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ABSTRACT

The relationship between creep crack growth rate and fracture mechanism was investigated on
316 stainless steel. Very long-term creep crack growth tests were conducted. Three kinds of
creep fracture mechanisms, i.e., wedge-type intergranular fracture, transgranular fracture and
cavity-type intergranular fracture, were observed depending on testing conditions. Creep crack
growth rate was the fastest for wedge-type fracture mechanism and secondary for cavity-type
and the slowest for transgranular fracture. The difference of crack growth rate was interpreted
due to the creep rupture ductility corresponding to each creep fracture mechanism, except cavity-
type fracture mechanism. Under the cavity-type fracture condition, crack growth rate increased
as the creep damaged zone ahead of the crack tip increased.
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INTRODUCTION

It is important to predict the creep crack growth rate for the reliability evaluation of high
temperature structural components. Creep fracture mechanism changes dependent on
temperatures and stresses. In the long-term services, creep crack growth by grain boundary
cavitation would be important. It is necessary to clarify the creep crack growth behaviour
connecting with microscopical fracture mechanism for developing more accurate life prediction
method. Although there are many engineering fracture mechanical studies on creep crack growth
(Landes et al., 1976, Harper etal., 1977, Koterazawa et al., 1977, Ohji et al., 1977, and Taira
etal., 1979), experimental studies from the viewpoint of microscopical fracture mechanism are
scarcely conducted(Ohtani ef al., 1991, Tabuchi et al., 1992).

In the present work, creep crack growth tests including over 10,000h tests were conducted using
CT specimen of 316 stainless steel. Three kinds of creep fracture mechanism were recognized in
the creep tests for this material tested. The loading condition of the creep crack growth tests was
chosen based on this creep fracture mechanism map. The relationship between creep crack
growth behaviour and microscopical creep fracture mechanism was investigated.

399


User
Rettangolo


400 Tabuchi et al.
EXPERIMENTAL PROCEDURES

Material and Specimen

The material tested is 316 stainless steel plate of 24mm in thickness. Chemical composition of
this material is given in Table 1. The solid solution treatment condition was 0.5h at 1373K. The
average grain size was about 50pum. The specimen used for the creep crack growth tests was CT
specimen of 50.8mm in width and 12.7mm in thickness. Pre-crack of 2.5mm was introduced by
fatigue loading at room temperature. After fatigue pre-cracking, sidegrooves of 20% of thickness
were machined.

Table 1 Chemical composition of 316 stainless stecl (mass%)

(o3 Si Mn P S Cu Cr Ni Mo Ti |[Nb+Ta| B Al N

0.05|0.70 | 1.10 {0.034|0.003| 0.31 |17.05|12.60| 2.24 | 0.03 | 0.001 {0.003|<0.003{0.017

Creep Crack Growth Test Procedure

Creep crack growth testing system is shown elsewhere (Tabuchi et al., 1990). Creep crack
length was measured by using D.C. electrical potential technique. Crack length was computed
from the output voltage according to the Johnson’s equation (Johnson, 1965). Load line
displacement between upper and lower clevises which connect the specimen with pull rods was
measured using extensometer and linear gauges. The creep crack growth tests were conducted at
temperature range from 823K to 1073K. Long-term tests over 10,000h were conducted at 923K
and 1023K.

Creep crack growth rate for ductile materials is generally evaluated by the non-linear fracture
mechanical C* parameter. In this study, the C* parameter was calculated as follows (Ernst,
1983);

e s B0 o
il B,,,(W—a)(y n) M

where, B, is the net thickness between the roots of sidegroove (=10.2mm), W is the specimen
width (=50.8mm), a is the crack length, P is the load, 0 is the load line displacement rate, 7 is the
creep exponent of Norton’s rule and y and f are the function of a and W. The value of n was
obtained from the relationship between minimum creep rate vs. applied stress obtained from
creep tests.

RESULTS AND DISCUSSION
Creep Fracture Mechanisms

The stress vs. time to rupture curves and the regions of three kinds of creep fracture mechanisms
of round bar specimens were shown in Fig.1. In order to compare the fracture mechanisms of
CT specimens with those of round bar specimens, the relation between gross section stress O, vs.
time to rupture of CT specimens were also plotted. The gross section stress was calculated by the
following equation (Landes et al, 1976) ;
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where, B is the specimen thickness(=12.7mm), 4, is the initial crack_length(=2(71:5nmtxg.’I$Z
fegion of creep fracture mechanisms shown in Fig.1l was determined according A
shservation of fracture surface and microstructure. For higher stresses at lowerltc;:mpcr:tir SrS é
intergranular fracture due to the wedge-type cracking (W-type) was ob_s_erved. Foc;' (t)\af;r :1 teer faze
at higher temperatures, intergranular fracture due to _thf: growth of cavities formed a 4 i e
hetween matrix and M,,C¢ or sigma phase precipitated on grain boungi'fmcs (f ‘-;/ype -
observed. Transgranular fracture (T-type) was obsc_rved between the c'ondmons of W-type a;1
C-type. Although the boundary between T-type region and C-type region of CT spe;:llme':ns 10a
fittlc different from that of round bar specimens, the dcptnd'cncc of creep fracture mechanisms on
testing conditions for CT specimens has the similar trend with those of round bar specimens.
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Fig.1 Relationship between stress vs. time to rupture, a.r'ld creep fracture
mechanisms of round bar specimens and CT specimens.

Relationship between Creep Crack Growth Rate and Fracture Mode

ijonship between creep crack growth rate, da/dt, and C* parameter obtained under
gcev;nd? tclrec:p fIrJacturc mcchanism condition is shown in Fig.?. Because the crack growthfr.at.ct 'Z;
initial transient stage could not be evaluated by C*(Yokol?orl et al., 1988), those plots of initi
stage were omitted in this figure. The da/dt vs. C* relations chcnd on the mlcroscopu‘::1 'crce;p
crack growth mechanism. The creep crack growth rate under testing condition corresgon éng 0
W-type mechanism was the fastest, that under T-type was the slowest, and that under -typg
was medium. The creep crack growth rate for C-type creep fracture mechanism was S(f:attere
between the upper bound for W-type and the lower bound for T-type. The creep ractur;:
mechanism happened in engineering components w.ould be C-type. Therefore, the creep cracd
growth tests under the testing condition corresponding to C-type would be more important an

longer time test would be important.
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Fig.2 Relationship between creep crack growth rate,
da/dt, vs. C* parameter.

Results of Long-Term Creep Crack Growth Tests

Long term creep crack growth tests were conducted at 923K for 5 22kN and 1023K fo.
The rlipture time was about 11,000h and 15,000h, respectively. The relationship betviclc'n8 filc{zl/\cllt
;s. @ paramfter obtained from these tests were shown in Fig.3. From these tests, the data that
a/dt was 10*mm/h were obtained. The da/dt of long term tests was faster than that of short-
term test und.er ’I_‘-type mode. The morphologies of section near fractured surface were also
§hown in this flgurc. The fracture mode of long term tests was cavity-type and man
Intergranular cavities were observed near the main crack. In the test at 1023K for 1.88kN. thz
specimen was most heavﬂy_ damaged and da/dt was the fastest. It was considered that the c’:rec
damage ahead of the crack tip accelerated the creep crack growth rate. .
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Fig.3 Relationship between da/dt vs. C* parameter obtained from
long-term tests more than 10000 hours.
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valuation of Creep Crack Growth Rate Using Creep Ductility

The difference of creep ductility between fracture modes is considered to be one of the reason

why da/dt depends on creep fracture mode. The relationship between da/dt and C* parameter
depends on the creep rupture ductility of testing materials (Nikbin et al., 1986). Fig.4 shows the
reduction of area vs. time to rupture relations in creep tests of round bar specimens. The
reduction of area was dependent on creep fracture mechanism, and that is low for W-type creep
fracture mechanism, high for T-type, and medium for C-type.
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Fig.4 Relationship between reduction of area vs. time to rupture
in creep tests of round bar specimen.

Fig.5 shows the relationship between creep crack growth rate at C* = 1 kI/m*h and reduction of
area. The value of reduction of area in each creep crack growth test was estimated from the
relationship between reduction of area and time to rupture in Fig.4. The relation of Fig.5 was
dependent on creep fracture mechanisms. For the creep fracture mechanism conditions of W-type
and T-type, the da/dt at C* = 1 kJ/m*h was in inverse proportion to reduction of area as shown

x10-2
4.0 —— T T T T T T
£ w 316 Stainless steel
E
i 3.0 wo Co E
=
™ Wwo
E Co
5
X 20f
=
A o 823K
Q A 873K
] v 823K
= 1Or o7k
3
X o 1023K
© > 1073K
0.0 1 = 1 1 i 1 1 1 1
V] 20 40 60 80 100

Reduction of area (%)

Fig. 5 Relationship between da/dt at C* 1kJ/m’h vs.
reduction of area.
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with the solid c in Fi
follows; urve in Fig.5. Creep crack growth rate for W-type and T-type could be written as

da _ 6.26x1073 45
x~ g ¢ ®

where, &* is the creep rupture ductility.

II; (g] ﬁCO-Itl)gée aftr)z(x)c‘:/tureﬂ:noge,/dhogvevgr, dajdt was faster than that predicted from equation(3). As

T e, the da/dr for C-type became faster as the temperat i t

increased. When no crack is formed ahead of the mai s

main crack tip, i.e., under the conditi

type and T-type creep fracture mechanisms, the . 4 g
Y] 5 creep crack growth rate depends on th

rupture ductility. On the other hand, when many c; iti : S ot

1 5 cks and cavities are formed ahead

tip, the creep crack growth rate is faster than ﬂ'}l, e R o
p_cra v at estimated by the relation in which th

rupture ductility is taken into account. In order t i ande

) 1 : o0 predict the creep crack growth
fracture mechanism condition of C-t it i s Al
-type, it is necessary t ili
the effect of creep damage ahead of the main crack tip?ry e

Creep Crack Growth Modeling by Grain Boundary Cavitation

It was considered that creep dama, i
ge ahead of the main crack affect the macroscopi
rate. Creep crack growth rate by cavitation was given as follows(Riedel, 1;86()3?131c R

gi_g . 7 (G,) ALV Cc* o a—a, 1/n+1 (o)
dt = 04(A/d)(5,16,)sin(na) \ I, {( A ) T Te-w I"(Za—l)} )
:anécl;, a;nérsﬁt%l,c /ln:')s n;hc Hzczz;ity sgaﬁng, d is the length of grain facet, 7 , is the function of n
s O al _equivalent stress and maximum principal stress. A di
equation(4), da/dt vs. C* relation depends on the crack length at the il‘litﬁll stage of cr:(fl? rgrlg\%ﬂtlo

i&z}vx;i\ée;, thti's effect can be ncgligib_le, when we discuss the crack growth rate at the steady state
erating stage. The comparison of experimental results at 1023K with equation(4) was
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Fig.6 Comparison of creep crack growth model by grain
boundary cavitation with experimental results.
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6. When we assume that the number of cavities on one grain facet is from 10 to 20,

shown in Fig.
result obtained from theoretical equation.

experimental results coincide well with the

cavities ahead of the main creep crack. It is difficult to compare the
ih estimated one because the damage distribution is not constant.
ate the crack growth rate is explained

Iig.7 shows the observed
observed cavity spacing wi
However, the experimental result that creep damage acceler
using this model.

Fig.7 Grain boundary cavities observed ahead of the crack tip.

CONCLUSIONS

Creep crack growth tests were carried out using CT specimens on 316 stainless steel, and the
cffect of creep fracture mechanism on creep crack growth behaviour was investigated. The

results are summarized as follows:

(1) Three types of creep fracture mechanisms, i.e.,
and cavity-type fracture, were observed on 316 stainless steel.

(2) Creep crack growth rate was evaluated by C* parameter. Creep crack growth rate was
dependent on microscopic creep fracture mechanism. The da/dt was the fastest for W-type

fracture mechanism and the lowest for T-type.

(3) The difference of da/dt between W-type and T-type could be characterized by the creep
rupture ductility.
(4) The creep cavities formed ahead of the crack were considered to affect the crack growth rate.
Creep crack growth rate under cavity-type fracturc mechanism should be predicted by

A1t 1ot 4o ~rean damaoe dengity

considering not only creep ductility but the creep damage censity.

wedge-type cracking, transgranular fracture
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