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ABSTRACT

This paper reports an on-going research programme to understand the effects of the surface finish on fatigue in Type 304
austenitic stainless steels. This programme aims to establish a mechanistic model for the surface and microstructure effects
on fatigue. A mechanistic model originally proposed by Navarro and Rios (N-R model) was selected as the most suitable
generic model to study the effect of the surface finish on fatigue. The response surface methodology was used to prepare
fatigue specimens with designed surface characteristics. The predictions of the machined specimens overestimated the
observed fatigue limit significantly. A modification of the model to take better account of the near-surface microstructure and
properties is required for accurate predictions of fatigue crack initiation in austenitic stainless steels.

Introduction

Austenitic stainless steels are important materials in light water reactors (LWRs), with a requirement for strength and corrosion
resistance [1]. The fatigue behaviour has been reported to be influenced by surface roughness, strain hardening,
microstructure and residual stress, which are all influenced by working of the surface [2, 3]. However, the available data in the
literature is complicated by the interactions of these factors, which results in difficulty in deriving a fundamental understanding
of the mechanism. This paper describes an on-going research programme to fully understand the effects of the surface finish
on fatigue in Type 304 austenitic stainless steels. This programme aims to establish a mechanistic model for the
surface/microstructure effects on fatigue.

This research programme can be classified into the following six topics. These are introduced in this paper, with further details
published elsewhere [4-6].

e Identification of a suitable fatigue model for this programme [4]

o Design and preparation of fatigue specimens with controlled surface characteristics [5]

e Characterisation of surface/material properties of the fatigue specimens [4,6]

e Implementation of the fatigue model using the observed surface/material properties to predict fatigue behaviour [4]
e Comparison of the fatigue limit, observed by staircase method, with the model prediction [6]

e Post-mortem examination of the fatigue specimens and comparison with the model prediction [4,6]

Identification of a Fatigue Model

In order to identify the most suitable model for this programme among the existing short fatigue crack models, a literature
review was carried out [4]. The generic mechanistic model for the behaviour of a short crack nucleus, originally proposed by
Navarro and Rios [7-15] and which has been referred to as the N-R model, was selected. This model is basically derived by
modifying the Dugdale-BCS models [16, 17], and defines the threshold condition for the resultant crack tip stress to exceed the
strength of the barrier to crack propagation at a grain boundary. In recent years, the original N-R model has been developed
further and applied to engineering issues [18-31], such as shot peening effects on fatigue of aluminium alloys. The model
includes the effects of residual stress and surface roughness, and the fatigue threshold stress (oii) can be described by
Equation (1) [18, 19]:
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where i is the number of half grains covered by the crack; a/ is the closure stress; Z; is the notch influence factor; m'/m! is the

grain orientation factor which varies from 1 to 3.07 (Taylor Value [32]) for face centred cubic polycrystalline metals; oz, is the

intrinsic fatigue limit for smooth specimens without any residual stress. The closure stress can be obtained by integrating the

depth profile of the residual stress f(RS) using Equation (2) [18, 19]:
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The notch influence factor is given in Equations (3) and (4) [20-22]:
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where ¢ is the depth of the notch; Sis the half-width of the notch; D is the grain size. In the present study, the profiles of the
roughness on the specimen surfaces were interpreted as a series of micro-notches.

Several empirical relationships describing the grain orientation factor, m'/m’, have been reported for mild steels and aluminium
alloys [12, 15, 23], but not for stainless steels. In this study, in the absence of a more suitable relationship, the grain
orientation factor was approximated by the following formulae [21, 22]:
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where f'is a fitting parameter, the value of which is reported to be 2.5 for steels [21, 22]; Y is a dimensionless constant that
depends on geometry and mode of loading where Y=1 is set from the outset; K, is the threshold stress intensity factor for
long cracks is estimated using the following empirical relationship by Murakami et al. [33]:

1
K, =1.65x10°(H, +120)area J (8)

where Ky, is in MPavm; Varea is in microns, and assumed to be 1000 pm in this study in accordance with Ref. [24]; H, is the
Vickers hardness of the material, here measured as the micro-hardness.

Design and Preparation of Fatigue Specimens

In order to study the effect of the surface finish on the fatigue behaviour quantitatively, fatigue specimens with controlled
values of the roughness, hardness and residual stress should be prepared. An investigation was undertaken to develop a
technique to prepare fatigue samples of austenitic stainless steels with designed surface characteristics. The response
surface methodology (RSM) coupled with central composite design (CCD) [34, 35] was employed to design fatigue specimens
with controlled surface characteristics. Simple cylindrical specimens having various surface characteristics were first produced
by changing the final cutting conditions (spindle speed, feed rate and cutting depth) of the lathe. Since tool wear is significant
in austenitic stainless steels due to their high work hardening capacity and low thermal conductivity [36, 37], wear effects were
minimised by replacing the tool tip for every specimen prior to the final cut. The surface characteristics of the roughness,
hardness and residual stress on the specimens were measured, and statistical analysis (ANOVA) was employed to obtain a
response surface model.

The response surface model employed in the analysis could adequately represent the largest peak to valley height (roughness
R,) and the axial surface residual stress, but a good fit was not always achieved for the mean spacing of adjacent local peaks

(roughness S) and the micro-hardness. The best fits for the roughness R, and the axial surface residual stress o, obtained by
the ANOVA are given in Equations (9) and (10), respectively:

R, =-1.03-1.90 x107°4+57.2B+5.45C - 2.48x10° 4° +149B* —0.239C* + 0.0235AB + 4.06 x 10 *AC -11.3BC (9)
o, =-715+0.3654 +5370B — 218C - 6.65 x107° 4> —99608° + 27.4C° — 0.0618AB - 0.0594AC +177BC (10)
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Figure 1. Response surface diagram obtained for lathe turning of cylindrical type 304 austenitic stainless steel specimens

Table 1. Cutting conditions for fatigue specimens.

Specimen 1 | Specimen 2| Feed rate |Cutting depth|Spindle speed
S le Type
ampie 1yp Code Code (mm/r) (mm) (r/mm)
0 0-1 0-2 0.10 0.4
1 1-1 1-2 0.14 0.9
2 2-1 2-2 0.12 0.7
3 3-1 3-2 0.16 1.2 1700
4 4-1 4-2 0.10 1.4
5 5-1 5-2 0.16 0.7
6 6-1 6-2 0.32 0.6
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Figure 2. Comparison between the predicted and the measured value for a) surface roughness and b) axial surface residual
stress

where A, B and C are the variables of the spindle speed (r/min), the feed rate (mm/r) and the cutting depth (mm), respectively.
Figure 1 visualises Equations (9) and (10) and shows the interdependence of the roughness R, and the axial surface residual
stress. Based on the statistical analysis, specimens were identified on the response surface diagram, for example, as @ to ©®,
the cutting conditions of which are summarised in Table 1. Two fatigue specimens were therefore prepared for each specimen
type, the codes of which are detailed in Table 1, to confirm whether the response surface model obtained on the cylindrical
samples were valid for fatigue specimens. The observed values of the roughness Ry and the axial surface residual stress are
given in Figure 2, compared with the values predicted by Equations (9) and (10), respectively. The prediction is in good
agreement with the observed values for most conditions. The response surface methodology is demonstrated to be a novel
approach to design fatigue specimens with controlled surface characteristics.

Characterisation of Surface/Material Properties

In order to implement the fatigue model, various surface/material properties of the fatigue specimens such as grain size,
surface roughness, surface micro-hardness, residual stress depth profile and the fatigue limit for smooth specimens without



residual stress are required. In this section, the characterisation techniques and the data are summarised The grain size was
obtained by high-resolution electron backscatter diffraction (EBSD) in a Philips XL30 field emission gun-scanning electron
microscope (FEG-SEM) equipped with an HKL Nordlys Il detector and Channel 5 software. The grain sizes were calculated
by the mean linear intercept method [38, 39] where the grain boundary was defined where adjacent pixels had a misorientation
more than 15° Coherent twin boundaries (£3) were excluded from the analysis. Figure 3 shows the grain boundaries of as-
received material where twin boundaries were identified as grey lines. The surface microstructure was not characterised.
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Figure 3. Observation of grain boundaries for as-received material characterised by EBSD where twin boundaries are
identified by grey lines. The scale bar is 300 um. The mean grain size is 40 pm.

A Hitachi S-3000N SEM coupled with Alicona-Mex stereographic imaging was used to visualise the 3D profiles of the surface
roughness. Figure 4 shows typical surface profiles for the fatigue specimens. Statistically significant quantitative data was not
obtained by this method, and the roughness R, and S were also measured with a Taylor—Hobson Talysurf 50 surface
profilometer, and verified against the stereographic profiles.

a) b)

Figure 4. Qualitative 3D profiles of the surface roughness characterised by SEM coupled with stereographic imaging devices
for the specimen codes of a) 0-2 and b) 6-2

The microhardness was measured by an Instron indentation instrument (Wilson Tukon 2100). The effect of the annealing and
electropolishing for the sample Type 0 is compared in Figure 5. The figure reveals that strain hardened layer was removed by
both electropolishing to remove 250 ym and annealing at 900°C for 10 minutes. The residual stress was measured with a
Proto i-XRD X-ray diffractometer. Mn-Ka radiation (20 kV, 4 mA) and the (311) diffraction plane (yFe) were used. The
Young’s modulus and Poisson’s ratio employed were 193 GPa and 0.29, respectively. Depth profiles were obtained by
successive removal of material with a Struers Lectropol-5 electropolishing unit at 20 V, in which the solution was 8% perchloric
acid and 92% acetic acid. Figure 6 (a) shows the depth profiles of the axial residual stress for the machined samples, for
which the specimen codes are listed in Table 1. No significant residual stresses were observed beyond a distance of
approximately 250 ym from the surface. The axial residual stress profiles for the annealed Type 0 samples are given in Figure
6 (b) to illustrate the annealing effect. The lower annealing temperature of 425°C for 2 hours has no significant effect, but
annealing at 900°C for 10 minutes effectively eliminates the machining induced residual stresses.
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Figure 5. Comparison of the surface micro-hardness for the machined, electropolished and annealed Type 0 samples. The
annealing times were 2 hours at 425°C and 10 minutes at 900°C.
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Figure 6. Depth profiles of axial residual stress for a) the machined samples and b) the annealed Type 0 samples. The
annealing times were 2 hours at 425°C and 10 minutes at 900°C.

The fatigue limits were determined using a R.R. Moore rotating-bending machine by means of the staircase method [40] with
20 specimens, employing a step-width of 2 MPa. The fatigue endurance limit was set at 10’ cycles. To obtain data for smooth
specimens without residual stress effects, Type 0 fatigue specimens were first annealed at 900°C for 10 min to eliminate the
residual stress due to the machining, and then electropolished to obtain a mirror finish (removal of approximately 150 um).
The fatigue limit of these annealed and electropolished samples was 298 MPa (+2 MPa). Data was also obtained for the type
0 machined surface, and type 0 machined and annealed for 10 minutes at 900°C. The fatigue limits of the machined and
annealed conditions were 295 MPa (+2 MPa) and 295 MPa (+4 MPa) respectively.

Implementation of the Fatigue Model

Figure 7 gives the predicted threshold stress profiles of the machined and annealed fatigue specimens, obtained by
implementation of the fatigue model and the data obtained for grain size, surface roughness, micro-hardness, residual stress
profile and the fatigue limit (298 MPa) for smooth specimens without residual stress. The maximum values of each profile,
which are marked by open circles, correspond to the predicted fatigue limit. The crack length at stress amplitudes below the
fatigue limit predicts a maximum arrested crack length that may be observed. The predicted fatigue limits are compared with
the measured fatigue limits of the machined and the annealed specimens (Type 0) in the following section.

Comparison with the Fatigue Limit

The predicted fatigue limits shown in Figure 7 were 523 MPa and 270 MPa for the machined and annealed specimens,
respectively. The surface roughness is therefore predicted to have a less significant effect than the residual stress profile.
The prediction of the machined samples therefore overestimates the observed fatigue limit very significantly. A slight
discrepancy, less than 10%, is also found for the predicted and observed fatigue limits of the annealed sample. Reasons for
the disagreement between the model prediction and the experimental observations are discussed in the following section.
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Figure 7. Threshold stress profiles predicted for a) the machined and b) the annealed (10 minutes at 900°C) specimens. The
grain size, D, was 40 pym.

Post-Mortem Examination of the Fatigue Specimens

The fatigue model described in equation (1) assumes that the closure stress is superimposed in the threshold stress, which
indicates that the proper estimation of the closure stress is important. Three possibilities can be considered for the
disagreement of the fatigue limits between the model prediction and the experimental observations: (i) redistribution of the
residual stress due to the fatigue loading, (ii) the reasonability of equation (2) to convert the residual stress into the closure
stress and (iii) the validity of the microstructural parameters employed in the model.

Figure 8 compares the measured axial and circumferential surface residual stresses before and after fatigue. No significant
change is observed, implying that high cycle fatigue does not cause measurable redistribution of residual stress. Equation (2)
is derived from continuum mechanics, which therefore neglects the effect of the grains. It is implicit in the N-R model that
cracks are arrested at the grain boundaries where the local plasticity would be produced. Such plasticity could influence the
local closure stress. Recently, the N-R model combined with crystal plasticity finite element models has been reported to
consider the effect of the plasticity at the crack tip [41] for the prediction of crack growth rate, but not for the fatigue limit. The
present authors propose to investigate this type of approach for the modification of the closure stress estimation, as part of
future work.
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Figure 8. Comparison of the surface residual stresses measured before and after fatigue tests for Type 0 specimens

In order to consider whether the role of microstructure is adequately included in the model, the arrested crack behaviour has
also been compared with the model predictions. Figure 9 shows cross-sections of the longest arrested cracks observed in
post-fatigue (run-out) specimens for both the machined and annealed conditions. Similar cracks were observed in the electro-
polished specimens. The cracks are all significantly smaller than both the average grain size of the bulk of the microstructure
(40 um) and the expected arrest length (Figure 7). In the absence of a notch, the N-R model defines the fatigue limit as the
stress amplitude below which a crack initiated within first surface grain is unable to propagate into the next grain. Crack
initiation is thus assumed to be easier than propagation of the grain sized nucleus. The expected stable crack lengths in run-
out specimens are therefore of the order of the grain size or more, which is inconsistent with the experimental observations.
The observation of very short arrested cracks in all samples implies that in small specimens of austenitic stainless steels,
crack initiation is difficult compared to crack propagation, and the fatigue limit, o7, obtained for annealed, electropolished
specimens is not the intrinsic resistance to propagation. This may explain the similarity between the measured fatigue limits of



all three surface conditions, in which the resistance to crack initiation may have been measured. Work is in progress to
evaluate the near-surface deformation structures to further investigate this.

a) h. 2 um b) 20 ym

Figure 9. Arrested cracks in post-fatigue (run-out) specimens a) SEM observation of machined sample (propagation right to
left), b) optical microscopy of annealed sample (propagation top to bottom).

Conclusions

A generic mechanistic fatigue model originally proposed by Navarro and Rios (N-R model) was selected as the most suitable
model to study the effect of the surface finish on fatigue in austenitic stainless steels. The response surface methodology was
demonstrated to be a novel approach to prepare fatigue specimens with designed surface characteristics. In order to predict
the fatigue behaviour of the specimens prepared, the surface/material properties required to implement the model were
characterised. The predictions for the machined specimens overestimated the observed fatigue limit significantly, indicating
the importance of the machined surface on the initiation of fatigue cracks. Modifications to the model to take better account of
near-surface microstructural parameters (including local plasticity and grain structure) are suggested as important factors in
improving model predictions. Work is in progress to investigate a wider range of surface machined conditions.
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