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ABSTRACT

The effect of surface finish on fatigue limit of @& 304 austenitic stainless steels
has been investigated. Fatigue specimens witerdifit surface conditions were
obtained by changing the final cutting conditiorathe-turning. The surfaces and
near surface microstructures were characteriseddryron backscatter diffraction
(EBSD), surface profilometry, hardness testing Xnagy diffraction for residual
stress measurement. The fatigue limits were détedrusing a rotating-bending
machine by means of the staircase method. Machsaetples were compared
with samples annealed to remove residual stressesalso samples that were
annealed and electro-polished. Arrested crack nueleun-out (>10 cycles)
fatigue tests were observed. The residual stressuned at the surface was found
to be the dominant parameter, which changes thgugatimit relative to that of
electropolished and annealed microstructures. €fteet of surface roughness is
negligible.

1. INTRODUCTION

The fatigue resistance of austenitic stainlesdssieeritical to the performance of
pipework and cladding in heat exchangers and cgobgystems. Surface
machining is common in such components, and ijgoirtant to be able to assess
the likely effects of surface treatments. This grapeports part of a research
program that aims to predict the effects of thdamar finish on fatigue in these
materials. In previous work [1]-[3] two differeekamples of type 304 stainless
steel, with different grain size, were employedaistudy of the effect of surface
finish on high cycle, stress controlled fatigueheTresults indicated insensitivity
to surface finish and sensitivity to the surfaceideal stress. However, a general
model could not be developed as different machinoogditions were not
examined in a single microstructure. In this répaithird type of 304L austenitic
stainless steel has been studied in order to obtdanfor one microstructure with
different surface finishes. The results are comgavith the earlier studies.

The fatigue specimens were designed using a respsur$ace, which gave an

empirical prediction of the effects of machiningrgraeters on roughness and
surface residual stress [4]. This had been deedlop machining studies of a
different microstructure of type 304 stainless Istaed one objective of this work

was to test its generality to other type 304 ste@rostructures. Electron

backscatter diffraction (EBSD), surface profilonyetnardness testing and X-ray
diffraction residual stress measurement were enepldg characterise the surface
and microstructures. The fatigue limits were deteed using a rotating-bending

machine by means of the staircase method.



2. MATERIALS AND EXPERIMENTAL PROCEDURE

The material used was an austenitic stainless §4¢8l 304L) supplied in the
form of a round bar (dia. 10 mm). The chemical position is given in Table 1.
The grain size was measured from optical microggapging the linear intercept
method. Mechanical properties were obtained usémgile specimens with a
gauge diameter of 5 mm, a gauge length of 30 mmaadidplacement rate of 2
mm/min.

Table 1: Chemical composition of the stainless| gtegloyed (wt %)

Source of Data C P S Si| Mn Cr Ni| Mo N | Fe

AISI 304L 0.028| 0.030 0.030 0.32 1.3 18.3p5 8|5339(Q. 0.077| Bal.

The geometry of fatigue specimens is given in FBgur These were prepared by
a numerically controlled lathe. Two different c@iahs of surface roughness and
surface residual stress were produced by changiedinal cutting conditions
(spindle speed, feed rate and cutting depth). Spivedle speed (1500r/min) and
cut depth (0.4 mm) were the same for both conditiavith a feed rate of 0.25
mm/revolution for the rough machined condition @Rd 0.1 mm/rev for the fine
machined condition (F). The tip radius of insesbltwas 0.4 mm. These
conditions were selected from the response suffdd® obtain residual stresses
that were either close to zero (fine machinedeaosile (rough machined).

L]

—""hu..__‘__ i
tnI r--‘
™ N
© oy
19.0 20.0 19.0
«——» < » < >
' 87.3 .

Figure 1: Specimen configuration (circular crosstiea).

Surface roughness profiles of machined specimeng wkearacterised using a
Taylor-Hobson Talysurf 50 surface Profilometer. eTlmicrohardness was
measured using an Instron indentation instruments@®¥ model Tukon 2100),
with an applied load and load time of 500 g ands1fespectively. The residual
stress was measured by the’ginmethod was using a Proto i-XRD Xx-ray
difractometer. The {311} planes were selected at a Bragg reflection of 156
(20) using a Mn-ku radiation tube with a wavelength=0.21nm. The
acceleration voltage was 20KV with a current of 4mA 1 mm collimator was
used. Depth profiles of residual stress were abthi using successive
electropolishing at intervals of approximately 8@. The Young’'s modulus and
Poisson’s ratio employed were 193 GPa and 0.2peotisely. No correction
was carried out to account for the material remofadurface layers. However,
the effect of neglecting this was calculated tddss than 7 % [5]. Sets of fatigue
specimens were annealed at 900°C for 10 minutesrwardargon gas flow. Other
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specimen sets were similarly annealed and thertretdemically polished to
remove approximately 150 pm from the diameter. idRed stress measurements
were obtained from at least two independent spewfa each condition.

The fatigue limits were determined on a R.R Moay&ating-bending machine
using the staircase method with sets of 20 spedemnploying a step-width of 2
MPa. The fatigue endurance limit was set af dgcles. Scanning electron
microscopy (SEM) was used for fractography and emation of specimens after
fatigue testing, while SEM and Electron BackscatieDiffraction (EBSD) were
used to study the microstructures close to theasarin sectioned metallographic
specimens. These were first electroplated withr@pmately 100 pm Ni to
improve edge retention. An HKL-EBSD system witloa light CCD camera
(Nordlys 1), interfaced to a Philips XL-30 FEG-SEMas used for this
assessment. Data were acquired using Channehtekt HKL software in the
beam scanning mode, with an accelerating voltag0okV and a 100 pum
aperture. The acquisition time was set to 60 misppit, with a step size of
0.5 um.

3. RESULTS

The grain size of this microstructure was 56 pran@ard deviation 7 um). The
measured tensile properties are summarised in Tablnd are similar to the
expected values. The measured surface parameeegven in Table 3. The
rough machined surface has significant tensiledusdi stress (~260 MPa) in
comparison to the fine machined surface (~50 MPahe expected surface
stresses, predicted using the response surfader[#fiese machining conditions
were 280 MPa and 0 MPa, respectively. Similar hesd levels were found for
both machining conditions, and these were reduggmificantly by annealing.

The lowest hardness was measured after electrehinyj the annealed
microstructure.

The variation of axial residual stress with depthshown in Figure 2. Both
machining conditions produce a compressive residstless peak of
approximately 350 MPa, which is closer to the stefan the fine machined
condition. No significant residual stresses wedsseoved beyond approximately
400 um from the surface. Annealing effectivelymitiates the residual stresses
induced by machining. The width of the {311} dd@tion peaks (measured as the
Full Width at Half Maximum intensity, i.e. FWHM) shown in Figure 3. Higher
values are obtained within 150 to 200 um of théaserin the machined samples,
and are removed by annealing.

Table 2: Mechanical properties of type 304L (aeneed). Two samples tested.

Material 0.2% Proof Stress Ultimate Tensile Strength
[MPa] [MPa]
Measured in this work 541 & 547 707& 711




Table 3:Parameters of machined surfaces (+ ondatameviation).

Fine Machined 50+44
Rough Machined 260156
Surface residual stress (MPa) | Electropolished 3140
Fine Machined (Annealed) -50+24
Rough Machined (Annealed) -14+25
Roughness, Ry (um) Fine Machined 7+1
(Maximum peak to valley height) Rough Machined 23+1
Roughness, S (um) Fine Machined 2612
(Average peak spacing) Rough Machined 836
Fine Machined 321+2
Rough Machined 34714
Microhardness, Hv Electropolished* 152+2
Fine Machined (Annealed) 176+3
Rough Machined (Annealed) 189+5

*Fine machined, annealed and then electropolishedrhove 75um from surface.
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Figure 2: Variation of axial residual stress wittpth for machined and annealed

surfaces. Approximate trend lines added for visa#ibn.
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Figure 3: Variation of {311} diffraction peak widifFWHM) with depth.
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The lowest fatigue limit was measured in the roogithined condition (Table 4).
The fatigue limits for the other surfaces did ndted significantly from each
other. Surface and metallographic observatiornsmgitudinal sections from run
out (10 cycles) specimens (Figure 4) show crack-like fiezstin all cases. These
tended to be quite linear in the electro-polished fine machined conditions, but
features with a more irregular profile were obsdnan the rough machined
surfaces.

Table 4: Fatigue limits obtained by staircase metftoone standard deviation).

Condition Fatigue Limit (MPa)
Fine Machined 32748

Fine Machined & Annealed 343+18

Fine Machined & Annealed & Electropolished 33712
Rough Machined 291+3
Rough Machined & Annealed 3371

7
Ni Plating

Figure 4: Crack-like features in fatigued (run-osipecimens: a) Fine machined
(surface observation), b) Fine machined, c) Elgdiished, d) Annealed (Fine
machined), e) Rough machined, f) Annealed (Rougthmad).
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The Kikuchi “band contrast” maps obtained by EB$y(re 5) are sensitive to
plastic strain and can be used to reveal slip b#sld$7]. The intensity of band
contrast was highest close the machined surfandsyas not noticeably affected
by fatigue cycling. Slip bands were evident, ptiorfatigue testing, in the bulk
microstructure both before and after annealing.e @ansity of these slip bands
was reduced in the annealed samples. Fatiguentoutuappeared to cause a
slight increase in the density of slip bands (Fegh), although this could not be
quantified reliably.

4. DISCUSSION

The measured surface residual stresses of 50 +P&b d&nd 260 + 50 MPa are in
fair agreement with the stresses of 0 MPa and 2B@ predicted by the response
surface model. This empirical model was developsithg different grades of
type 304 austenitic stainless steel, and machitwalg of the same 0.4 mm radius
from a different manufacturer [4]. The measuremetémonstrate that the
response surface is a quite robust tool for estngahe effects of machining on
the surface residual stress. The use of a freghtifp for the final cut on each
specimen gave a small standard deviation in thesuned fatigue limit, thereby
allowing differences between the surfaces to berdenhed reliably.

The measured surface and microstructure paranmwenes used to calculate the
fatigue crack propagation threshold stress for eaomdition, using the
implementation of the Navarro-Rios (N-R) short dag crack model. The
methodology is described in detail in reference [An important aspect of the
model is the assumption that the austenite graimtbaries act as barriers to crack
propagation. The grain size is the average baspacing. The N-R short crack
model is most sensitive to factors with a similandth scale to the barrier
spacing. This causes the compressive residuasspeak from machining to
have a significant effect on crack propagationwall as the stress concentration
from the surface roughness [1]. The peak threskalde for each condition is
the minimum stress amplitude for unstable craclpagation, which is the fatigue
limit (Figure 6). The model predicts significaniffdrences between the
conditions, but does not agree with the experimeonitgervations (Figure 6).
This is consistent with previous observations istenitic stainless steels [2] [3].

Although the irregular features observed in theghoumachined samples (e.g.
Figure 4d) are likely to be defects introduced bwchining, the crack-like
features in the electropolished samples are clelayto fatigue. Features such as
those observed in the fine machined samples &fteyuke also were not observed
in samples that had not been fatigued, and arelwded to be fatigue cracks.
The irregular defects in the rough machined sampiasid be significant stress
raisers, and are assumed to act as crack nucléisamples therefore show that
stable crack nuclei with a size of a few um exisaéi@r run-out at the fatigue
limit.
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Figure 5: Band contrast maps obtained from EBSDlyaisa of non-tested
specimens and specimens that had been fatiguedcteleun-out, close to the
fatigue limit.



Fatigue at the high stresses close to the fatigukirance limit in austenitic
stainless steels causes the development of aqaltgtstrained microstructure
(Figure 5). This is apparent from the small, bloservable, effect of fatigue on
the diffraction peak width in Figure 3b. It hassheproposed [8] that slip bands
can act as barriers to fatigue cracks. This imspliet there are microstructural
barriers in the plastically strained microstructatese to the surface, which may
more significant to crack propagation than the enit¢ grain boundaries. The
fatigue limit of annealed and electro-polished sk®pvould therefore influenced
by the development of the cyclically plastic stemdmmicrostructure. It is assumed
that this cyclically deformed structure is not atéel significantly by the prior
plastic strain from machining. The propagationsbbrt cracks such as those in
Figure 4 would therefore be expected to be mostises to the surface residual
stress in machined samples, and insensitive tasaroughness and compressive
residual stress peak. Similarly, the surface roegh in annealed samples would
be expected to have no significant effect.

The fatigue data obtained from three type 304 aiigtestainless steels with
different microstructures (i.e. this work and [#)e shown in Figure 7, as a
function of the surface residual stress. In Fighyehe same data are shown in
terms of the difference from the intrinsic fatiglimit, which is measured with
electropolished, annealed samples. The fine giaanmicrostructure had a grain
size of ~8um and a bulk hardness in the annealedir@polished condition of
240 Hyv; the coarse grain size microstructure hgoha size of ~40um and a bulk
hardness of 200 Hv. These data show that the csurfasidual stress is a
dominant factor in determining the effects of madaing on the fatigue limit, for
microstructures that had intrinsic fatigue limitstiween approximately 300 MPa
and 385 MPa.
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Figure 6: a) Threshold stress profiles predictegdde machined specimens,
annealed specimens and electropolished specimeRsgthicted fatigue limit in
comparison with the measured fatigue limit (N-R Mbd
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Figure 7: The effect of surface residual strestgherfatigue limit, a) measured
fatigue limit b) change in fatigue limit relative the intrinsic fatigue limit for
annealed and electropolished samples.

5. CONCLUSION

Rough machining on a lathe, using a high feed mateyduced significant tensile
residual stress at the machined surface of a t@dé Austenitic stainless steel.
This significantly decreased the fatigue endurdimié (10’ cycles). The surface
residual stress is found to be the dominant factmtrolling this reduction in
fatigue resistance, with no measurable effectsuofase roughness nor surface
cold work. This is explained by a significant irstetion between the crack nuclei
and the cyclic plastic deformation of the microstane, which limits the stable
crack nucleus size to the near surface region. efleet of surface machining on
the fatigue limit of different type 304 austenifitainless steels can be estimated
using the intrinsic fatigue limit for annealed/dtepolished samples and the
measured surface residual stress. The effectsashimng parameters on this
surface residual stress can be estimated also ashegponse surface empirical
model.
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