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ABSTRACT

Fatigue crack growth (FCG) behaviour of a reduced activation ferritic martensitic (RAFM) steel has been evaluated
at 300, 653 and 823 K and the effect of temperature in Paris and threshold regimes have been discussed. The FCG
results were compared with EUROFER 97. The effect of temperature on thresholds and associated crack closure
mechanisms are highlighted. Finally, crack tip effective stress intensity factor ranges (AKgper) have been evaluated
by taking crack tip shielding into account.

INTRODUCTION

Reduced Activation Ferritic/Martensitic (RAFM) steel is chosen for fusion reactor first wall and blanket applications
[1-3]. The focus of RAFM steel is to reduce the environmental impact of the irradiated steel after the service lifetime
of a fusion reactor. This is achieved by selective substitution of highly radioactive (induced) elements Mo by W and
Nb by Ta. The ferritic- martensitic structure offers excellent void swelling resistance too, when compared to the
austenitic stainless steels. India has chalked out a long-term programme for the development of RAFM steel. In the
first phase of the programme, efforts have been made to develop a RAFM steel conforming to EUROFER 97 to
demonstrate the capability of Indian steel industry, for producing the steel with close control on the chemical
composition, inclusion content and with specified physical and mechanical properties. International efforts to
develop RAFM steel have focused on varying tungsten in the range 1-2 wt.% and tantalum in the range 0.02-0.18
wt.% [4-6]. Tungsten addition increases creep rupture strength but also increases DBTT [7]. Tantalum in the RAFM
steel leads to prior-austenitic grain size refinement [8] thereby lowering the DBTT, however, decreasing the
weldability [9]. Hence, the second phase of this programme aims to optimize the composition, especially with
respect to tungsten and tantalum contents from considerations of fracture toughness, creep strength and weldability.
This optimized composition is designated as India-specific RAFM steel and the steel produced in large scale is used
for detailed characterization of physical and mechanical properties and weldability for validation of the material in
the third phase.

For the damage assessment and structural integrity of these components, the fatigue crack growth (FCG) and
fracture toughness properties are necessary. The mechanical properties and influence of specimen geometry for
similar grade (RAFM) steels are available in literature [10-12]. Also, the effects of irradiation and hydrogen on
mechanical properties have been examined [13-15]. The tensile, dynamic and quasistatic fracture toughness of
an indigenously produced RAFM steel have been evaluated [16, 17]. A campaign was initiated to study the FCG
behaviour of indigenously developed RAFM steel at different temperatures in comparison with those for the
international grades.

The fatigue crack growth rate (da/dN ) is related to the stress intensity factor range, AK = K. —K the

difference of (Kpa) maximum and (Ky;,) minimum applied stress intensities. For intermediate crack growth rates,
these are correlated using the Paris equation [18].

n
da/ dN = CAK - (1)
where the coefficient, C, and the exponent, N, are material constants. This regime is generally considered to be
insensitive to microstructure, environment and load ratio (R = K i /K max ) and sensitive to temperature. As AK

min ?

is gradually reduced, the crack growth rate drastically decreases, approaching a threshold value AK,, at which

da/dN approaches zero [19]. Microstructure, environment, temperature, R -ratio, crack tip constraints, crack
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closure, overloads, cold work etc are found to influence AK,, ; in addition, AK,, is sensitive also to the method of

measurement, and specimen geometry [20-23]. In the FCG studies on RAFM steels reported in literature, [10-15]
the effect of crack closure on fatigue crack growth has not been considered explicitly, and thus it may lead to the
over estimation of the fatigue life of the components made up of the RAFM steel. When crack closure is accounted
for, AK can be written as AKe = Kinax—Ke, Where K is stress intensity factor corresponding to the closure load.

The present paper focuses on fatigue crack growth behaviour of the RAFM steel at 300, 653 and 823 K in
Paris and threshold regimes. The influence of temperature on FCG in Paris regime, and crack closure effects in
threshold regimes have been examined. The crack tip shielding due to different shielding mechanisms have been
addressed.

EXPERIMENTAL
Materials and Specimen Preparation

The RAFM steel in the present study was available in the form of plates of 25 mm thickness in the
normalized (1253 K for 30 min) and tempered (1033 K for 60 min) condition (NT). The chemical composition is
given in Table 1. CT specimen blanks of approximate dimensions of 70x65x25 mm were cut from the plate. 20 mm
thick compact tension CT specimens were fabricated from these blanks with the notch made using electric discharge
machine (EDM). A schematic view of the CT specimen is shown in Fig. 1(a). The typical microstructure of the
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Fig 1. (a) CT Sample (b) microstructure of RAFM steel

Table 1. Chemical composition of the RAFM steel
C Mn Cr \Y W Ta N B Ti Nb Mo Ni Fe

0.08 | 056 | 9.05 | 0.226 | .0 | 0.063 | 0.0206 | 0.0005 | 0.024 | 0.0039 | 0.009 | 0.007 | Bal.

Fatigue Crack Growth Test

The FCG tests were conducted at ambient temperature (300 K), 653 K and 823 K in air according to ASTM
E647 [19] at a constant R value of 0.1 and load frequency of 15 Hz in a fully automated servo hydraulic machine.
Crack length measurements were carried out using a suitably calibrated direct current potential drop (DCPD)

system. Specifically, the tests employed were AK' decreasing type, with AK values being progressively reduced
as the crack grows during the test as prescribed by the ASTM standard [19]. asAK = AK, exp(c.Aa) . Here
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AK, is the value of AK at the start of the test, the normalised K gradient, C which is set to —~0.08 mm™ and Aa is
the crack growth.

Determination of Opening/Closure loads

The loads at which crack opens fully in the loading part of the cycle or starts closing in the unloading part, Pop

and Py respectively, have been determined from the load (P) —displacement () data. Generally, a few slow cycles

are employed to collect the P-§ data for this. However, in the present case, a slow ramp from minimum load (Pp;,) to
maximum load (P,.x) and back was used in order to acquire data at closer intervals, rendering the determination of
the opening or closure loads more accurate even at high temperature with COD gages of lower stiffness.

RESULTS AND DISCUSSION

The FCG results of RAFM without and with closure correction at 300, 653 and 823 K are presented in Figs. 2 (a
& b) respectively. Effect of temperature and different closure mechanisms on the FCG behaviour in both Paris and
thresholds regimes have been discussed in the following sections.
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Fig. 2: FCG of RAFM different temperatures (a) without and (b) with closure correction

Fatigue crack growth in Paris regime

Paris parameters

Paris law can be used to quantify the residual life of a component, given with a particular crack size. The
Paris constants C and n obtained using the AK and AK; for the three temperatures are presented in Table 2. (It may
be noted that da/dN in nm/cycle was used to obtain the C values presented.) When AK is used for correlation, both
these parameters show significant variations with temperature. The variations in C and n are found to be
complimentary to each other without crack closure. However, when the closure correction was incorporated, i.e.,
when AK is used for correlations, n decreases from 300 to 823 K, while C decreases at 653 K followed by increase.

Table 2: The FCG parameters for RAFM steel at the three temperatures
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Indian specified RAFM EUROFER 97
Temperature, | Pparis constant, logC Paris exponent, n Paris constant, logC Paris exponent, n
: AK AKeg AK AKeggt AK AK AK AK
(R=0.1) | (R=0.1) | (R=0.1) | (R=0.1) | (R=0.1) | (R=0.5) | (R=0.1) | (R=0.5)
300 -1.202 -0.617 2.59 2.00 1.342 1.00 2.29 1.43
653 -0.797 -0.797 1.95 1.95 - -- -- --
823 0.484 0.547 1.25 1.09 1.954 2.30 1.56 1.68

Fatigue crack growth in threshold regime

Crack closure effects, which are expected to be more significant in the threshold regime, would influence
the AKy, determined. Further, the extent and mechanism of closure can be different at different temperatures [24],
and the temperature-dependence of the intrinsic FCG threshold can be masked by these effects. Therefore, the
threshold stress intensity (AKy) and effective threshold stress intensity (AKe) factor range for different
temperatures presented in Table 3, are examined. It is interesting to note that the anomaly in AKy, with temperature
i.e higher AKy, at 823 K. However, this anomaly is removed after incorporating closure correction, as seen in the
temperature-independent in AKe, . From Table 3, it may be seen that the AK, decreases with temperature up to 653
K and further increase in temperature (823 K) resulted in slight increase in AKy, to that of at 653 K. The extents of
closure in the threshold regime at the three temperatures are also indicated in Table 3. The mechanisms of crack
closure at different temperatures and the reasons for the enhanced variations in AK, are discussed in the following
sections.

Table 3. FCG thresholds at different temperatures

Temperature, Threshold SIFs, MPa.m"4(RAFM) AKip - At EUROFER 97*[15]
K AKp R=0.1) | AKgps R=0.1) | MPam™ | R=01) | 4K, (R=05)
300 7.80 5.65 2.15 9.02 4.73
653 5.56 5.36 0.20 - -
823 7.02 5.24 1.78 6.98 5.21

Comparison of Indian specified RAFM and EUROFER 97

The FCG parameters of RAFM and EUROFER 97 [15] are presented in Table 2 and 3 in order to compare
in both Paris and threshold regimes respectively. The Paris exponents of RAFM and EUROFER 97 at a load ratio of
0.1 and temperature 300 K are comparable without and with crack closure correction. However, the Paris exponent
(n) and constant (C) of EUROFER 97 at higher temperature showed higher irrespective of load ratios (Table 1)
indicating that the lower FCG resistance. Thus it may be inferred that the FCG resistance of Indian RAFM is
superior to that of EUROFER 97 in the Paris regime at higher temperature (823 K). One the other hand the AKy, of
both the materials is in the same order at 300 and 823 K, at a load ratio of 0.1. At higher load ratios (0.5) where the
closure effects expected to be low, the AKy of EUROFER 97 is found to be lower than that of the AKy, (after
closure correction) of RAFM tested at lower load ratios. The lower AKy, of EUROFER 97 at a load ratio of 0.5
when compared to the AKq s 0Of RAFM at a load ratio of 0.1 indicated that the crack closure effects has strong
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influence on the FCP parameters. Therefore, the crack closure should be taken in to account at the time of design
against fatigue damage.

Crack closure mechanisms

Various closure mechanisms like plasticity induced closure (PIC), roughness induced closure (RIC), oxide-
induced closure (OIC) etc, have been established in the literature [21]. These closure effects becomes more
significant as AK decreases and influences the threshold determination as has been observed in numerous studies on
crack closure behavior [21]. The variations in thresholds are examined considering the closure contribution, which
are 2.15 and 1.78 MPa.m"? at 300 and 823 K respectively, while it is only 0.20 MPa.m"? at 653 K. The high closure
contributions at 300 K may be due to the roughness (Fig. 4(a)), at 653 K which is low as can be seen Fig 4(b). On
the other hand, at 823 K, the fracture surface appears quite smooth (Fig 4(c)) and it appears that there cannot be any
RIC in this condition. The increase in the value of closure contribution at 823 K might have resulted from other
mechanisms such as OIC or PIC, as expected and there is also heavy oxidation along the crack path (Fig 4(c)).

Fig. 4. Optical micrographs showing decreasing crack path tortuosity with test temperature
(a) 300 K (b) 653 K (c) 823 K.

The possibility of PIC needs to be examined. PIC, as a first approximation, is proportional to the plastic
zone size [25] which in turn depends inversely on the yield stress, r, = (1/21r)(KmaX/csy)2 for plane stress condition.
Therefore, the PIC is expected to increase with increasing temperature. However, the closure contribution in the
present study is lower at 653 K, and it increases with further increase in temperature to 823 K. Lowering of the
fracture surface roughness can be attributed to the change in slip character form planar at 300 to wavy at 823 K. This
is consistent with observations of the decrease in the crack path tortuousity with the temperature Fig 4(a-c). After the
closure correction the anomaly in the AKy, removed and the AK¢xy, found to be insensitive to the temperature. In
addition the tensile properties indicated the predominance of dynamic strain ageing (DSA) at 653 K.

Table 4 Tensile properties of RAFM steel at different temperatures

Test Yield strength s-lt-fen:glglti % elongation % Reduction in
temrzer;ﬂure (YS),MPa (UTS), MPa (EL) area (RA)
K 1
300 630 750 9 50
653 540 613 7 49
823 360 412 12 54
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Crack tip shielding

The above discussion considers AKg as the driving force for fatigue crack growth. In ceramics,
intermetallics, and composites, improved crack growth resistance due to crack tip stress shielding by various
phenomena like bridging, interlocking and branching of the cracks has been observed. In such cases, the crack tip
stress intensity factor range AKg, rather than AK is considered to be more appropriate as the driving force for crack
growth. The effect of crack tip stress shielding on the fatigue crack growth behaviour of SS 316 (N) weld with
duplex microstructure has been examined [24]. In the present study too, deviations and branching of the cracks have
been observed. Therefore, the possible effects of crack tip shielding on the observed FCG behaviour has been
examined following the lines of a previous study [26,27]. The crack tip stress intensity factor Ky, is given as Ky, =
Kmax — Ks Where Kiax is the maximum stress intensity factor without the stress shielding effect and K is the stress
intensity factor corresponding to stress shielding effect. It is difficult to estimate the K value under the complicated
fatigue crack growth processes. In this study, Kg, was experimentally evaluated by measuring the crack-mouth
opening-displacement, as mentioned by Suresh [21]. Combining the two equations for stress intensity factor and
crack mouth opening-displacement () [24], the relationship between K, and &g, the crack-mouth opening-
displacement expected for ideal cracks without stress shielding, can be obtained as

Sigeat EF (/W)
V(a/W)VW

where F and V are polynomial functions, and E'= E(1— V2) where E is the Young’s modulus and is the Poisson’s
ratio. For a given crack length, it is known that a linear relationship between Kyax and diges as follows
Kmax oc é‘ideal (3)

Here, as a first stage of approximation, a similar relationship is assumed to exist between K, and dey,, 0 measured
during fatigue crack growth tests, which includes the stress shielding effect. That is,

Ktip o §exp erimental (4)

experimental
tip = = Kmax
ideal

where K is the crack closure stress intensity factor. The results obtained using relationship between AKgp e and
da/dN are presented in Fig. 6. The values of AKgperm Were 1.19, 0.69 and 0.84 MPa.m¥? at 300, 653 and 823 K,
respectively. The three thresholds at different temperatures have been presented in Fig. 7 for easy comparison. It is
obvious from Fig. 7, that variation in AK;p e are much lower when compared to other thresholds, indicating the
lower sensitivity of AKipenm t0 temperature. It is worth noting here that the relatively higher intrinsic FCG
resistance at 823 K, compared to 653 persists even with shielding effects accounted for, suggesting the role of DSA.
However, the intrinsic crack tip shielding by dislocations around the crack tip needs to be studied further.

K (5) and AKtip,ef‘f = Ktip - KcI (6)
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Fig. 6 : Effect of crack tip stress on the FCG at different temperatures
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5.0 CONCLUSIONS

FCG behaviour of RAFM was evaluated at 300, 653 and 823 K in both Paris and thresholds regimes
without and with crack closure correction. AK,, is found to be 7.80, 5.56 and 7.02 MPa.m"? and AK, is 5.65,

5.36 and 5.24 MPa.m"2 at 300, 653 and 823 K, respectively. The anomaly in AK has been removed by
incorporating the crack closure effects. The RIC was predominant at 300 and, while at 823 K the OIC, PIC and RIC
were minimal at 653 K. The FCG results of RAFM were compared with the EUROFER 97. It is inferred that the
FCG resistance of RAFM in the Paris regime is superior to that of EUROFER 97 at higher temperature. In addition
the decrease in the crack closure with temperature is attributed to the change on the slip character from planar to
wavy at 653 K. Moreover, the increase in the intrinsic crack growth resistance is due to the conjoint influence of
cyclic hardening (DSA) and softening due to rearrangement of dislocation at 823 K. The values of AKgp et 1.19,
0.69 and 0.84 MPa.m"? at 300, 653 and 823 K, respectively.
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