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Causes of Evolution and Influence on Failure Strength of Thermal Crazing
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Abstract Craze cracking is a typical cracking morphology caused by thermal fatigue loading; however, the
reason for its cause by thermal fatigue loading is not fully understood. It is known that craze cracks do not
grow deeply. In this study, evolution of craze cracking was simulated by Monte Carlo simulations using three-
dimensional finite element analyses. Cracks were modeled using the X-FEM technique in Abaqus in order to
consider the interaction between multiple cracks on the crack initiation and growth. Craze cracking was
observed only when the growth in the depth direction was arrested. Since cracks kept the same depth for a
long duration, many cracks could be initiated and craze cracking occurred due to the equi-biaxial stress state.
Next, to investigate the change in failure load due to craze cracking, the limit load of a straight pipe subjected
to a tensile, bending or internal pressure loading was analyzed. The simulated craze cracking was assumed to
be located inside the pipe. It was revealed that the change in the limit loads due to craze cracking could be
predicted well by replacing the craze cracking with an equivalent single crack. Although the replacement rule
prescribed in the fitness-for-service code of the Japan Society of Mechanical Engineers predict reasonable
limit loads, it did not result in conservative prediction. Conservative limit load could be predicted by setting
the equivalent crack length to be the maximum extend of distributed cracks.

Keywords  crack network, thermal crazing, thermal stress, crack arrest, limit load, combination rule
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Fig. 1 Model assumed for simulations. The plate was
subjected to thermal fluctuation on the surface.
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Fig. 2 Shape of crack assumed in the simulation. The depth
of crack was constant while the shape on the
surface varied according to the stress and stress
intensity factor derived by finite element analyses.

Fig. 3 Shape of crack modeled for X-FEM. The edge of
crack was chamfered to improve accuracy of stress
intensity factor calculation.
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Fig. 4 Finite element model around the simulated crack. The mesh size was 0.25 mm around cracks. The size was increased
to 2 mm at the maximum case when the distance from the crack was large, which the size in the depth direction
was kept as 0.25 mm. Cracks could be initiated from the nuclei which were assigned every 0.5 mm.
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Fig. 5 Crack shapes on the surface assumed when crack depth reached 1.25 mm. The shape was determined using the

direction of the maximum principal stress.
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Fig. 6 Boundary conditions for analyses assuming uniform tensile or bi-axial load.

. Table 1 Constants used for thermal stress analyses.

i
i% £ Density 8000 [kg/m’]
i% ;s: Specific heat 487.96 [J/kgK]
o% E Heat conduction coefficient 15.86 [W/mK]
!% B T AT | eeeeen ) Heat transfer coefficient 25 [kW/m?K]
!% < : =|-< . > Young’s modulus: £ 195 [GPa]
!/% ! ! T Poisson’s ratio: v 0.3

) ¢ ime

Heat expansion coefficient: & 1.64 x 107 [1/K]

Fig. 7 Boundary condition for thermal loading and change in fluid
temperature on the surface assumed for thermal analysis.
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Fig. 8 Von Mises equivalent stress distribution obtained by
X-FEM analysis. A single crack was assumed
and tensile stress was applied perpendicular to
the crack. The mesh size was assumed as 0.25
mm for whole region.
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Fig. 9 Normalized stress intensity factors along the crack
front obtained by the X-FEM analyses and
conventional FEM analysis. The X-FEM analyses
were conducted for the full mesh, for which mesh
size was 0.25 mm for the whole region, and
reduced mesh, for which mesh size was increased
as shown in Fig. 4.
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Fig. 10 Schematic drawing explaining how to derive the stress intensity factors for crack propagation in the surface and
depth directions. Equation (5) was applied to calculate averaged stress intensity factors for each direction.

(a)Tensile load (b)Biaxial load

Fig. 11 Crack distributions obtained by crack initiation and
growth simulations assuming uniaxial and biaxial
loading conditions. The simulations were stopped
due to crack penetration in the depth direction.
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Fig. 12 Von Mises equivalent stress normalized by applied

stress co obtained by X-FEM analyses for the crack
distribution shown in Fig. 11.
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Fig. 13 Change in crack length and depth with the number of cycles obtained by the simulations for a uniaxial or biaxial

loading condition. The crack was assumed to be initiated when the depth reached 1.25 mm. The crack depth
exceeded 8 mm within relatively short cycles after the initiation.

/ / ~ / -\
/\ ~ \_ -
. / - A /\

\
\ - /I
\ AN \ \ \ \\
\// \\\’/// \ /
NN /0 \\ /\

Step20 (n,=12) Step40 (n,=31) Step60 (n,= 50)

N/ /] b N— \ N\ ~3
A //\/\\— ';/\\\//K\ N /\\/—/ \\
Z \i\;_/?\\ D\ \\ Z \/ .

7~ /\I —
/_\\ >\>//\/ \\\/ /\\ /
NN CN RN //\/ NN

Steps0 (1, = 65) Stepl00 (17, = 84) Stepl19 (n,=101)

Fig. 14 Crack initiation and growth simulation for thermal loading. The simulation was stopped when the number of
cycles reached 101, which was more than the limitation of the X-FEM code.
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Fig. 15 Von Mises equivalent stress distribution obtained
by X-FEM analysis for thermal loading. Initiation
of 100 cracks resulted in spread of the stress
relaxation zone on the plate surface.

Mk
N

=

e,

N {‘
N

S5

5 Jl . ;
NN

7\

Fig. 16 Distribution of cracks and enriched area, which
was assigned around the cracks. New cracks
could not be initiated in the enriched area and
existing cracks could not propagate into the
enriched area of other cracks.
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Fig. 17 Simulation results obtained for thermal loading. The
constant Vini defined in Eq. (1) was determined
using different random numbers as used for
previous simulation. The simulations were stopped
due to initiation of more than 100 cracks.
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Fig. 18 Change in number of cracks obtained by
simulations assuming thermal loading.
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Fig. 19 Change in crack length and depth with the number
of cycles obtained by the simulations for thermal
loading condition. The results of cracks of the
maximum length were shown for each case. The
change in crack depth was saturated and the
simulations were stopped before the depth
reached 8 mm.
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Fig. 20 Stress in the surface direction obtained by thermal
analysis without a crack. The thermal stress had a
gradient in the depth direction and it was altered
with time.
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Fig. 21 Relationship between the crack depth and stress
intensity factor (SIF) in the depth direction
obtained for the primary crack of each case. The
SIF tended to decrease as the crack became
deeper due to the stress gradient shown in Fig. 20.
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Table 2 Size of combined cracks according to Rule 1 and Rule 2.

Case 1 Case 2 Case 3
Leg(axial) Rulel 29.0 mm 28.5 mm 27.75 mm
Leg(cireum) Rulet 37.5 mm 23.0 mm 26.25 mm
Leg(axial) Rule2 56.5 mm 56.5 mm 56.5 mm
Leg(circum) Rule2 56.5 mm 56.5 mm 56.5 mm
Depth 7.0 mm 7.0 mm 6.75 mm
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Fig. 22 Straight pipe with single or multiple cracks at inner surface used for failure analyses.
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Fig. 23 Combination rules for multiple cracks. Rule 1 corresponds to the procedure prescribed in
the code, whereas Rule 2 was proposed in this study.
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Fig. 24 Von Mises equivalent stress distribution obtained by
limit load analysis using X-FEM for a pipe
subjected to tensile load. The stress was
normalized by flow stress or =200 MPa.
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Fig. 25 Change in applied load with displacement at the
edge of pipe. The limit decreased due to cracks.
No difference was found between the results
obtained using X-FEM and conventional FEM.
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33

Observed from inside

Fig. 26 Von Mises equivalent stress distribution obtained by limit load analysis using X-FEM for a pipe with
multiple cracks subjected to tensile load.
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Fig. 27 Change in applied load with displacement obtained by limit load analyses assuming tensile load, bending load or
pressure. Well converged limit loads were obtained by the analyses using X-FEM.
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Fig. 28 Normalized limit load obtained assuming single equivalent crack for tensile, bending and pressure loads. The
limit load was normalized by that obtained for the original multiple cracks, which is denoted as Prcraze). The
limit load obtained applying rule 2 resulted in the conservative limit load.
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