in structural design. New
specifications have been established to meet the
requirements of fracture mechanics, of airframes and power
plant generation systems. Recently, a more stringent safety
criterion, assuming a pre-existing flow in critical
component, has been adopted to asses service life of
aircraft. This emphasizes the significance of fracture
mechanics as a tool for analysis.

The concept of linear elastic fracture mechanics which
leads to the plane strain fracture toughness property, Kic,
has already been used in engineering applications [1, 2].
The use of the J-integral and its critical value Jc as a
fracture criterion has also been developed into elastic-
plastic and fully plastic regimes [3, 4]. Various other
approaches, such as resistance curve (R-curve) [5], crack
tip displacement (CTOD) [5], and equivalent energy
method [6] have been proposed but lack the flexible
analytical basis of the J-integral procedure. Mechanical
loading is not the only factor considered in design of the
structure or structural components. Other possible situations
may be caused by operational environments such as

temperature, chemical reaction and irradiation have to be
considered. In the operation of gas turbine engines, for
example, thermal stresses can be as high as, or higher than,
the centrifugal stresses. The worst condition of the
combinations of thermal, centrifugal and gas bending
stresses at elevated temperatures result in high local stresses
which can lead to cracking of the turbine blades and rotor
discs. Thus, thermal effects should not be ignored.

The effect of thermal gradients across a crack has also been
the subject of analytical studies. Using the finite element
method, Ayres [7, 15] illustrated the analytic procedure of
evaluating surface cracks subjected to thermal shock. Emery,
at al. [8, 16] demonstrated their singularity programming
technique to consider the singular temperature field in
calculation of the stress field. More recently, Ainsworth at al.
[9, 17] and Wilson and Yu [10, 18] investigated the use of
modified J-integral to determine the crack tip stress intensity
factors (SIF). For the fairly complicated geometry and loading
conditions in the specimens of this study, the finite element
technique is used to calculate both the temperature distribution
and the stress intensity factor. A number of works have dealt
with the crack problems.

The objective of the analytical work is to provide the
relationship between the stress intensity factor and various
mechanical and thermal load conditions. For a fairly
complicated geometry and loading conditions in structural
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elements of this investigation, the finite element technique
is used to calculate the temperature distribution and stress
intensity factor.

Fracture mechanical analysis of damaged
structural components

To analyze damaged turbine structural components it is
necessary to determine stress intensity factors (SIFs) under
thermo-mechanical loads. SIFs can be obtained using
various analytical, numerical, and experimental methods.

The SIF is the only parameter used to determine the
intensity of the stress field near the crack tip. There is a
critical value for SIF called the (plane strain) fracture
toughness, denoted as Kjc. When Kj is smaller than K¢, the
crack does not grow. But, if K; is equal to K¢, the crack
starts to grow. The fracture criterion in linear elastic
fracture mechanics is thus given by

K=Kic (2.0)

K;c indicates the maximum value of stress intensity
factor at the crack tip that the material can bear, beyond that
the crack will start to grow. Fracture toughness is a material
property; it does not vary with a specimen's geometry or
load applied.

Generally, the stress intensity factors are additive,
provided that different loading conditions induce the same
mode of crack extension. Hence, the fracture condition of
the interaction of mechanical and thermal loads can be:

(Kl)mechfi_ (Kl)thermalzKl (2 1 )

where (K))men, 1S the stress intensity factor due to
mechanical load and (K))pemar 1S the stress intensity factor
due to temperature effect. In this study, a numerical
investigation of temperature effect for different geometric
aspects was considered. To analyze cracked structural
components here ANSYS finite element software code [11]
is used.

For the fairly complicated geometry and loading conditions
the finite element technique is used to calculate the
temperature distribution and the stress intensity factor. A
number of works have dealt with crack problems [14-26, 30].

Once a finite element solution has been obtained, the
values of the stress intensity factor can be extracted from it.
Three approaches to the calculation of the stress intensity
factors are currently used;

1. direct method,
2. indirect method and
3. J-integral method.

The direct method is based on the use of specialized
crack-tip finite elements that contain K; and Kj; directly as
additional unknowns. This has been discussed by Benzley
[10]. Benzley employed linear rectangular finite elements
with supplementary singularity functions in the vicinity of
crack tip. Barsoum [12] introduced a quarter/point
isoparametric element to produce displacement proportional
to the crack tip singularity function.

In the indirect method, the values of stress intensity
factor are calculated using the nodal displacements in the
element around the crack tip that is considered by Barsoum
[12], Fig.1. Barsoum [12] also showed that a triangular
quarter-point element, which is shown in Fig. 1, exhibits
the ' singularity both on the boundary of the element and
in the interior.
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Figure 1. Four collapsed elements at crack tip
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The third alternative is the so-called ,J-integral®

approach. The path-independent J-line integral, which has
been proposed by Rice [14], is defined as

ou;
J = J.(dez -T; o, ds) 2.2)
T

1

where W is the elastic strain energy density, I is any
contour about the crack tip shown in Fig.la, T; and u; are
the traction and displacement components along the contour
and s is arch-length along the contour, x; and x; are the local
coordinates such that x; is along the crack.

Figure 1a. Arbitrary contour and coordinate configuration

The J-integral is path dependent for cases which iclude
thermal stress terms. To inclyde thermal stress terms in this
work the modified integral J' [13] is used in the next form:

* * _ au[ Ea ﬁ
J —L(W dsy ~ 07 5 ndej+l_ o [e Q0 @3
we=w-_Lad (2.4)

2(1-2v) ™"
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2 05, (2.5)

W =2oye; (2.6)
where ¢ and A Lame's constants, 6 is the temperature and a
is the coefficient of thermal expansion. If only the mode I
loading is considered, then equation (2.3) for the plane
stress condition reduces to:

J =(1-V)K} /E (2.7)

The values of K; for various thermo-mechanical
problems were calculated, according to equations (2.1) and
(2.7), and are presented in numerical validation. In this
work the J-integral approach has been selected for
determination stress intensity factors of plates with surface
crack under thermo-mechanical loads. The finite element
method offers two advantages in the numerical evaluation
of the J-integral: (1) No specialized idealization is required
near the crack tip, (2) A coarse mesh can be used to achieve
an accurate solution. The J-integral is path dependent for
cases which include residual, inertial or thermal stress terms
or loading along the crack face.

Numerical validation

The subject of this analysis is the impact of changes in
thermal load to the value of the stress intensity factors. In
Fig.1, the plate with surface semi-elliptical crack subjected
to thermal load is shown. Ratio of length plate, h, and plate
width, b, remains constant with respect to the depth of the
crack, a, and crack length, ¢, so that we can consider that
the obtained values of the stress intensity factor, K;, are
closed to those in infinite plate. In the analysis of plates
with semi-elliptical surface crack subjected to thermal load,
crack geometry will be used as follows: a/c= 1/3, a/c = 1
and a/c=2 and the crack depth a/t = 0.2. In Fig.2, the
geometry of the crack load to change the temperature field
under the influence of thermal load is shown. The material
we used in the analysis is Rene - 41 (DIN 2.4973) which is
commonly used for manufacturing casing of jet engine. The
thermo-mechanical properties are given in Table 1.
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Figure 2. Geometry properties of the plate under thermal load

Table 1. Thermomechanical material properties

Young . Coefficient of  |Thermal conduc-
; Poisson . ..
Material | modulus . thermal expansion tivity
coefficient o 3
(GPa) (10-5/°C) (W/m°C)
Rene-41 | 219,7 0,25 1,67 11,5

In the analysis it was assumed that the characteristics of
the material are constant and independent of temperature.
The thermal analysis of the plate was observed following
the thermal load on the surface of the plate: T} = 5T, T| =
107, and 2075, where T) =T (x=0)and T, =T (x = £) = T.
The geometry of surface cracks was observed for three
cases: a / ¢ = 1/3, a/c = 1 and a/c = 2 with the same crack
depth a/t=0.2.

The general equation for calculating the stress intensity
factor, mode I, for surface semi-elliptical crack is given by
the following expression [27]:

K =S /ngF(gggqﬁ) 3.1)

where for the case of thermal loading and plane strain
S= 0,ETo / (1-v), while for the case of plane stress state
S= a,ETo (Erdogan and Wu, 1996 [28]). Shape factor, Q, is
the square of elliptic integrals of the second order, which is
equal to half compared to arc length and the length of the
ellipse major axis (Merkle, 1973 [29]). The values of the
shape factors can be approximated by the following
expression:

1,65
1+1,464(%) zaalc<l
0= (3.2)
1,65
1+1,464(§) caalesl

The function F in equation (3.1) includes the effect of
plate dimensions, geometry and position cracks along the
crack front. In the further analysis we introduce a
normalized stress intensity factor, which is represented by
the following expression:

K
Ky =—r==F(4.9.£ 4] (33)
S [T« ¢
0

The introduction of normalized stress intensity factor,
"Shape factor" allows us to include in the analysis: the
geometry, material properties and loads.

To determine the stress intensity factor, mesh with finite
elements is used which is shown in Fig.3. In this analysis
ANSYS finite element software code [11] is used. For the
finite element mesh elements with twenty nodes were used.
As the field of stresses and displacements around the crack
tip singular, to carry out a correct analysis made use of
singular finite elements. In the radial direction around the
crack tip was modeled as three rings of finite elements,
while along the crack front used sixteen finite elements, ¢ =
0-x/2.
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value of Ky in the deepest point of crack, 2 ¢ /7=1,
monotonically decreases with increasing of a/c, and 7'/75.

0.6 - —=—T1/T2=5; afc=1/3
05 ——T1/T2=10; a/e=1/3
03 ——T1/T2=20; afc=113

o0 + . - 3= 3= .
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24/

Figure 5. Ky for the plate under thermal load and crack geometry, a/c=1/3
and a/=0.2

Figure 3. Mesh of finite elements for plate with surface crack, a/c=1 and
a/t=0.2 K
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field along the crack tip is shown in Fig.4.

Figure 6. Ky for the plate under thermal load and crack geometry, a/c=1
and a/t=0.2
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Figure 7. Ky for the plate under thermal load and crack geometry, a/c=2
and a/t=0.2
Figure 4. Temperature field along crack front

Figures 5-7 show the normalized stress intensity factor Table 2. Normalized values Ky for the plate under thermal load
under .the influence of different thermal load for the Thermal load
following geometry of the crack a/c=1/3, a/c = 1 and a/c=2 -

X . alt 2@/t a/c=1/3
and a constant ratio of crack depth and plate thickness a/t = T,
0.2. In Fig.1 the temperature gradient plate is shown, where 5 10 20
the temperature 7 at the surface with crack 5, 10 and 20 0.000 0.1557 0.3502 0.7394
times higher compared to the surface without cracks 7>. 0.125 0.1563 0.3508 0.7400
Following the thermal analysis of the normalized stress 0.250 0.1569 03515 0.7406
intensity factors for different crack geometries are given in 02 0375 0.1576 03546 0.7587
Intensity C g g 0.500 0.1670 03757 0.7931
Table 2. Normalized K;y were calculated based on the 0.625 0.1756 0.3951 0.8341
thermal load by using the Equation 3.4: 0.750 0.1828 0.4112 0.8681
0.875 0.1876 0.4220 0.8909
K 1.000 0.1892 0.4258 0.8989
KIN = — (3.4) =1l
EaT~Nra
T\/T,

As the ratio a/c increases from 1/3 to 1, the values of 5000 5 15145 021;)76 5 524(1)38
nqrmahzed stress intensity factor at the surface of the pl_ate 0.125 0.1145 0.2576 0.5438
with crack, ¢p=0, decreases and with the further increasing 0.250 0.1006 0.2263 0.4778
of a/c from 1 to 2, increases the value of Kjy. Also the 0.2 0.375 0.0906 0.2039 0.4306
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0.500 0.0833 0.1875 0.3957
0.625 0.0790 0.1753 0.3698
0.750 0.0745 0.1676 0.3538
0.875 0.0724 0.1630 0.3440
1.000 0.0717 0.1614 0.3408
a/c=2
Tl/Tz
5 10 20
0.000 0.1342 0.3019 0.6373
0.125 0.1239 0.2788 0.5887
0.250 0.1142 0.2569 0.5424
0.2 0.375 0.1015 0.2283 0.4816
0.500 0.0894 0.2011 0.4245
0.625 0.0783 0.1761 0.3716
0.750 0.0684 0.1539 0.3248
0.875 0.0591 0.1330 0.2807
1.000 0.0588 0.1324 0.2794
Conclusions

In this work, the computation procedure is performed to
determine the stress intensity factors for structures with
surface crack under the influence of thermal loads. Detailed
analysis was carried out at plate with different surface crack
geometries length (a/c) and constant ratio of plate (a/t=0.2)
and different thermal loads. In the analysis it was assumed
that the material is isotropic and that the material properties
are independent of temperature. Based on the given loads,
boundary conditions and plate geometry, the calculated
values of the stress intensity factors just described the mode
I. The obtained values of the stress intensity factors are
presented in a standard normalized form, tabular and
graphical form. The conducted analysis shows the
complexity of the behavior of surface cracks and its
influence on the resistance of the structure during the
process of exploitation.

A description of a model which is developed to examine
the thermal effect on fracture was presented. Interaction of
mechanical and thermal effects was correlated in terms of
Kic. The values of the stress intensity factors were
calculated by use the J-integral and displacement method.

The stress intensity factor (SIF) for an embedded
elliptical crack in a turbine rotor under thermal and
centrifugal loading, for a semi-elliptical surface crack in a
finite plate are determined by means of finite elements and
J-integral method.
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Odredivanje parametara mehanike loma elemenata konstrukcija sa
povrSinskom prskotinom pod dejstvom termomehanickih opterecenja

Elementi konstrukcija, poput turbine avionskih motora, predstavljaju vaZzne nosece strukturalne elemente. Oni rade na
visokim temperaturama i sloZenim ambijentnim uslovima takvim kao $to su oksidacija, korozija i vlaga. Ovi uslovi mogu
dovesti do loma rotacionih komponenti. Postoji vise oblika lomova kod turbine koji se u osnovi vezuju za njene glavne
komponente poput samog rotora, diska ili lopatica. Sami diskovi i lopatice kod turbine avionskih motora su podloZne
ambijentnim uslovima koji podpomaZu inicijalnim oSteenjima. Ako neotkrivena prskotina postoji duZi vremenski
period tokom eksploatacije ona se moZe prosiriti preko kriti¢ne vrednosti i dovesti do efektivnog loma. Stoga je bitno da
se definiSe kriti¢na vrednost duZine prskotine i da se ista kontroliSe tokom redovnih servisnih pregleda kako bi se izbegli
katastrofalni lomovi. Trodimenzioni modeli kona¢nih elemenata (MKE), ukljucivsi i specijalne singularne konacne
elemente, su u radu koriS¢eni da modeliraju disk na delu sa vezivanjem lopatice. Primenom MKE moZe se precizno
odrediti kriticna zona sa aspekta pojave inicijalnih prskotina a potom i proces njenog Sirenja. Faktor intenziteta napona
(FIN) je osnovni parametar za analizu ¢vrstoce sa aspekta mehanike loma. Za korektno odredivanje FIN u radu je
koriSéen J-integral metod u sprezi sa MKE ukljucivsi specijalne singularne konacne elemente oko vrha prskotine.
Osnovna prednost J-integral metode je u tome S$to je isti nezavisan od putanje oko vrha prskotine.

Kljucne reci: avionski motor, turbina, povrSinska prskotina, mehanika loma, termomehanicko opterecenje, metoda
konacnih elemenata.

OmnpenesieHne nmoka3zaresieid MEXaHUKH Pa3pylIeHNUs]

neopMHUPYEMOro TBEPAOTo TeJia CTPYKTYPHBIX KOMIIOHEHTOB

C MOBEPXHOCTHOM TPEUIUHOM MO/ JeHCTBHEM
TEPMOMEXAHUYECKUX HATPY30K

Takue 31eMeHTbI KOHCTPYKIMH, KAK TypOMHA ABHAIMOHHBIX ABHTraTeJeii, ABISIOTCS BAKHBIMH HECYIIMMH 31eMeHTAMH
KOHCTpYKIMH. OHH padoTaloT NpH BLICOKUX TeMIeEpaTypax M B CIOKHBIX YCJIOBHSIX OKDY:KAIOIIeH cpelbl, TAKHX KaK
OKHCJICHHe, KOppo3usi  Bjara. Bo Bpemsi padoTbl TYpOUHBI, BLICOKHE HANPSIKEHUs] NMPHBOAAT K MOSIBJICHUIO JedeKToB
THNA HAYAIbHBIX TPEIUMH M Ja’ke MX pacliMpeHHs.. JTH YCJIOBHS MOIYT NPHBECTH K PAa3pyIeHHIO BPALIAIOLIMXCS
KomnioHeHTOB. EcTh Heckoibko ¢opm paspymieHuss TypOMHBI, KOTOpbie B OCHOBHOM CBSI3aHBI C €€ OCHOBHBLIMH
KOMIIOHEHTAMH, TAKHMH, KAK CaM POTOP, AUCK WM JionaTki. CaMH JHCKH H JIONATKH TYPOHH B ABHAIIHOHHBIX ABHIaTeJIsSIX
MOJBEPraloTcsl YCJIOBUSIM OKpY:Kalolllel cpelibl, KOTOpble BbI3bIBAIOT INepBOHAYAIbHBIH yuepd. Eciu HepackpbiTas
TpelUHa cymiecTByeT 0oJiee NJIMTeJbHBII Mepuo BpeMeHH BO BpeMsi padoTbl OHA MOKeT ObITh PACHIMPEHA 32 MpeaeJibl
KPUTHYECKOT0 3HAYeHHs H NpHBecTH K dddexTuBHOMY pazpyuienuio. Iloatomy KkpaiiHe BazkHO, ONpeAeTNTh KPUTHYECKOE
3HAYeHHe JUIMHBI TPeIMHbLI H KOHTPOJIMPOBATH €€ BO BpeMsl PeryJsipHOro 003opa ycIyr AJsi TOro, 4ro0bl M30exKaTh
KkaTacTpopuyecknx paspymennid. Tpéxmepnsle Monenn KoHedHbIX jieMeHToB (MKDJ), B ToM 4mcle H CHeNUAIBHBIX
0co0bIX eIMHUYHBIX KOHEYHbIX 371eMEHTOB, B PafoTe HCIO/Ib30BAHDI ISl MOICJHPOBAHHS JHCKA B YACTH CBSI3bIBAHHS
jgonatku. ITo MeToly KOHEYHBIX 3JEMEHTOB MOIYT ObITb TOYHO ONpedeJeHbl KPUTHYECKHE 30HbI ¢ TOYKH 3PEeHHs
MOSIBJIEHUs] HAYAIBHOMH TPELMHBI, ¥ 3aTeM H npouecc eé paciupennsi. Koagpduumuent unrencusHocTn Hanpstkennii (KMH)
SIBJISIETCS1 OCHOBHBIM IapaMeTPOM JI/Isl AaHAJIN32a NPOYHOCTH € TOYKM 3PeHHs] MEXaHHKH paspymlenus. /i npaBUjILHOIO
onpenenenusi KNH B pabote ucnob30BaH YJKBUBAJIEHTHBII J-HHTerpaabHblii MeToq B codetanun ¢ MKD, B ToM uncie u
crenaibHble 0c00ble KOHEYHble 3JeMeHTbl BOKPYI KOHYHKA Tpemunbl. IJlaBHoe mpenMMymiecTBo J-HHTerpajibHOro
MeTO/1a SIBJIsIETCS B TOM, YTO OH He 3aBHCHUT OT ITyTH BOKPYT KOHYHKA TPELUHbI.

Kiouesvie cnoséa: aBUAIMOHHBIIH ABUTATE/Ib, Typﬁm-m, MOBEPXHOCTHAsI TpeEUIHHA, MeEXaHHKa paspylieHus,
TepMOMEeXaHHYeCKas Harpy3ka, MeToA KOHEYHbIX 3JIEMEHTOB.
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Détermination des parameétres de la mécanique de fracture des
éléments de constructions a la fissure superficielle sous I’action des
charges thermomécaniques

Les éléments de constructions telle turbine des moteurs d’avion sont les éléments structuraux importants. Ils fonctionnent
a hautes températures et dans les conditions complexes d’ambiance comme oxydation, corrosion et humidité. Au cours de
I’exploitation de la turbine a cause de hautes tensions se produisent les endommagements initiaux telles les fissures qui
grandissent. Ces conditions peuvent causer la fracture des composantes rotatives. Il existe plusieurs formes de fracture
chez la turbine liées a ces composantes principales — rotor, disque ou aubes. Les disques et les aubes chez la turbine du
moteur d’avion sont sensibles aux conditions d’ambiance qui favorisent les endommagements initiaux. Si la fissure non
découverte existe longtemps pendant ’exploitation elle peut croitre au-dela de la valeur critique et causer la fracture
effective. Pour cela il est essentiel de définir la valeur critique de la longueur de fissure et de la contrdler pendant
I’examen de service régulier pour éviter les fractures catastrophiques. Les modéles des éléments finis a trois dimensions y
compris les éléments finis spéciaux et singuliers on été utilisés pour modeler le disque sur la portion de I’aube avec liage.
Par la méthode des éléments finis il est possible de déterminer la zone critique sous ’aspect de I’apparition des fissures
initiales ainsi que le processus de la croissance. Le facteur de I’intensité de charge (FIC) est le paramétre basique pour les
analyses de la résistance sous I’aspect de la mécanique de fracture . Pour la détermination correcte de FIC on a appliqué
la méthode J - intégral avec la méthode des éléments finis y compris les éléments singuliers finis et spécifiques autour du
sommet de la fissure. L’avantage principale de la méthode J - intégral est son indépendance de la trajectoire autour du
sommet de la fissure.

Mots clés: moteur d’avion, turbine, fissure superficielle, mécanique de fracture, charge thermodynamique, méthode des
éléments finis.



