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Abstract

Surface relief of austenitic 316L steel cycled witlonstant plastic strain
amplitude at depressed and elevated temperaturestuaged using scanning
electron microscopy and atomic force microscopye Térmation of PSMs and
their evolution during cycling was followed. PSManesist primarily of extrusions
accompanied later by parallel intrusions. The kasetof the early intrusion
growth was assessed. At the lowest temperatureg static extrusions and
intrusions were found. The findings were discussedelation to point defect
models of fatigue crack initiation
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1. Introduction

The localization of the cyclic plastic strain inrgstent slip bands (PSBs)
followed by the formation of pronounced surfaceiefel(nowadays called
persistent slip markings (PSMs) [1]) representseaegal and very important
feature of cyclic straining in crystalline matesiaPSMs arise in areas where PSB
lamellae intersect the original flat surface. Tloeysist of local elevations and
depressions of the surface known as surface eatrsisiand intrusions,
respectively [1, 2]. Although it is generally actsp that PSMs represent
incipient fatigue crack sites, the exact mecharoérfatigue crack nucleation has
not been yet clarified completely [3]. Since somedels predict the temperature
dependence of surface relief evolution [4, 5],tfair verification it is desirable to
obtain detail experimental data on PSM formaticst pat depressed and elevated
temperatures.

The surface relief topography and its evolutionenbeen amply studied in room
temperature cycling [1, 2]. Experimental data foepcessed and elevated
temperatures are rare so far. Presence of extsusiod intrusions down to 4.2 K
was firstly documented by Cottrell and Hull [6] ahtull [7]. Fatigue crack

initiation at 298, 77 and 4.2 K was studied by Kvetral. both for single- [8] and
polycrystalline [9] copper. Basinski and Basinsking the sharp corner polishing
technique revealed three characteristic morphatogiemacro-PSMs in copper
single crystals fatigued in the temperature intedvda—350 K [10]. Morphology
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and growth of extrusions in single- [11] and poygtalline [11, 12] copper at
107, 298 and 473 K was studied by Mughrabi andchisvorkers. Although

atomic force microscopy (AFM) has been successfeftyloyed for obtaining

detail information on surface relief formation dwgiroom temperature cycling
(for recent review see [13]), systematic studywface relief in specimens cycled
at depressed and elevated temperatures by thisrésghution technique has not
been performed so far.

The aim of the present paper is to present therisults of the study of surface
relief formation in individual grains of polycrydliae 316L steel cyclically
strained at depressed and elevated temperatures ABM and scanning electron
microscopy (SEM). Qualitative and quantitative datathe morphology of PSM
and extrusion growth are reported and discusseelation with recent models of
surface relief formation.

2. Experimental details

Austenitic 316L stainless steel was supplied by ébadim (Sweden) in the form
of a 25 mm thick plate with the following chemicamposition (in wt. %): 0.018
C, 0.42 Si, 1.68 Mn, 0.015 P, 0.001 S, 17.6 Ci8 Id, 2.6 Mo, rest Fe. Average
grain size, found using the linear intercept methvaeas 39 um.

Two specimen geometries were used in the studyin@hdal specimens with

threaded ends having gauge diameter and lengthanfd812 mm, respectively,
were adopted for depressed temperatures. Cylindrsidéon-end specimens of 6
mm in diameter and 15 mm in gage length were usethfigue tests at elevated
temperatures. To facilitate the surface relief olkes#gon a shallow notch was
produced in both specimen geometries by grindingliadrical surface 60 mm in

diameter with the axis perpendicular to the spenim@es to a depth of 0.4 mm.
After machining the specimens were annealed at'60f@r 1h in vacuum and the
notch area was polished mechanically and electrocadly. For easier

orientation on the specimen surface fine circularks 400 um in diameter were
engraved on the central part of the polished notch.

The fatigue tests at 100, 180 and 573K were camwigdin a MTS computer-
controlled servohydraulic testing machine in a sytrioal push-pull cycle in
strain control. Plastic strain amplitudg= 1x10°, derived from the half-width of
the hysteresis loop, and the total strain sate1.5x10° s were kept constant
during the tests at all temperatures. Details comcg the cryostat and
temperature control in low-temperature tests avergelsewhere [14]. Specimens
were cycled either to different stages of fatigée (at 180 K and 573 K) or with
interruptions and warming up to room temperatune sarface relief study (at
100 K). Deformation history of all specimens igd$in table 1.

The detailed study of surface topography and itslu#dn on the specimen
surface was performed using AFM (Accurex lIL, Toparx) and SEM (JEOL



Table 1. Fatigue test conditions and PSM chariaties

Specimen Temperature Cycles PSM spacing Extrusion height
No. (K) (Mm) Average ~ Maximum
uD371 180 500 4.8+1.1 32+30 140-170
uD372 180 1000 4.5+14 72157 280-320
uD373 180 2000 4.6+0.9 115164 280-320
UD374 180 4500 4.2+0.6 168483 420-470
UD380 100 500, 1000,2000 — — —
UD424 573 100 5.6+1.5 71+35 180-230

JSM-6460). AFM in contact imaging mode in air waed to obtain constant-
force topographic images. A V-shaped silicon nér@hntilever with a sharpened
pyramidal tip having the radius of curvature of 12 and the vertex angle 36°
was applied.

3. Results
3.1 Surfacerelief at depressed temperature

Figure l1a and 1b show at low magnification typicairface relief of the

specimens cycled at 180 K for 500 and 4 500 cyddready after 500 cycles
PMSs are present in about 15% of grains. Fine lehlaEMs cover numerous
grains (see Fig. 1la) With increasing number of eyclPSMs intensify

considerably (see Fig. 1b). Whereas the PSM spacasgapproximately constant
at different stages of fatigue life (see Tabletlg fraction of grains with PSMs
grow gradually and at 4500 cycles more than 75%rafns were covered by
PSMs. Cyclic plastic strain is generally accommedan grains by producing
PSBs of one slip system at different stages ofjfi&tilife. Only at 4500 cycles
secondary slip system was activated in some graitige close proximity of grain

boundaries.

Details of PSM morphology produced by cycling aOK&s revealed by SEM at
high magnification show Fig. 1c and 1d for diffarevumber of cycles. It is
apparent from both images that individual PSMs min®f extrusions
accompanied by intrusions. After 500 cycles inwasiare developed often only
locally along ribbon-like extrusions (see Fig. ltywever clear intrusions
accompanying each extrusion are apparent fromIegFrom the inclination of
extrusions with respect to the specimen surfaceait be deduced from both
images that intrusions were detected by SEM asithe of extrusions where the
emerging active slip plane is inclined to the stefaat an obtuse angle (side
denotedA in Fig. 11 in [4]).
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Fig. 1 SEM micrographs of surface relief in 316&ed fatigued Wiﬂ'lE‘ap=1><103 at 180 K
to different number of cycles. (a), (c) specimen3ddD, N = 500 cycles(b) specimel
UD374, N = 4500 cycles; (d) specimen UD37R, = 2 000 cycles.Stress axis i

horizontal in all SEM micrographs.

Three dimensional AFM image of the PSMs with fidetails of PSM topography
shows Fig. 2. The presence of intrusion accompantfie extrusion is apparent.
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Fig. 2 Threadimensional AFM images of details of extrusions anttusions an
corresponding profiles in 316L steel fatigued & k8for 500 cycles.



Fig. 3 Three-dimensional AFM micrographs of thefate relief within a grain o316L
steel fatigued withﬁ.,lpzlxlo3 at 100 K for (a) 500, (b) 1 000 and (c) 2 000 egcl

Nevertheless, the volume of the material pushetbupe extrusion is higher than
that impressed in the intrusion. Also the widthtleé extrusion is considerably
larger than that of an accompanying intrusion.

Two characteristic features of surface relief tappdy were revealed by AFM in
316L steel fatigued at 100 K. Fig. 3 shows AFM mgraphs taken from the
specimen surface at different number of cycles. Tentical position on all
micrographs is indicated by a small black arrowMBSonsisting of extrusions
and fine slip markings corresponding to fine sligps during unidirectional
deformation can be distinguished from this figufae extrusions are very thin
and their height at 500 cycles is typically only-16 nm (see Fig. 3a). With
continuing cycling they grow. At 2 000 cycles the&ight increased to 25-35 nm
(see Fig. 3c).

In addition to the above slow growth of extrusiatserved in majority of grains
investigated, another surface feature was revdayedFM in several grains of
316L fatigued at 100K — see Fig. 4. Fig. 4a showsnaew of a grain taken at
500 cycles and Fig. 4b and 4c represent three-diilmeal details taken from the
identical area indicated in Fig. 4a after 500 ar@D@ cycles, respectively. It is

c)

\
\
1100 nm  y: 5,0 pm |

~ Onm

T 5,0 pm

d) [nm]|
150 &

500 cycles

1002_ 2 000 cycles

50 -

0 1 2 3 4 [pm] 5

Fig. 4 Surface relief in a grain of 316L steeldaed with&,=1x10° at 100 K AFM. (a)
N = 500 cycles, low magnification micrograptress axis is horizontal. Details of -
area marked in (a) by a rectangle imaged in thisemkions: (b) N 500 cycles, (c
N = 2000 cycles, (d) Profiles of “static” intrus®in the cross-section marked in (b).
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Fig. 5 Average extrusion height vs. number of egeh 316L fatigued at 180 K.

clearly seen from these images that PSMs consistypaf intrusions which are
not accompanied by extrusions. PSMs of differerdtiwiare evenly distributed
across a grain (see Fig. 4a). The maximum depthtafsions was about 40 nm.
Profiles of intrusions in Fig. 4d, obtained frone ttross-section indicated in Fig.
4b by a black arrow, indicate no observable chamgése intrusion depth during
cycling.

Quantitative data on the growth of extrusions wetgained from AFM
micrograph taken on the specimen surface from tb#igs of individual PSMs in
selected sections. In agreement with our previtudies on surface relief and its
evolution in 316L [15, 16] the sections were takmsrpendicular both to the
surface and to the direction of the PSM on theasaf The height of an extrusion
was evaluated in three different sections. Thehteiafj each extrusion represents
the average of these three values. About 10 gemdsmore than 100 PSMs were
evaluated for specimens cycled at 180 K to diffestages of fatigue life. The
results of statistical treatment of experimentdhdzbtained are listed in Table 1
(the average and the maximum extrusion height).Kietics of extrusion growth
at 180 K is presented in Fig. 5. In spite of a gEatter of experimental data
systematic extrusion growth with the number of egdk apparent. The extrusion
growth rate is the highest during the initial pdriand then decreases with the
number of cycles (see Fig. 5). The initial rate tbé extrusion growth is
approximately 7x18" m/cycle.

3.2 Surfaceréelief at elevated temperature

After 100 cycles at 574 K PSMs were found only ifea& grains. Characteristic
features of surface relief topography at elevageaperature documented by SEM
and AFM shows Fig. 6. PSMs do not cover evenlywthele surface of the grain.
They were typically developed locally along theemsection of PSBs with the
specimen surface (see Fig. 6a). Average PSM spasinglightly higher in
comparison with 180 K (see Table 1). Details of BSMtained by AFM from the
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Fig. 6 Surface relief in 316L steel fatigued W&Qa=1><103 at 573 K for 100 cycles. (a)
Overview of a grain, SEM; (petail of PSMs obtained by AFM in area denoteda
(c) Detail of individual PSMs, SEN Stress axis is horizontal in (a) and

area denoted in Fig. 6a shows Fig. 6b. PSMs cooki#bbon-like extrusions the
height of which slightly fluctuates along their ¢¢h. The average and the
maximum extrusion height evaluated from severaingrdy AFM is listed in
Table 1. Due to limited number of observations péa@mens cycled at 574 K
intrusions were not detected by AFM so far, nevaebs SEM micrograph (see
Fig. 6¢) reveals that parallel intrusions (indechby black arrows) accompanying
locally extrusions are already present.

4. Discussion

Experimental observations of the surface reliefdpoed by plastic strain
controlled low amplitude cyclic loading at depreksad elevated temperatures
allow completing recent observations at room temijpee. The surface relief at
depressed temperatures is characterized by PSNkstingdgnitially of extrusions.
Parallel to the extrusions intrusions start to dlgweThe evolution of surface
relief is similar at 573 K. Contrary to room temaierre cycling at the lowest



temperature (100 K) static extrusions were prodweedse depth did not increase
with further cycling.

Systematic growth of extrusion height was observedycling at temperature
180 K. In agreement with previous results at ro@mgerature [16] the initial
extrusion growth rate is high and decreases |@tez.data on extrusion height has
high scatter that increases with increasing nunolbexycles. Several factors can
contribute to this scatter as different grain siz¢he direction of active Burgers
vector [15], different local plastic strain ampti within PSBs [17], and in
particular the inclusion of all PSMs into the ewlan of the average height,
independent of the age of PSMs. The extrusions yer@uced also in specimens
cycled at 100K but the extrusion growth practicaligpped.

The finding on the shape of PSMs consisting ofusitims and developing into
extrusion/intrusion pairs are compatible with thenp defect models of surface
relief formation and crack initiation [4,5,18]. Thentinuous growth of extrusions
and production of intrusions at temperature 180nKicates that some point
defects are still mobile at this temperature. Sieg&usion is produced at the
emerging PSB and intrusion at the interface with rtimatrix, the mobile defects
are vacancy-type defects. These defects are aplyanermobile at the lowest

temperature 100 K since only static extrusiongoaoeluced.

The presence of intrusions at temperature 100 Kcatels the production of
interstitial-type defects. Since no evolution ofe tidepth of intrusions was
observed the responsible point defects are alsoolmienat the 100 K and the
static intrusions are produced.

5. Conclusions

The AFM and SEM study of the surface relief andet®lution in 316L steel
cyclically strained withggp= 1x10° 3 at depressed and elevated temperatures leads
to the following conclusions:

(1) General character of the surface relief of 3%&tel produced by plastic strain
controlled cyclic loading at depressed and elevagedperature is only slightly
modified provided the temperature is not too lowawr high. PSMs consisting of
growing extrusions accompanied by parallel intraosiavere found. Early kinetics
of extrusion growth is characterized by rapid aligrowth which later decreases.
(2) Cyclic straining at the lowest temperature lteslin appreciable modification
of the surface relief. Static extrusions and staiicisions are present in different
areas of the cycled specimens.

(3) Experimental findings are compatible with trernp defects models of surface
relief formation and crack initiation. Presencestdtic extrusions and intrusions
indicate difficult mobility of respective point dsfts at the temperature close to
liquid nitrogen temperature.
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