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ARTICLE INFO ABSTRACT

Article history: Many nanomechanical testings and surface mechanical treatments—burnishing, shot
Received 23 December 2014 peening...—are based upon contact phenomena such as indentation, impact and scratch
Accepted after revision 23 March 2015 loadings. In this paper, the Mechanically Affected Zone (MAZ) induced by these standard

Available online 29 April 2015 contact loadings applied on a single crystal copper is investigated. We assume that the MAZ

can be characterized by the lattice misorientation measured using backscattering electron

ffg:ﬁgﬁm diffraction. With the help of a Finite-Element analysis, it is shown that crystal plasticity
Scratch theory can estimate with enough accuracy the lattice misorientation pattern. Experimental
Micro-impact results highlight that the MAZ size is always related to the residual imprint dimension and
EBSD its shape depends strongly on the kind of loading.
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1. Introduction

Indentation, scratch and impact loadings are standard contact phenomena commonly used to characterize the mechanical
properties of materials at the micro or nanoscale. Instrumented indentation testing is the most popular technique to de-
termine local quasi-static mechanical properties [1-4]. Standard indentation testing is unfortunately unable to identify high
strain-rate-dependent mechanical properties, and in this case, impact-based methods such as dynamic indentation or micro-
impact testing [5-7] are more adequate. Identification of medium-to-large-strain mechanical properties is out of the scope
of indentation and impact-based testing. For the medium strain range, microcompression testing is an available solution,
but the fabrication of the micro-pillars and the running of the tests are expensive, time-consuming and require special care
[8-10]. Scratch tests are a promising alternative because of the large strains induced in the near-surface without requiring
specific cares to the test procedure [11-13]. Nevertheless, indentation, impact and scratch are non-homogeneous loadings
and thus the relation with the sample stress-strain curves is not explicit. There is still today numerous works dealing with
this topic [14-16], showing the need to better understand the responses of materials under such kinds of loading.

Indentation, scratch and impact loading types are also involved in many surface mechanical treatments. Surface treat-
ments are usually connected with the modification of the surface properties by various actions of physical, chemical, thermal
or metallurgical origin (quenching, nitriding...). However, mechanical loading may also result in modifications such as the
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Fig. 1. Left: micro-impact set up [7], right: residual indent imprint resulting from a Brinell test (2.5 mm, 100 N) on a single-crystal copper surface ({100}
face). The square-shaped imprint (not shown here) is also observed under impact loading and is a consequence of the single crystal anisotropic plastic flow.

creation of compressive residual stress fields [17-19] or refinement of the micro-structure [20,21] without any thermal
or chemical phenomena. We distinguish treatments based on normal or quasi-normal contacts (like indentation, impact)
such as shot peening [22-26] or hammering, and treatments based on tangential contacts (like scratching) such as burnish-
ing [27-29] and polishing [30,31]. The understanding of the response to such contact loading types in terms of residual
stress or in terms of induced microstructure changes is of primary importance in the context of the optimization of surface
mechanical treatments.

This paper aims at characterizing and comparing the shape and the size of the Mechanically Affected Zone (MAZ) induced
by indentation, impact and scratch loadings. The MAZ corresponds to the zone in which the microstructure was altered by
the mechanical treatment. This concept defined in the present paper has been inspired from the well-known Heat Affected
Zone (HAZ) induced by welding processes [32] or the Thermo-Mechanically Affected Zone (TMAZ) induced by friction stir
welding processes [33]. One important issue is to find a reliable method to characterize the MAZ in such processes. For
instance, the MAZ could correspond to the zone where severe plastic deformation occurs under repeated contact [34-38].
Nevertheless, this definition is not able to take into account the residual stress field zone [18], this last being also a con-
sequence of small plastic deformation, not detectable by means of standard metallurgical characterization methods. In this
paper, we propose to investigate the MAZ by means of the lattice misorientation measured using backscattering electron
diffraction [39]. The drawback of this approach is that it is quantitative only if it is used on a single grain with no initial
misorientation. This is the reason why we investigated the effect of these different loadings on a copper single crystal.

First, the sample preparation and experimental set-up are presented. A physically-motivated Crystal Plasticity Finite-
Element Model (CPFEM) based on the works of Kubin et al. [40-42] is then detailed. Comparison of the CPFEM and the
experimental lattice misorientation field is conducted for indentation loading over the cross-section of the residual print. It is
then extended to the analyses of impact and scratch-induced lattice misorientation field, using the same contact geometry—
i.e. equivalent ratio contact radius over ball radius. The difference between these three kinds of loading is then discussed in
terms of size and shape of the resulting MAZ.

2. Materials and methods

A copper single crystal was produced by directional solidification using a standard zone melting method based on a
horizontal Bridgman-type apparatus. The indented, impacted and scratched surfaces were {100}, oriented along the direction
of the surface normal.

The indents were carried out using a standard Brinell Hardness set-up. The ball diameter is 2.5 mm and the maximum
indentation load used was 100 N. Because of the anisotropic plastic flow of fcc single crystals, the resulting imprint is
square-shaped as expected [43-46]. In the sequel of this paper, the term imprint diameter will refer to the side length of the
square in order to be consistent with the literature about indentation testing.

The impacts were performed using the micro-impact set-up detailed in previous studies [16,7]. This device allows one to
measure with high accuracy the impact speed and thus the impact energy (Fig. 1). The equivalent impact strain rate could
be estimated as being proportional to the ratio between impact speed and contact radius. In the present investigation, the
ball diameter is 2 mm, the impact speed was set to 100 mms~!. The resulting equivalent strain rate was estimated to be
close to 100 s~! using the relation proposed by Mok et al. [5]. Note that the imprint was also observed to be square-shaped
similarly to static ball indentation.

Scratches were produced in a Hermle C800 machining center using an Ecoroll roller burnishing system 2, composed of a
high-pressure hydraulic pump and a roller burnishing tool with a 6-mm-diameter ceramic ball. Similarly to impact testing,
the equivalent strain rate could be approximated by the ratio between sliding speed and contact length. The scratching
speed was set to 15 mms~! and the resulting equivalent strain rate was estimated at 20 s~! using the residual groove
width (Fig. 2).
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Fig. 2. (Color online.) Left: burnishing set-up used to perform the scratch test, right: scratch-induced residual groove left by a spherical tip 6 mm in diameter
on a single-crystal copper surface ({100} face).

It is commonly assumed that the deformation level under scratch or indentation loadings with a spherical tip is propor-
tional to the contact severity defined as:

a
STO<E (1)

where a is the contact radius and R is the ball radius. In this work, the elastic deformation can be neglected. The contact
radius is therefore equivalent to the imprint radius. For each kind of loading type, the process conditions have been chosen
to lead to the same contact severity (% ~0.2).

The samples were cut by EDM (Electric Discharge Machining) and were then polished. As shown by Liu et al. [47],
mechanical polishing of a copper single crystal may create a thin deformed layer up to 1 pm. This is the reason why a final
step of electro-polishing was performed.

EBSD measurements over the resulting cross-sections were performed using a using a Zeiss Supra 55 VPFEG-SEM oper-
ated at 20 kV with a probe current of 2 nA. EBSD analyses were carried out using an HKL system (now Oxford Instruments)
composed of a Nordlysll camera and the Channel 5 software suite.

3. 3D Finite-Element modelling of spherical indentation

A physically-motivated Crystal Plasticity Finite-Element Model (CPFEM) based on the works of Kubin et al. [40-42] is
detailed in this section. Simulations were performed using the commercial ABAQUS Finite-Element software [48], where the
constitutive model was implemented through a UMAT subroutine.

3.1. Crystal plasticity model

Similarly to most of crystal plasticity models [41,44,45,49], the constitutive model used in this paper is based on the
expanded Taylor relation [50].

ti=ub > aypl (2)
J

In this equation g is the shear modulus, b is the magnitude of the Burgers vector of the dislocations, tci is the critical stress
for the activation of the slip system (i), which is determined by dislocation densities p/ in all slip systems (j) including
(i) itself. The matrix a;; is defined such that ,/@;; represents the average strength of the interaction between the two slip
systems (i) and (j).

Those coefficients are related to local and non-local effects of the line tension due to the forest dislocation density of
[40,41]. A correction is applied to the a;; coefficients due to interactions between dislocation junctions (Hirth, Lomer, Glis-
sile) if the dislocation density is different from the reference value prf used for their determination by dislocation dynamics
simulations. Devincre et al. [40] have proved that the modifications to apply to the coefficients of the interaction matrix can
be computed from Eq. (3).

In(——)

(b/aretpr)

ajj = ln(—{e”\/aij,ref (3)
(b\/ arefpref)

where ager is set to 0.35 according to Madec et al. [51]. Note that the ajj ref coefficients have been calculated for prer =
1 pm~—2 [40].

When the local resolved stress overpasses the critical stress rci for the considered slip system, a non-null plastic strain
y! appears and its dislocation density increases since the amount of stored dislocations rises in this slip system. As most of
crystal plasticity models [52,44,49], a strain-rate-dependent framework is used. The plastic flow is thus described by Eq. (4).
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Table 1
Constitutive model parameters [41].
" Shear modulus 42 GPa
b Burgers vector 2.57-10710m—2
b2 Reference shear strain for the flow law 1073571
n Exponent for the flow law 50
a, Self interaction coefficient 0.122
Acopla coplanar interaction coefficient 0.122
Qortho Hirth interaction coefficient at pyef 0.07
Acol Colinear interaction coefficient at pyer 0.625
ap Glissile interaction coefficient at pyef 0.137
as Lomer interaction coefficient at prer 0.122
Ky Mean free path for self-interactions 180
Kcopla Mean free path for coplanar interactions 180
Kjunct Mean free path for junction interactions 5-10
. ‘[i " .
o . i
V=nlg sgn(t’) (4)

C

The strain hardening can be expressed as a matrix h;; describing the interactions between the systems i and j.
=) hj
J

Coefficients h;; can be obtained from Egs. (5) and (2).
According to Kubin et al. [41], the total dislocation storage rate is obtained by summing individual storage rates or the
inverses of related mean free paths:

vV aOlO Z]ecopla(z) \/CICOIJIEiIOJ \/Zk;ﬁz;&] 1k,0 (6)
dyl B b Kcopla Kjunct

7| (5)

where K; denotes the mean free path constant for self-interactions, a; is the self interaction coefficient, Kopla denotes the
mean free path constant for coplanar interactions and dacopla is the coplanar interaction coefficient, Kjync is the mean free
path constant describing the formation of junctions.

The first term at the right-hand side describes the self-interaction. The second term account for coplanar interactions.
It includes a summation since a slip system has two possible coplanar slip systems in the fcc structure. The third term is
the contribution from the three junction-forming interactions (Hirth, Lomer, and Glissile). The parameters of the present
constitutive model are given in Table 1 and the interaction matrix can be found in [51,40]. Note that the only adjustable
parameter is the initial dislocation density pg per slip system, which is a consequence of the sample fabrication process.

Although some studies have demonstrated the interest of considering dynamic recovering [42,49], it has been neglected
in the present investigation. Therefore, the present model is not built to account accurately for stage 4 of work-hardening.
This is the reason why the chosen indentation depth is small enough to avoid deformation levels larger than the one
required to activate this hardening stage. More precisely, the total plastic strain at maximum indentation load does not
exceed 0.11 and is lower than 0.06 in the region where lattice misorientation is maximum.

3.2. Mesh and boundary conditions

The numerical simulations are performed using a large displacement/large strain formulation—updated Lagrangian [53].
The constitutive model, which has been detailed in this paper using a small transformation hypothesis for clarity, has been
extended to finite deformation using the multiplicative decomposition of the deformation gradient into an elastic and a
plastic part and the Jauman objective stress rate [54]. An implicit FE scheme is used. The indenter is a rigid sphere. The
contact between the indenter and the surface is assumed as frictionless and is treated using the augmented Lagrangian
method. The loading is achieved by adjusting the quasi-static displacement of the indenter which is pushed down vertically
(z-axis) into the specimen. The Finite-Element domain is a right-angled parallelepiped. Because of the crystal orientation and
of the loading direction, planes (x = 0) and (y = 0) are planes of symmetry. The Finite-Element domain is a right-angled
parallelepiped shown in Fig. 3. The mesh is constituted of 8-node-brick isoparametric elements with a selective reduced
integration scheme to ensure plastic incompressibility. The average element length close to the surface is 20 microns. This
size has been chosen to have more than 10 nodes in contact over a given edge.

As explained in the previous section, the only adjustable parameter of the crystal plasticity model is the initial dislocation
density pg per slip system. We propose here to estimate pp by a reverse analysis of the imprint diameter-force curve
(Fig. 4). An excellent agreement is observed for pg =3 pm~2. It can also be observed in Fig. 5 that the contact area under
maximum load predicted by the FEA matches experimental residual imprints. Note that the square shape is well described.
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Fig. 3. Finite-Element mesh. Thanks to the crystal symmetry and the loading conditions, only a quarter of the indentation has to be meshed.
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Fig. 4. (Color online.) Imprint diameter vs. indentation load. Crystal Plasticity Finite-Element calculations match the experimental data when the initial
dislocation density is set to pref =3 pm~2.

It points out the ability of the model to account for multiple slip system activation during spherical indentation with enough
accuracy.

4. Spherical indentation results

Fig. 6 shows the indentation-induced lattice misorientation over a cross-section of the indent imprint (plane x = 0)
for an applied load of 100 N. The misorientation is computed from the lattice orientation of a reference point taken in
a zone far from the Indentation Affected Zone. The misorientation field is almost symmetric, confirming the good initial
lattice orientation with respect to the indentation direction. Strongly disoriented zones appear just below the contact area
perimeter, which could be linked to the pile-up caused by the incompressible plastic flow. The maximal misorientation
is 7 degrees and a strong misorientation gradient is observed. It is noticeable that there was some subgrain boundaries
in the single crystal before indentation. Nevertheless, EBSD maps show that their effects are not significant because there
are no observable breaks in the indentation-induced misorientation field symmetry. Although the complex shape of the
Mechanically Affected Zone, one may consider that it is almost fully embedded in a hemisphere having a radius close to
the imprint diameter (Fig. 6). This result is consistent with the works of Alcala et al. [46]. Note that these authors define
the plastic zone shape as given by the three-dimensional isocontour of the total accumulated shear strain y = 0.0005.
Nevertheless y is not easily measurable with EBSD analysis; this is why it is likely to measure the lattice misorientation,
which is also connected with the plastic flow.
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Fig. 5. (Color online.) Imprint shape (F =100 N). Crystal Plasticity Finite-Element calculations match the square shape of the experimental data with good
accuracy. The contact pressure distribution (CPRESS) is used here to map the contact area.
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Fig. 7. (Color online.) Indentation-induced lattice misorientation (cross-sectional view) for F =100 N. Left: EBSD map, right: CPFEA with initial dislocation
density set to pg =3 pm~2.

Figs. 7 and 8 show the comparison between the measured indentation-induced lattice misorientation and the misorien-
tation resulting from the CPFEA. Note that the misorientation angle is computed in the same manner than with EBSD data
post-treatment. In a few words, it is based on the comparison between current crystal orientation and the initial crystal
orientation and is given by:

tr(lg) -1
f=acos | ——
2

(7)

where P is the transfer matrix from the initial crystal orientation to the current crystal orientation.

The global distribution plotted in Fig. 7 can be considered as satisfying from the point of view of the limitation of the
constitutive model used. Therefore, a good agreement is observed along an horizontal path embedding the maximum lattice
misorientation, as shown in Fig. 8. It thus highlights the capability of such physically-based constitutive models for describ-
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Fig. 8. (Color online.) Comparison of indentation-induced lattice misorientation for F =100 N measured by EBSD and resulting from the CPFEA along the
path defined by the dashed line in Fig. 7.
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Fig. 9. (Color online.) EBSD lattice misorientation map of the impact imprint (cross-sectional view) for an impact speed set to 100 mms~! and a ball

diameter of 2 mm. The resulting equivalent strain rate is roughly 100 s~'.

ing fcc single-crystal indentation-induced deformation by using only one adjustable parameter—i.e. the initial dislocation
density. Such a model can thus be used to understand in a more accurate way the relationship between contact conditions
and the Mechanically Affected Zone. Studies dealing with the modelling of single-crystal indentation are based on compar-
isons with experimental data limited to the load-penetration curve or to the shape and size of the residual imprints. In
the present paper, we also show that some experimental features such as lattice misorientation can be well captured if an
appropriate constitutive model is used. Note, however, that the agreement would not probably be so good with horizontal
lines at higher depths, which is an indication that the constitutive model could still be improved. Nevertheless indentation-
induced lattice misorientation as well as the load-penetration curve may be considered as good candidates for evaluating
the robustness of crystal plasticity models applied in the context on non-homogeneous loadings such as contact phenomena.

5. Impact and scratch results

Fig. 9 shows the impact-induced lattice misorientation over the cross-section of the impact imprint (plane x = 0). Here
again, the misorientation is computed from the lattice orientation of a reference point taken in a zone far from the Me-
chanically Affected Zone. The misoriented area underneath the impact shares similar features with the indentation one. The
misorientation field is almost symmetric, confirming the good initial lattice orientation with respect to the impact direction.
The maximal misorientation is 6 degrees and a strong misorientation gradient is observed. Here again, the depth over which
the lattice is disoriented is related to the imprint diameter but, contrary to the static indentation case, it is half higher than
the imprint diameter. This could be interpreted as an effect of the strain rate, which plays a hardening-like role in the near-
surface, and thus enhances dislocation slip in the sub-surface. It underlines therefore the need to account for a strain-rate
effect in crystal plasticity constitutive models to understand impact-induced plastic deformation.

Fig. 10 shows the scratch-induced lattice misorientation over the residual groove cross-section. Here again, the orienta-
tion pattern is almost symmetric. In a similar fashion to the indentation loading case, strongly disoriented zones appear just
below the contact area limits. Note however the V-shape of the orientation pattern, which is rather different than in the
indentation and impact loading cases. Similarly to indentation loading, the depth of the mechanically affected zone is of the
same order of magnitude than the imprint diameter. This result is in good agreement with the paper of Kermouche et al.
[19], in which it is demonstrated that the depth of the scratch-induced residual stress field is close to 2-3 times the contact
radius independently of the mechanical properties or the contact severity. Note that the relation of the MAZ size with the
imprint radius was also mentioned in [28] for oblique impacts and scratch tests.
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Fig. 10. (Color online.) EBSD lattice misorientation map of the scratch residual groove (cross-sectional view). The indenter is a ball of radius 3 mm. The
scratching speed is 15 mms~—! and the resulting equivalent strain rate is roughly 20 s~'.
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Fig. 11. (Color online.) Size and shape of the Mechanically Affected Zone induced by the different surface loadings investigated in this paper.

Here again, there was some subgrain boundaries in the single crystal before indentation. Similarly to the indentation
case, it has been considered that they have a negligible influence on the crystal deformation, as the misorientation field
symmetry is almost perfect after loading.

6. The Mechanically Affected Zone

The maximal distorted zone is located just under the pile-up, whatever the contact loadings—indentation, impact, or
scratching. From this zone, misoriented lobes grow in various directions according to the process. For spherical indentation,
these lobes spread toward the outside. For spherical impact, they grow straight under the impacted zone. For ball scratching,
strongly misoriented lobes grow from the pile-up to the scratch symmetry plane. Second lobes, less distorted, spread toward
the outside. Size and shape of the Mechanically Affected Zone depends on the kind of contact loading. According to Figs. 6,
9 and 10, it can be observed that the size of the MAZ is always in relation with the imprint radius a (Fig. 11).

More specifically:

e the crystal lattice is severely distorted over a depth larger than three times the contact radius in the case of the impact
loading;

e indent and scratch are almost similar and modify the crystal lattice over a depth larger than two times the contact
radius.

7. Conclusions

The analysis of indentation, impact and scratch loading on a single copper crystal corroborates the assumption that the
Mechanically Affected Zone induced by surface mechanical treatments is always linked to the contact size [19,28]. Impact
and indentation-induced lattice misorientation are almost similar, except that impacts seem to affect the material more
deeply than indentation. The well-used hypothesis [11] that considers that indentation and scratch loadings affect materials
in a similar way (assuming the same contact severity or deformation level) is not verified here. In both cases, the depth of
the MAZ is of the order of magnitude of one time the contact diameter, but the induced lattice misorientation field over the
cross section is very different. Hence the residual stress-field should also be very different. This is in good agreement with
one of our previous investigations [19] showing that scratch loading may cause tensile residual stresses in the near-surface
contrary to indentation or impact loadings [22].

The satisfying agreement observed in this paper between the Crystal Plasticity Finite-Element analysis and the
indentation-induced lattice misorientation is promising to address the consequences of surface mechanical treatments in
an academic context. Note that this model has been chosen because it was extensively used in the past for pure copper (for
which constitutive parameters have been identified through the extensive use of Discrete Dislocation Dynamics) and have
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shown very good agreement with tensile experiments. Other ones such as those proposed by Alcala [46] could also lead to
satisfying results, but it is out of the scope of this work. Our approach could be used in a near-future to check crystal plas-
ticity constitutive models in the context of non-homogeneous monotonous loading at low strain rate (indentation) or high
strain rate (impact) and non-monotonous loadings (scratch). It appears that EBSD measurements should be an interesting
way to determine new experimental data for further development of indentation-based reverse methods. Future works will
also deal with the measurement of the residual stress-field induced by these loadings using HAR-EBSD [55] and with the
characterization of induced MAZ in polycrystalline materials.
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