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Evaluating Schmid criterion for predicting preferential locations
of persistent slip markings obtained after very high cycle fatigue

for polycrystalline pure copper
N.L. Phung, V. Favier *, N. Ranc

Arts et Métiers ParisTech, PIMM UMR CNRS 8006, 151 Bd de I'Hopital, 75013 Paris, France

ABSTRACT

Very high cycle fatigue carried out on pure copper polycrystals promotes early slip markings, labelled as
slip markings of types Il and III, localized close to grain or twin boundaries. In this work, we focus on
whether Schmid criterion can predict the preferential sites of slip markings of types Il and III and identify
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the active slip systems. Combining observations of slip markings and polycrystalline modeling, it is

shown that considering pure cubic elastic behavior, maximum resolved shear stress as a criterion for type
Il slip markings preferential sites is 70% reliable criterion. Concerning slip markings of type III, the relia-
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1. Introduction

There is currently a growing demand to investigate the Very
High Cycle Fatigue (VHCF) regime (higher than 107 cycles) to
improve the reliability of design calculations and to extend the ser-
vice life. In this regime, the life span is mainly controlled by the
crack initiation span. Using infrared thermography, Ranc et al. [1]
showed that the crack propagation stage constitutes only 0.1% of
the specimen life in VHCF in the case of high strength steel. The
crack leading to failure initiates at a subsurface inclusion as
commonly observed for multiphase alloys labelled as type II
materials [2]. For ductile single phase materials, labelled as type I
materials [2], Mughrabi’s model suggests that cracks initiate at the
surface owing to the accumulation of very small but irreversible
(non recoverable) plastic deformation over very large number
of cycles [3]. In the case of polycrystalline pure copper,
Stanzl-Tschegg et al. [4,5] showed that the number of cycles
needed to form the early persistent slip markings increases with
decreasing stress amplitudes. Here, “persistent slip markings”
means that when the surface was electropolished after fatigue,
the slip markings reappeared at the same sites on the specimen
surface when cyclic loading was resumed. Recently, some of the
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bility falls to 30%. The role of cross slip is highlighted and a scenario rationalizing the stress amplitude
conditions and sites to observe early slip markings of type II or III for copper polycrystals is proposed.

authors [6] investigated polycrystalline pure copper the fatigue
strength of which was about 90 MPa at 5 x 10° cycles. They
observed three types of early persistent slip markings in terms of
their morphology, their spatial distribution in the polycrystalline
material and the stress amplitude ranges at which they
predominantly appear. For stress amplitudes higher than 65 MPa,
straight and long early persistent slip markings crossing the
grains are mainly generated. They were called slip markings of
type I and are considered as the persistent slip bands (PSBs)
commonly formed in the low and high cycle fatigue regimes. For
stress amplitudes ranging from 30 MPa to 65 MPa, persistent slip
markings, labelled as slip markings of types II and III, were
observed.

In low and high cycle fatigue, PSBs appear in grains well-ori-
ented for plastic slip and are along one dominant direction. An
analysis based on the maximum Schmid factor (and so which con-
siders isotropic elasticity) predicts well the grains which have PSBs
and the active primary slip system [7,8]. The PSB direction is the
trace of the primary slip plane emerging on the specimen surface
(Fig. 1). Considering that slip markings are associated with the pri-
mary active slip system [8], we are focussing here on whether
Schmid criterion can predict the preferential sites of slip markings
of types II and Il and identify the active slip systems.

Concerning the slip markings of type II, a previous paper [9]
briefly exhibited that an analysis based on the maximum resolved
shear stress is relevant as soon as the stress heterogeneities due to
elastic anisotropy are considered. Using the finite element method,
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Fig. 1. A schematic isolated grain located at the specimen surface. The polycrystal
which embeds the grain is subjected to uniaxial loading in the direction E,. The
angle 7 is the angle between the surface slip marking (trace of the primary slip
plane which emerges on the surface) and the loading axis. The angle f is the angle
between the slip direction of the slip system and the normal to the free surface.

the stress field was computed on a free surface where 2D grain
shape and lattice orientation, coming from real microstructures,
were explicitly represented. The plastic behavior was neglected.
In this paper, results concerning slip markings of type II are
explained in detail and the same method as in [9] is applied to
evaluate Schmid criterion for predicting preferential sites of slip
markings of type III. In addition, the reasons why twin boundaries
promote slip markings are investigated. Section 2 recalls the main
experimental results concerning the location and morphology of
early slip markings of types Il and Il observed on pure copper
specimen surface subjected to 20 kHz tension-compression fatigue
tests [6]. While the Ref. [6] focused on local studies, a statistical
approach is presented here to establish slip markings appearance
criteria. Section 3 presents the based Schmid criteria and finite ele-
ments polycrystalline model. Only the cubic elastic behavior for
the grains was considered. Section 4 gives the results obtained
on copper bicrystals to investigate the role of the grain and twin
boundaries on the stress heterogeneities and slip activity.
Subsequently, the stress fields within real polycrystalline copper
microstructure displaying slip markings of types II and III are
computed. In Section 5, the validity of based Schmid criteria for
predicted preferential sites of slip markings and the role of twin
boundary are discussed. Finally, scenario and conditions for
forming slip markings of types I, Il and III are suggested.

2. Location and morphology of slip markings of types I, Il and III

In a previous work [6], tension-compression fatigue tests in the
VHCF regime were carried out on hour-glass shaped specimens
made of oxygen-free high-conductivity commercially pure
(99.95%) polycrystalline copper. All specimens were mechanically
and subsequently electrolytically polished to remove residual
stresses. To perform experiments up to a very high number of
cycles in a reasonable time, ultrasonic equipment at a testing fre-
quency of 20 kHz was used. The fatigue strength was found about
90 MPa at 5 x 10° cycles. Besides, fatigue loadings were inter-
rupted repeatedly in order to perform surface studies by optical
microscopy, scanning electron microscopy (SEM), electron back
scattering diffraction (EBSD) technique and atomic force micro-
scopy (AFM) after different numbers of cycles. The [30-65 MPa]
stress amplitude range was chosen much smaller than for the
stress-number curve to observe the early traces of plasticity on
the surface specimen. EBSD analyses clarified the places of the
plastic markings with regard to the polycrystalline microstructure.
AFM was operating directly to the surface specimen to keep the
details of the height of the slip markings. Fig. 2 exhibits the stress
amplitude needed to form the early slip markings as a function of
the number of cycles. Three types of early persistent slip markings
in terms of their morphology, their spatial distribution in the
polycrystalline material and the stress amplitude ranges at which
they predominantly appear were distinguished. A scheme of their
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Fig. 2. Stress amplitude needed to form the early slip markings of types I, Il and III
and scheme of their location as a function of the number of cycles (from [6]).

location with regard to the polycrystalline microstructure is given
in Fig. 2. For stress amplitudes higher than 65 MPa, straight and
long early persistent slip markings crossing the grains are mainly
generated. They were called slip markings of type I and are
considered as the classical persistent slip bands (PSBs). For stress
amplitudes ranging from 45 MPa to 65 MPa, most of early slip
markings are straight and long but located near and along twin
boundaries oriented at about 45° from the loading direction.
They are called persistent slip markings of type II. For stress ampli-
tudes below 45 MPa, clusters of fine and short early persistent slip
markings of type IIl are mostly produced and located near grain
boundaries and triple junctions. Their height is less than 50 nm
while it is about 1 pm for the slip markings of types I and II. On
the contrary to the slip markings of types I and II, two slip marking
directions were usually observed. The first one is more marked and
occupies most cluster surface. No slip markings were observed for
stress amplitude lower than ~30 MPa up to 10'° cycles. Further
details are given in [6]. While the Ref. [6] focused on local studies,
a statistical approach is presented here to establish slip markings
appearance criteria. Four 170 pm x 170 pm zones of interest con-
taining 192 grains and 11 slip markings of type II in all and three
80 wm x 80 pum zones of interest containing 204 grains and 11 slip
markings of type III in all were investigated using SEM and EBSD
techniques to analyze the location and orientation of the 22 slip
markings with regard to the polycrystalline microstructure.
Results are presented in Section 4.2.

3. Method: presentation of the criteria for slip markings and
numerical polycrystalline model

3.1. Based Schmid criteria

Pure copper has a face-centered cubic (FCC) crystalline struc-
ture. Table 1 recalls the 12 {111}(110) slip systems using
Schmid and Boas notations [10].

An isolated grain located at the specimen surface as schemati-
cally presented in Fig. 1. The polycrystal which embeds the grain
is subjected to uniaxial loading in the direction E,. When
considering crystalline cubic elastic behavior, the components g;
of the local stress tensor within a grain varies from one point to
another and the local resolved shear stress t° of the slip system S
is calculated by the Eq. (1):

T = Rfja,»j (1)

where Rj; are the components of the Schmid tensor of the slip

system S. When considering isotropic elastic behavior, all grains
have the same elastic response despite of their different orientation.



Table 1
Notations of Schmid and Boas in FCC material [10].

Slip plan Slip direction Possible slip systems

A: (T11) A2 A3 A6
B: (111) 1 2 3 4 5 6 B2 B4 B5
C: (171) [011] [0%1] [101] [f01] [F10] [110] 1 c3 5
D: (171) D1 D4 D6

The local stress tensor components are equal to the applﬁed stress
tensor components = ;. The only component not zero is  ,, =
The local resolved shear stress 7° of the system S at any point of
grain is equal to (2):

cop” @)
22

where R, is the Schmid factor of the slip system S corresponding to
the uniaxial loading in the direction E,.

To correlate slip markings and slip systems, the resolved shear
stress 7° was calculated according to both Egs. (1) considering
cubic elasticity or (2) considering isotropic elasticity. Real poly-
crystalline microstructures were geometrically represented and
discretized to compute the stress field using finite element
method. For each grain, the maximum resolved shear stress was
identified and location at which it was found was noted. In some
cases, two very close values were found. To determine the active
slip system, the angle © between the trace of slip marking on sur-
face and the loading axis (Fig. 1) was measured. This measured
angle 7 was compared with the calculated 7 of the {111}(110) slip
systems. The slip system having the highest resolved shear stress
and similar angle 7 to the experimental one was considered to
be the active slip system according to the Schmid criterion.

3.2. Numerical polycrystalline model

Quasi 3D finite element simulations were carried out using the
ABAQUS software and considering the orientation, the shape and
the cubic elastic behavior of each grain. Quasi 3D simulations are
in the sense that the third geometrical direction was extruded from
one specimen surface. The plastic behavior is neglected since we
are just interested in the early slip markings appearance for which
the material is mainly elastic. The elastic constants in each grain
are determined by the crystal orientation and the standard elastic
constants of copper single crystal, C;; = 168.4 GPa, C;; = 121.4 GPa
and Cy4=75.4 GPa [11]. Perfect bonding condition is imposed to
the interface between grains.

COS (0, COS (, — Sin ¢, sin ¢, cos P
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3.2.1. Model for copper bicrystals

Bicrystals are studied to simplify the problem and investigate
the effect of misorientation and grain boundary orientation with
regard to the loading direction on the stress field. Three bicrys-
tals, here after named G1-G2, G3-G2 and G4-G2, were consid-
ered. The grain called G2 was combined with the grains G1,
G3 and G4, respectively. Real twin-matrix bicrystal was also
studied. The geometry, boundary conditions and mesh for the
bicrystals G1-G2, G3-G2 and G4-G2 are given in Fig. 3. The
width a and the thickness b were both 10 um. Their length L
was 30 um. E, is the tensile and specimen axes. The grain

sin ¢, cos ¢, + cos ¢, sin ¢, cos @
—sin ¢, sin ¢, + cos ¢, cos ¢, cos ¢ cos ¢, sin P

boundary crossed the bicrystals along the direction Es. It was
inclined o degrees from the tensile axis in the front and opposite
faces normal to Es. G1 is oriented as a twin with regard to G2.
The misorientation calculated according to [12] is 60° and both
G1 and G2 contain a common slip plane (the slip plane B for
the grain G1 and the slip plane C for the grain G2) which have
the same angle © =135° In a real twin-matrix case, this shared
slip plane is also the twin boundary plane. Here, as the twin
boundary plane crossed the bicrystal along the direction Ej,
G1-G2 represents the twin-matrix case only from a 2D point
of view but neglects the 3D aspect. This issue is discussed in
Section 4.1.3. G3 is a common grain with regard to G2. The
corresponding misorientation is 39°. At last, the misorientation
between the two grains G2 and G4 is ~60° but they are not
twin-matrix in the sense that they have not common slip plane
with the same angle 7. p

A uniform tensile uniaxial stress was applied on the two
faces normal to E,. The other surfaces were free. In 2D and 3D lin-
ear elasticity, the stress field tends to infinite when approaching
an interface (such as the present grain boundary) intersecting a
free surface [13]. The slip markings or cluster of slip markings
of interest are 1-5 um wide [6]. Consequently, averaged stress
values over 1 um x 1 um are relevant to correlate stress hetero-
geneities and slip markings. The step size of the discretization
grid was thus chosen close to 1um to sort out the elastic
singularity issue and be consistent with the wanted microstruc-
tural information. For the bicrystals, the finite elements were lin-
ear quadrangle and their maximum size is 0.5 pm. The crystalline
orientation of the grains, the angles 7 and Schmid factors R,, for
the {111}{110) slip systems are given in Table 2. The crystalline
orientation is represented by the Euler angles ¢, @, ¢, defined
by Bunge and Esling [14]. Three successive rotations ¢, @, @,
transform the crystal axes in the crystal coordinate system so that
they coincide with that of the sample coordinate system. As a
result, the crystalline orientation of the grain is given by the
rotation matrix Mp:

. .3
sin @, sin ¢

cos @

3.2.2. Model for copper polycrystals

Evaluating Schmid criteria for predicting preferential sites for
the slip markings of types II and III requires to compute the stress
field for real polycrystalline microstructure. The procedure used to
carry out quasi 3D finite element simulations is illustrated in Fig. 4.
Real copper polycrystalline microstructures were obtained from
EBSD maps. Grain boundaries were identified as regions with >5°
misorientation with neighboring points to get grain maps includ-
ing about 50 grains each (Fig. 4c). The grain maps visualize the cen-
tral part, where the stress amplitude is the highest in the flat
specimen front face loaded in tension/compression in the VHCF
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Fig. 3. (a) Geometry and boundary conditions of studied bicrystals; (b) associated mesh.

Table 2

Orientation, Schmid factors and angles = for the grains used in the bicrystal simulations and misorientation between G1-G2, G3-G2 and G4-G2. Misorientation was calculated

according to [12]. The maximal Schmid factors are printed in bold.

gl (misorientation with G2 = 60°, 1twin with G2 only from 2D point of view, common plan with G2: plan B)

0:3078 —0:8158 —0:4896 B5 B4 B2 A6 A3 A2 D6 D4 D1 c5 c3 c1

@_0:8526 —0:4649 0:2387 A b 135° 135° 135° 24° 24° 24° 1° 1° 1° 94° 94° 94°

—0:4223  0:3439 -0:8387 Raz 0.13 0.44 0.31 0.36 0.13 0.23 0.0 0.0 0.0 0.23 0.31 0.08

2 (twin with G1, common planlwith G1: plan C)

0:2224 0:9685 —0:1123 B5 B4 B2 A6 A3 A2 D6 D4 D1 c5 c3 c1
@0:9525 —0:1913 0:2368 A n 156° 156° 156° 55° 55° 55° 62° 62° 62° 135° 135° 135°

0:2079 -0:1596 —0:965 Ry 0.29 0.28 0.00 0.42 0.44 0.02 0.31 0.46 0.14 0.44 0.31 0.13
83 (misorientation with G2 =39°)

0:3816 0:7498 —0:5406 B5 B4 B2 A6 A3 A2 D6 D4 D1 c5 c3 c1
@0:3653 0:4149 0:8333 A b 158° 158° 158° 46° 46° 46° 12° 12° 12° 86° 86° 86°

0:8491 -0:5154 -0:1155 Ry 0.09 0.34 0.25 0.40 0.08 0.32 0.09 0.09 0.01 0.23 0.16 0.07

4 (misorientation with G2 = 60° but not twin-matrix)

0:7805 0:2825 —0:5577 B5 B4 B2 A6 A3 A2 D6 D4 D1 c5 c3 c1
@0:5382 —0:7575 0:3695 A n 47° 47° 47° 109° 109° 109° 80° 80° 80° 176° 176° 176°

—0:318 -0:5886 —0:7432 Raz 0.45 0.38 0.07 0.32 0.2 0.11 0.09 0.16 0.25 0.05 0.01 0.06

regime (Fig. 4a). They include slip markings (Fig. 4b). 2D meshes 4. Results

were constructed from the knowledge of the grain shape and crys-
tal orientation at the specimen front surface (Fig. 4d and e). The
20 um thickness of the grains was extruded from the surface.
The finite elements are linear triangle and their edges were about
1 um. A uniform tensile uniaxial stress ~ was applied on the two
faces normal to the loading direction (Fig. 4d). The four others sur-
face were stress free.

3.2.2.1. Investigating slip markings of type II. Four 170 um x 170 pm
zones of interest (called A, B, C, D) were chosen because they con-
tained slip markings of type II (Fig. 5 left). The latter are in black on
grain maps due to unresolved crystal indexation in these strongly
strained areas. The four zones were obtained from a polycrystalline
copper specimen 20 kHz cyclically loaded at 56.4 MPa stress
amplitude after 107 cycles. Considering the four zones, the total
number of grains is 192. The total number of grains with slip mark-
ings of type Il is 11.

3.2.2.2. Investigating slip markings of type IIl. Investigation of slip
markings of type Il was carried out on a polycrystalline copper
specimen cyclically loaded at 49.6 MPa stress amplitude up to10®
cycles. Three 80 um x 80 pm zones of interest (called K, L, M) were
chosen because they contained slip markings of type Il (Fig. 6).
They included 204 grains and 11 slip markings of type III.

4.1. Copper bicrystals

4.1.1. Effect of misorientation on stress heterogeneities near grain
boundary

The profiles of the component o5, of the local stress tensor nor-
malized by the applied stress X (g4,/%) (Fig. 7a)F§nd the maximum
resolved shear stress normalized by X (Tme= ) (Fig. 7b) were
plotted along the length of the bicrystals. The values were taken
along the middle axis of the front surface to avoid edge effects.
Fig. 7c is a focus on Fig. 7b in the vicinity of the grain boundary
and indicates the slip system associated with the maximum
resolved shear stress. For these simulations, the angle o is 135°.
037 is equal to X from the ends of the specimen up to about
10 um of the grain boundary. When approaching to the grain
boundary, g,,/% steeply changes and is discontinuous at the obli-
que grain boundary. It was also observed that the local stress ten-
sor is uniaxial far from grain boundaries and become triaxial close
to grain boundary. The triaxiality values at grain boundaries were
found equal to 0.14 and 0.36 for the grains G1 and G2, respectively.
They were found equal to 0.29 and 0.38 for the grains G3 and G2
and 0.28 and 0.40 for the grains G4 and G2, respectively. Nq;e that
0.33 is the triaxiality value for uniaxial stress state. The g5,/ pro-
file in G2 near the grain boundary was found to depend on the



surface

Fig. 4. Schematic illustration of the finite element simulation procedure: (a) specimen geometry used for VHCF tests and definition of the main axis - the small square drawn
on the specimen surface indicates the location of the subsequent from (b) to (e); (b) scanning electron micrograph of a zone in the central part of the specimen front surface
(the zone contains some slip markings of type II); (c) grain map from EBSD analysis of the same zone; (d) explicit representation of the polycrystalline microstructure of the
same zone and boundary conditions used for finite element simulation; (e) mesh and von Mises stress field computed with finite element simulations.

orientation of the neighboring grain: .,/ steeply increases for
the bicrystal G1-G2 while it does not change much for G3-G2
and G4-G2. The non-homogeneity of the stress field straightly
impacts the maximum resolved shear stress and the active slip
systems. Far from the grain boundary, the slip system having the
highest resolved shear stress is the slip system having the highest
Schmid factor as expected since o, is around X This slip system is
B4, D4, A6 and B5 for the grains G1, G2, G3 and G4, respectively
(printed in bold in Table 2). When approaching the grain boundary,
the active slip systems does not change for the grains G1, G3 and
G4. However, it changes for the grain G2 from D4 to C5, A6 or A3
for the bicrystal G1-G2, G3-G2 and G4-G2 respectively.
Concerning the bicrystal G1-G2, it is worth noticing that the angle
7 of the active slip systems at the grain boundary is 135° in both
grains (B for the grain G1 and C for the grain G2). They correspond
to the trace of the grain boundary in this simulation (o = 135°).
These results show that the stress field, the resolved shear stress
and also, the active slip system in the grain G2 change in the vicin-
ity of grain boundary depending on the neighboring grain
orientation.

4.1.2. Effect of grain boundary angle on stress heterogeneities near
grain boundary

Systematic calculations involving various o ranging from 40° to
140° were carried out for the three bicrystals to look for impact of «

on the stress heterogeneities and active sli;ll_,systems. Fig. 8 reports
the maximum resolved shear stress | Tmex= | and active slip sys-
tem at the grain boundaries. The maximum resolved shear stress
was found to depend on o. The active slip system B4 for the grain
G1 does not change with «. However, the active slip system for the
other grains changes with o it is D4, A6, A3 or C5 for the grain G2,
it is B4, A2 or A6 for the grain G3 and B5 or B4 for the grain G4.

4.1.3. Twin boundary case

Let us consider the real twin-matrix case called G1yi,—G2
bicrystal. Fig. 9a displays a similar configuration to the G1-G2
bicrystal but the twin boundary is inclined « = 135° from the ten-
sile axis in the front face normal to E3 and y = 40° from the tensile
axis in the face normal to E;. To keep a loaded upper surface into
the grain Gl the height of the bicrystal was increased from
30 um to 40 pum (Fig. 9a). Fig. 9b compares the 0,,/% profiles for
both bicrystals. At grain boundary, g2,/% is slightly higher for
G1win—G2 than G1-G2 (1.48 and 1.45) and is the highest among
the four studied cages. Fig. 9c reports the corresponding resolved
shear stress | Tmee= | and active slip system near grain boundary.
It shows that the active slip systems are not different for both
cases. Far from grain boundary, it is B4 for G1 and D4 for G2. At
the grain boundary, it is B4 for G1 and C5 for G2. The two latest
are parallel to the twig boundary plane. Nevertheless, the resolved
shear stresses | Tmax= | (0.73 and 0.7 for the grains G1 and G2,
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Fig. 5. SEM images (on the left) and grain maps (in the middle) of the four studied zones (A, B, C, D) obtained from a sBecimen loaded at 56.4 MPa stress amplitude up to10”

cycles using a 20 kHz - ultrasonic device. Maximum resolved shear stress normalized by the applied stress (| Tmax=
simulations assuming crystalline cubic elastic behavior. The loading axis is vertical.

respectively) at the grain boundary for the G1i,—G2 bicrystal are
found much higher than for the G1-G2 bicrystal (0.55 and 0.6 for
the grains G1 and G2, respectively).

4.2. Copper polycrystals - comparison with experiments

4.2.1. Slip markings of type II

The absolute values of the local maximum Eesolved shear stres-
ses normalized by the applied stress | Tmex= | were computed
within the four zones A, B, C, D displaying slip markings of type
Il (Fig. 5). A very good match was found between places with the
highest maximum resolved shear stress and slip marking sites.

|) maps (on the right) calculated by finite element

Note that the mechanically affected twin boundary area is found
very small (~5 pum) as illustrated in the highest resolved shear
stress map of zone B at the location indicated by the argow (Fig. 5).

Fig. 10 displays th$number of grains having | Tnx= | equal to
a given,value (| Tmex= | histogram over 192 grains). The range of
| Tmax= | was divided into intervals of 0.02 except for the first
interval which includes values between 0 and 0.35. As mentioned
above, 11 of 192 grains exhibited one slip marking. These grains
are indicated by the following notation: G number of the grain/
label of the zone (A, B, C or D). For example, G32/A means one slip
marking in the grain numbered 32 belonging to the zone A. In
addition, the maximum Schmid factor was calculated for each
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Fig. 6. SEM images (on the left) and grain maps (in the middle) of the three studied zones obtaiped from a specimen loaded at Ag/2 = 49.6 MPa up to10° cycles using a 20 kHz

— ultrasonic device. Maximum resolved shear stress normalized by the applied stress (| Tmax=

crystalline cubic elastic behavior. The loading axis is vertical.

grain. Note that, while tBe Schmid factor is limited to values
between 0 and 0.5, | Tmex= | calculated assuming cubic elasticity
reaches 0.9 because of the stress concentration or/and triaxiality.

The maximum Schmid factor for the grains having one slip
marking was in the range of 0.44 and 0.5. However, in this range,
many other grains (115 grains) do not have any slip marking.
This result demonstrates that considering the maximum Schmid
factor is not enough selective to predict the grains having one slip
marking of type Il. Besides, it was checked that the predicted
primary active slip system is wrong for four cases (G32/A, G20/B,
G24/C, G47]/C) because slip activity changes near grain twin
boundaries. p

Considering cubic elasticity, | Tmex=
slip marking was in the range of 0.78 and 0.9. In that case, only four
other grains have | Tmex= | in this range and do not have any slip
band. This result shows that, considering cubic elasticity, maxi-
mum resolved shear stress as a criterion for type II slip markings
preferential sites is 70% (11 of 15 grains) reliable criterion.

The previous analysis also revealed that the 11 slip markings of
type II are located at or very close to a grain boundary whose
misorientation is very high from 58.5° to 60°. Nine (9 of 11) of
these markings appeared at or very near a twin boundary (G1/A,
G2/A, G32/A, G20/B, G18/C, G24/C, G47/C, G36/D and G10/D). The
corresponding slip plane is parallel to the twin boundary plane.

| for the grains having one

|) map (on the right) calculated by finite element simulations and assuming

For the last two slip markings (G27/C and G8/D), the grain bound-
ary is not a twin boundary, although the misorientation is close to
60°. The involved twin boundaries were inclined from 24° up to 53°
from the loading axis. Besides, the Schmid criterion accounting for
crystalline cubic elasticity successfully predicts the primary active
slip system.

4.2.2. Slip markings of type Il

The absolute values of the local maximum pesolved shear stres-
ses normalized by the applied stress | Tme= | were computed
within the three zones K, L, M displaying slip markings of type III
(Fig. 6). The match between places with the highest maximum
resolved shear stress and slip marking sites is not as good as for
the slip markings of type II. For instance in the zone L, the presence
of slip markingrs_, in the grain G28/L correlates well with the high
value of | 1= |. On the opposite, there is no cﬁear correlation
between the presence of slip markings and | Tmex= | in the grain
G58/L. Combining slip markings observations and finite element
study, it is concluded that the slip markings of type IIl were mainly
observed near high-angle grain boundaries where resolved shear
stresses were found the highest. As for slip markings of type III,
the high-angle grain boundaries are twin boundaries for 7 of 11
cases: G20/K, G28/K, G29/K, G58/L, G48/M, G49/M and G63/M.
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of | Tmax=

Grain boundary misorientation ranges between 45° and 53° for 4
other cases (GES/L, G36/M, G61/M, G76/M).

The | Tmex= | histogram over 204 grains contained into the
three zones (K, L, M) is plotted in Fig. 11. Considering isotropic
elasticity, the Schmid factor for the grains exhibiting slip markings
of type Ill was in the range of 0.37 and 0.5. However, 189 grains
without any slip marking also display Schmid facto'; between
0.37 and 0.5. Now, considering cubic elasticity, | Tms= | for the
grains having slip markings of type III are the highest and in the
range of 0.59 and 0.82. chwever, 39 grains without any slip
marking still display | Tmex= | in this range. Considering cubic
elasticity, maximum resolved shear stress as a criterion for type
Il slip markings preferential sites is thus satisfied for 11 of 39
grains, namely for 30% grains.

Two slip marking directions were usually observed [6]. Fig. 12
exhibits slip markings belonging to the grain G20/K shown in
Fig. 6. The slip markings corresponding to the first direction are
more marked and occupy most cluster surface. They are very likely
associated with the primary slip system. The second slip markings
are less marked and are called secondary slip markings. The
primary slip markings are inclined 28° while the secondary slip
markings are inclined 156° from the llgading axis (angle m). The
Schmid factors, the angles 7 and | Tpex= | for the {111}(110) slip
systems of grain G20/K computed from finite elements simulations
are given in Table 3. Assessment of Table 3 and Fig. 12 proves that
the two active slip systems are A6 (primary slip system) and D6
(secondary slip system). It is worth noting that D6 is the cross slip
system of A6. Systematic studies on the nature of slip systems were
successfully performed on 7 of 11 slip markings of type III. In the
four other cases, only one slip marking direction was observed at
magnificationx25,000. These studies confirmed that the two slip

| = (c) focus on (b) in the vicinity of the grain boundary position and slip systems the slip systems associated with the maximum resolved shear stress.

marking directions observed in slip markings of type III correspond
to the plane traces of both primary and cross slip systems.
Interestingly, the resolved shear stress of the cross slip system
was found between 0.33 and 1 times the resolved shear stress of
the primary slip system. For the 11 cases, it was checked that the
primary slip markings correspond to the primary slip system
exhibiting the maximum resolved shear stress.

5. Discussion
5.1. Change in slip activity in the vicinity of a grain/twin boundary

The change in slip activity near the grain boundary was experi-
mentally proved in the case of copper bicrystals [15,16]. Cubic
elasticity induces stress heterogeneities near the grain boundaries.
In this work, the profile of ¢,,/> was found to vary when
approaching the grain boundary for bicrystals. The variation
depends on the orientation of the neighboring grain, namely
misorientation, as previously exhibited by Sumigawa and
Kitamura [17] for bicrystals and Sauzay [18] for polycrystals. It
was also shown that it depends on the grain boundary angle com-
pared to the uniaxial loading direction. These fluctuations results
in change in the maximum resolved shear stress and consequently
in slip ﬁctivity near the grain boundaries. The profile of ,,/% and
| Tmax= | were observed quite similar but some differences exist.
The stress tensor triaxiality values were found different from 0.33
(the value for uniaxial stress state obtained remote the grain
boundary) near the grain boundary. They were checked to be
responﬁible for the differences between the profile of ¢,,/> and
| in the vicinity of the grain boundary.

| Tmax=
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Among all the studied grain boundary cases, the twin boundary
for pure copper inclined ~45° (or equivalently ~135°) from the
loading axis was found to lead to the highest resolved shear stress.
It is thus preferential site for early slip activity. Two reasons
explain such a result: (1) higher components of the local stress ten-
sor due to strain incompatibilities related to cubic elasticity and (2)
well-oriented slip system with the slip plane parallel to the twin
boundary plane. These results are consistent with Sumigawa and
Kitamura’s previous works [17,19]. Combining experiments in high
cycle fatigue with finite element simulation on copper bicrystals
and multicrystals, they reported that twin boundaries were
preferential sites for PSBs formation. PSBs were observed near
and parallel to the twin boundary. The active slip system near
the twin boundary was found different from that predicted by
the Schmid factor.

Note that the configurations G1-G2 and G1ri,—G2 for bicrys-
tals are similar from a 2D point of view (same slip and grain
boundary plane traces on the specimen surface). Section 4.1.3
revealed that accounting for the true 3D orientation of the twin
boundary results in much higher regplved shear stress value.
However, despite the fact that | 7= | for o« =135° and grain

G1-G2 is not the highest on the contrary to Glqwin-G2 case, it
belongs to the 0.55 > values in the [0.35-0.73] full range. Besides,
the quasi 3D analysis successfully predicts location and the nature
of the active slip systems near the twin/grain boundaries. As a
result and for the sake of simplicity, only quasi 3D analysis (in
the sense that the third direction was extruded from the specimen
surface) was carried out to investigate slip markings criterion for
real polycrystalline microstructure.

5.2. Slip markings criteria for copper polycrystals

For ductile single-phase metals, crack initiates along PSBs cross-
ing the grains (slip markings of type I) in low and high cycle fati-
gues. PSBs appear in grains well-oriented for plastic slip and are
aligned along the direction of the intersection line between the
observed specimen surface and the primary slip system plane.
The criterion based on the maximum Schmid factor (considering
isotropic elasticity) successfully predicts the plastically deformed
grain and the primary active slip system [7,8]. We found here that
Schmid factor assessment cannot be used to predict nor locations
of slip markings of types Il and III neither the corresponding slip
systems. The reason is that slip markings of types Il and III are
localized near grain/twin boundaries. As Schmid factor analysis
considers the stress state as uniform, it cannot obviously predict
the preferential occurrence of slip near grain/twin boundaries.

Maximum resolved shear stress (considering cubic elasticity) as
a criterion for type II slip markings preferential sites was found 70%
reliable criterion. It predicts the facts that twin boundaries inclined
about 45° from the loading axis are the most preferential sites for
slip markings nucleation at the early stage of plasticity. It also pre-
dicts that the active slip plane is parallel to the twin boundary
plane. Slip markings along twin boundaries for polycrystals were
also mentioned in literature for symmetrical strain-controlled fati-
gue tests operated at frequencies below 100 Hz, (i.e. much lower
than the present frequency of 20 kHz) [17,19,20-22] confirming
that the well-oriented twin boundaries promote very early slip
and PSB formation.

Considering cubic elasticity, maximum resolved shear stress as
a criterion for type III slip markings preferential sites was only
found 30% reliable criterion. However, when there are slip
markings, maximum resolved shear stress successfully predicts
the primary active slip system. Slip markings of type III
preferentially appear near twin boundaries and the primary slip
plane is parallel to the twin boundary plane as for slip markings
of type I Slip markings of type IIl may also appear near large-angle
grain boundaries and triple junctions, so in the highest stressed
regions. These results show that high resolved shear stress is
required to generate slip markings of type III but is not the sole
reason explaining the presence of slip markings. Dislocation
pile-ups and high geometrically necessary dislocation density at
grain boundaries (and not taken into account in the present
approach) may promote the emergence of slip markings of type
1 [23-25].

Using dynamic dislocation simulations, Robertson et al. [26]
suggest another criterion to explain the presence of slip markings
associated with slip systems having “low” resolved shear stress.
The criterion is based on the so-called “surface connected volume”.
The “surface connected volume” corresponds to the portion of a
grain from which dislocations can come out of the crystal, across
the free surface, resulting, in principle, to emerging slip bands.
The size of the surface connected volume associated with a given
slip system is related to the angle p between the slip direction
and the normal to the free surface (Fig. 1). Small angle g results
in large surface connected volume. This concept is equivalent to
the analysis based on type B PSB initiated by Brown and Miller
[27] and gone back over by Sauzay and Gilormini [28]. The angle
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B associated with the slip markings of type Il was found larger than
75¢ for 9 over 11 cases. For the slip markings of type III, it is greater
than 45° for 10 over 11 cases. Our results are in good agreement
with experimental results obtained on austenitic stainless steel
in low cycle fatigue for slip markings crossing grains (labelled here

as slip markings of type I) [29]. However, the large p values result
in small surface connected volume and so, in principle, in no
emerging slip bands (or at least emerging very weakly).
Consequently, the large surface connected volume criterion clearly
does not apply to the slip markings of types Il and IIL
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5.3. Relationship between the stress amplitude ranges and the
appearance of slip markings

5.3.1. Estimation of the maximum resolved shear stress ranges
associated with the type of slip markings

Considering that the four zones exhibiting slip markings of type
Il obtained after 107 cycles - Ag/2 = 56.4 MPa and the three zones
exhibiting slip markings of type IIl obtained after 10® - Ag/
2=49.6 MPa are representative of mechanical state for stress
amplitudes below 65 MPa, the range of maximum resolved shear
stress (averaged values over 1 pum x 1 pm) associated with slip
markings was calculated: [43.7-50.7 MPa] for slip markings of type
Il and [29.3-41.2 MPa] for slip markings of type IIL. It is worth
noticing that the calculated maximum resolved shear stresses

may be different from the true values for three main reasons.
Firstly, the localized plastic behavior in the slip markings emer-
gence zone is neglected. The plastic behavior changes the stress
heterogeneity. Steckmeyer et al. [30] showed that for nickel, the
anisotropy coefficient of which is lower than but close to the cop-
per one (a = 2.5 instead of a=3.3), mainly cubic elasticity affects
the stress heterogeneity up to 107> plastic strain. Besides, the
active slip systems after a large number of cycles are generally
already active at the beginning of the test [15]. The formation of
the early slip markings (corresponding to plastic strain below
1073 [4]) can thus be considered to be controlled by the stress
heterogeneity due to the cubic elastic behavior. Secondly, the poly-
crystalline model is based on a quasi 3D microstructure involving
columnar grains. Zeghadi et al. [31] studied the stress field for
polycrystalline aggregates with different grain shapes and crystal
orientations, except at one free surface where the 2D grain shape
and initial lattice orientation were fixed. They found that the stress
heterogeneity obtained for columnar grains is smoother than for
random 3D synthetic microstructures but is rather similar to the
ensemble average field in the case of cubic elastic behavior.
Increasing the accuracy of the stress field estimation would require
to explicitly represent the true 3D microstructure. Therefore, quasi
3D finite element simulation is a good compromise between the
accuracy of the stress field at the free surface and the consuming
time needed for 3D microstructure rebuilding [32]. Thirdly, the
results were obtained with stress-controlled boundary conditions
on two opposite surfaces. The four lateral surfaces were stress free
surfaces. The true polycrystalline aggregates are located at the free
surface and are embedded in the remaining grains. In order to esti-
mate the impact of the boundary conditions on the results, the
three lateral surfaces (except the observed specimen surface) were
constrained to move in its perpendicular direction so that these
surfaces were maintained flat. In both cases, the numerical sim-
ulations showed concentrations of the maximum resolved shear
stress along some grain boundaries where the slip markings are
observed in experiments. However, the stress concentrations were
found much pronounced for the case of free surfaces than for the

/
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Fig. 12. SEM micrographs of slip markings of type Il contained in the zone K observed from a specimen cyclically loaded up to 108 cycles at Ac/2 = 49.6 MPa using a 20 kHz —

ultrasonic fatigue device. The loading axis is vertical.

Table 3

P
Schmid factors, angles 7 and | Tmey= | for the grain G20/K exhibiting slip markings of type III with two marking directions. The primary and cross-slip systems are printed in

bold.

G20/K primary slip marking-measured 7 = 28°/secondary slip markings-measured 7 = 156°

B5 B4 B2 A6 A3 A2 D6 D4 D1 Cc5 C3 C1
Ry —0.01 -0.16 —0.15 -0.32 0.05 0.37 -0.25 0.31 0.06 0.06 0.11 0.17
T 123° 123° 123° 28.6° 28.6° 28.6° 156° 156° 156° 94.5° 94.5° 94.5°
| Tmax:P | 0.02 0.29 0.31 0.6 0.00 0.58 0.55 0.53 0.02 0.05 0.24 0.29




case of constrained surfaces. The maximum difference of the maxi-
mum resolved shear stress was found of about 30% at these specific
locations.

Despite the hypotheses discussed above, the minimum value of
| Tmax | in the range [29.3-41.2 MPa] for slip markings of type III
was found close to the PSB threshold (28 MPa) defined as the shear
stress at the plateau of the cyclic stress-strain curve for copper sin-
gle crystal oriented for single slip [33,34]. It is also above the criti-
cal shear stress associated with cross slip for pure copper at room
temperature (24.5 MPa at 293 K [35]). Most of slip markings of
type Il exhibit traces of the primary and cross slip systems. No slip
markings were observed below 29.3 MPa. These results suggest
that the cross slip plays a key role in the slip markings emergence.

5.3.2. Scenario for slip markings formation

Based on the present and literature results, a scenario for type
Il slip markings formation is suggested in this section. At the
beginning of the fatigue tests for stress amplitudes below 45 MPa
for which most of early slip markings are of type III, the local stress
state enables the homogenous but slight activation of dislocation
sources or the mobility of the existing dislocation in grains since
the local resistance is very low (few MPa [36,37]). Cross slip events
are significantly activated at higher stresses (above about 30 MPa).
Consequently, primary slip system is very likely activated in the
whole grain while cross-slip events take place only at the highest
stress regions such as twin boundaries, highly misoriented grain
boundaries or triple junctions because of elastic strain incompati-
bilities and dislocation pile-ups. Cross slip essentially contributes
to dislocation storage and microstructure as shown experimentally
[37] or by discrete dislocation dynamics modeling [38,39]. It
results to strain localization and makes slip not completely reco-
verable leading to slip markings on the specimen surface. Using
discrete dislocation dynamics modeling for 316 steel, Déprés
et al. [40] concluded that, despite cross slip is essential for dis-
location microstructure formation in fatigue, it does not contribute
to plastic deformation. So, the primary slip system accumulates
most plastic deformation. In the present case, the slip markings
of type IIl were observed in the highest stressed regions where
the cross slip can be activated. The presence of slip markings
associated with the cross slip plane proves that the cross slip sys-
tem contributes to plastic deformation but very less than the pri-
mary slip system for which slip markings are much more marked
[6]. These findings suggest that the critical shear stress associated
with cross slip governs the critical shear stress for slip markings
appearance.

For higher stress amplitudes (typically in the 45-65 MPa range),
predominantly slip markings are no more of type III but are of type
II. When stress amplitude increases but remains lower than
65 MPa, the cross-slip probability increases but mainly near well-
oriented twin boundaries as the maximum resolved shear stress
steeply decreases when moving away from the twin boundary.
Therefore, in these regions, strain localization starts earlier and
likely right from the beginning of the cycles. Intense slip bands
form. They enable strong strain accommodation while reducing
stored energy [33,40]. As a result, ~1 pm height isolated slip bands
emerge in the vicinity of well-oriented twin boundaries on the
specimen surface. This scenario explains the presence of early slip
markings of type II and the absence of slip markings of type III in
the [45-65 MPa] stress amplitude range. For stress amplitudes
>65 MPa, local stresses are high enough to generate cross slip
events in the whole well-oriented grain producing slip markings
of type I, commonly observed in low and high cycle fatigue. This
scenario clarifies the stress amplitude conditions to observe slip
markings of types I, Il or Il as early slip markings in VHCF for cop-
per polycrystals. Besides, it is consistent with Phung’s et al. [6]
observations which suggest that the slip markings of type III

change into the type I or type Il over cycles. With increasing the
number of cycles, the slip markings of type III for which the pri-
mary slip plane corresponds to the twin boundary plane were
found to confine and grow into more intense slip markings, similar
to the slip markings of type II [6]. The clusters of slip markings of
type III for which the primary slip plane does not correspond to a
twin boundary plane were found to exhibit more pronounced slip
markings space out 5-10 pum as the type I slip markings [6]. Déprés
et al. [41] investigated the surface slip markings evolution over
cycles using dynamic dislocations simulations. Their analysis and
our scenario can explain both phenomena: the cross slip activity
gradually progresses over cycles leading to more and more strain
localization and intense and slip markings separated from each
other.

6. Conclusion

Using finite element simulations and considering crystalline
cubic elasticity, it was shown that:

e Schmid factor criterion is not valid for predicted preferential
sites of slip markings of type Il and IIl and the corresponding
primary active slip systems.

Considering cubic elasticity, maximum resolved shear stress as
a criterion for type II slip markings preferential sites is 70% reli-
able criterion. Concerning slip markings of type III, the reliabil-
ity falls to 30%.

Well-oriented twin boundaries are indeed preferential sites for
appearance of early slip markings of types Il and IIl in fatigue at
very low stress amplitudes because of strong stress concentra-
tions due to cubic elasticity and the existence of well-oriented
slip planes parallel to the twin boundary plane.

Slip markings of type IIl also appear near large-angle grain
boundaries and triple junctions. When two slip markings direc-
tion exist, they are associated with the planes of the primary
and cross slip systems.

The critical shear stress associated with cross slip was sug-
gested to govern the critical shear stress for slip markings
appearance.

A scenario rationalizing the stress amplitude conditions and
sites to observe slip markings of types I, II or III as early slip
markings in VHCF for copper polycrystals was proposed.
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