Scripta Materialia 172 (2019) 6-11

journal homepage: www.elsevier.com/locate/scriptamat

Contents lists available at ScienceDirect

Scripta Materialia

Probing the subsurface lattice rotation dynamics in bronze after L))

sliding wear
W. Cai *, P. Bellon °, AJ. Beaudoin ¢

Check for
updates

@ Department of Materials Science and Engineering, Virginia Polytechnic Institute and State University, Blacksburg, VA 24060, USA
b Department of Mechanical Science and Engineering, University of lllinois at Urbana-Champaign, 1304 W. Green St, Urbana, IL 61801, USA
€ Department of Mechanical Engineering, University of lllinois at Urbana-Champaign, 1206 W. Green St, Urbana, IL 61801, USA

ARTICLE INFO ABSTRACT

Article history:

Received 26 March 2019

Received in revised form 28 May 2019
Accepted 1 July 2019

Available online xxxx

Keywords: : .
EBSD orientation.

TEM

Bronze

Wear

Grain re-orientation

The subsurface lattice rotation of polycrystalline and single crystal Cu-Ni-Sn bronze after pin-on-disc wear test
were characterized using electron-backscattered diffraction and transmission electron microscopy. The majority
of grains were sheared in the sliding direction with rotation axis around the transverse direction of the pin,
exhibiting a weak shear texture. The orientation spread along the sliding direction increased with subsurface
plastic strain, following a power law relationship. The grain re-orientation magnitude in the pin normal direction
was found to be related to the number of active slip systems, as indicated by the Schmid factors of the local grain

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Dry sliding wear of metals often leads to severe plastic deformation
and the development of sharp strain gradient in the subsurface material.
Such severe plastic deformation translates into extensive lattice rota-
tion, grain subdivision, and elevated dislocation density right below
the sliding surface. While extensive work in the field of tribology has fo-
cused on characterizing the microstructure and chemistry of the
tribolayer [1-8], little has been done to quantify the grain level plasticity
[9-13], which directly impacts the surface crystallographic texture,
work hardening ability, and tribological response of the material. In
this work, dry sliding wear tests were performed on face-centered
cubic polycrystalline and single crystal bronze. By imposing an appro-
priate normal load during wear, the whole plastically deformed zone
was well confined within individual grains. This method makes it possi-
ble to probe the continuous lattice rotation kinetics up to large plastic
strains (~181%), higher than those previously reported [14-18]. The
study addresses in particular of how local crystallographic orientation
influences subsurface grain rotation and plastic strain development,
and provides unique local-scale experimental data that could be poten-
tially used to test and validate crystal plasticity models where shear de-
formation dominates, such as those in wear [19], equal channel angular
pressing [20], high pressure torsion [21], and additive friction stir
manufacturing [22] etc.

Self-mated dry sliding wear tests were performed using a Koehler
K93500 pin-on-disc (POD) tester at room temperature in air (Fig. 1
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(a)). Both the pin (6 mm diameter) and the disc (105 mm diameter
and 5 mm thick) were made from a spinodally-hardened single-phase
face-centered cubic (fcc) bronze (Cu-15 wt% Ni-8 wt% Sn) with a
mean grain size ~150 um, determined using line intercept method
from polished samples. This particular material was chosen here due
to a combination of high hardness, relatively large grain size, and ho-
mogenous microstructure within individual grains in the as-received
state. The high hardness ensures that significant lattice rotation instead
of grain subdivision or subgrain formation dominates during wear. The
relatively large grain size of the bronze ensures that all plastic deforma-
tion could be confined to an individual grain since the size of the plasti-
cally deformed zone (PDZ) was ~10-15 um (shown later in Fig. 1), much
smaller than the grain size. In addition, the sizes of the grain boundary
affected zones (GBAZs) were typically less than ~5 pum (see Supplemen-
tal material Fig. S1 [23]), also much smaller than the grain size. Thus
local grain reorientation could be investigated from areas far away
from the GBAZs to minimize grain boundary effects. Finally, the homog-
enous microstructure within individual grains, i.e. the absence of lattice
curvature or local misorientation variations, ensures that lattice rotation
due to wear can be unambiguously tracked from an initial orientation in
the undeformed state. In addition to the polycrystalline pins, three sin-
gle crystal bronze pins were also studied. Using the same wear condi-
tion and the same type of material (except grain size), it is expected
that the subsurface strain profile in the single crystal would be similar
to that of the polycrystalline material (since areas close to grain bound-
aries were avoided in the polycrystalline material). A normal load of
0.5 kgf (or 0.17 MPa normal pressure) and 0.05 m/s sliding speed
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Fig. 1. (a) Schematic illustration of the pin-on-disc (POD) wear test. SD, TD, and ND represent the sliding, transverse, and normal directions respectively. (b) Cross-section orientation map
from subsurface grain with orientation in ND direction. The orientation map is colored coded according to the triangle legend at the bottom. (c) Effective strain as a function of distance
from the sliding surface obtained by marker displacement technique. (d) {111} pole figure of the box area in (b) using equal area projection, where O and A represent respectively the
initial (e, = 0) and final (&, = 181%) orientation of the subsurface grain. (e) Bright-field TEM image of cross-section of the bronze pin after wear test. Dashed line indicates the wear

surface.

were applied for 4 h for the POD tests. The selection of this low load en-
sures that grain reorientation dominates during wear, instead of grain
subdivision or subgrain formation, which were observed under a higher
load of 10 kgf [24]. The duration of the test was chosen to ensure steady-
state was reached. Steady state wear rate and friction coefficient of the
pin were measured to be 1.26 x 10~® mm?/mm and 0.74, respectively.
Microstructural characterization and orientation mapping were per-
formed on polished sample cross-sections after wear test using a JEOL
7000F SEM equipped with a HKL Technology electron-backscattered
diffraction (EBSD) system at step size of 10 to 50 nm. Transmission elec-
tron microscopy (TEM, JEOL 2010F) analysis were performed on cross-
section samples prepared by the standard lift-out technique using a fo-
cused ion beam (FIB, FEI) microscope.

Directly underneath the sliding surface, a PDZ of about 10-15 pum
was observed, as shown by EBSD (Fig. 1(b)) and TEM (Fig. 1(e)) analy-
ses. Fig. 1(e) shows the bright-field TEM images of the cross-section of
the polycrystalline bronze pin after wear, with representative subsur-
face microstructure around 1.5, 5, and 13 pum below the surface from a
single grain. It can be seen that subsurface dislocation densities in-
creases towards the surface, indicating the presence of a sharp strain
gradient within an individual grain. Right below the surface, significant
grain subdivision was not observed, unlike those under higher loads
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(e.g. 10 kgf as reported earlier [1,24]). Furthermore, EBSD and TEM
study shows that under the current wear condition, twining is not
often observed, so that the dominating deformation mechanism can
be considered as dislocation slip. Subsurface lattice rotation within the
PDZ is characterized by a continuous color change in the EBSD map, as
shown in Fig. 1(b). The deformation is fairly uniform in the sliding direc-
tion (SD), where no grain splitting was observed except those very close
to the grain boundaries (GBs). In this work, analysis was done focusing
on areas far away from these GBAZs. Subsurface plastic deformation was
quantified by the strain profile in Fig. 1(c), measured using the marker
displacement method using grain boundaries as markers [25]. Such
measurements were performed on five general GBs and five twin
boundaries (more details provided in [23]). The equivalent von Mises
strain (&) increases with decreasing depth (d) from the surface, fol-
lowing an exponential decay [26].
&wm = & exp(—d/D), (1
where the decay length D = 6.14 + 1.24 pm. The maximum strain &,
reached at the wear surface, was 181 4+ 52% (or 313% shear strain).
The maximum strain rate at the surface was estimated to be ~1
% 1073 s~!, assuming wear reaches steady-state condition [27]. Fig. 1
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Fig. 2. (a) {111} pole figures of measured initial (&, = 0) orientations, (b) rotation axis measured by final to initial orientation, and (c) final (&,); = 181%) orientations of 24 grains from

polycrystalline and single crystalline bronze pins.
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Table 1

Summary of the initial orientations (local grain orientation far away from the wear sur-
face) of 24 individual grains investigated. G1-G21 are measured from a polycrystalline
bronze pin and SX1-SX3 are measured from three single crystal bronze pins.

Grain ID Bunge-Euler angles
(b1 ¢ d2) (degree)

G1 70.8 433 314
G2 160.2 213 43
G3 163.1 275 7.7
G4 314.8 40.5 55.2
G5 117.7 8.2 67.9
G6 239.8 22.1 67.1
G7 240.0 17.6 80.5
G8 25.6 30.5 60.3
G9 318.8 325 494
G10 5.50 42.8 88.5
G11 221.0 17.8 18.0
G12 105.9 494 46.8
G13 337.7 209 15.6
G14 73.7 42.6 0.2
G15 358.4 18.0 13.8
G16 344.5 24.7 25.1
G17 164.4 52.2 46.0
G18 44.6 31.7 33.0
G19 269.8 32.8 104
G20 38.2 429 66.0
G21 324.7 27.7 81.6
SX1 2215 27.2 88.0
SX2 342.2 30.2 18.8
SX3 286.0 384 50.3

(d) shows the {111} pole figure of the box area in Fig. 1(b), which rep-
resents the continuous evolution of the {111} poles from the unde-
formed state of a subsurface grain (represented by O) to the deformed
state (represented by A) after 180% plastic strain.

Wear Surface

Using the above method, wear-induced subsurface lattice rotation
were measured for 24 grains from one polycrystalline and three single
crystal pins, covering a wide range of initial orientations, as shown by
the {111} pole figure in Fig. 2(a) and Table 1. During wear testing, the
surface friction leads to significant shear of the subsurface grains
where the rigid body rotation requires a lattice rotation around TD.
Fig. 2(b) shows the rotation axis of all grains, calculated using angle/
axis pair method between the initial and final orientations. It can be
seen that all rotation axis cluster around TD, confirming the grains are
indeed deformed by simple shear along SD. The scattering nature of ro-
tation axis around TD is likely to originate from different slip system ac-
tivities of the individual grains. Fig. 2(c) shows the final orientations of
all grains, where clustering of the grains close to ideal shear orientations
such as B {112}(110), B {112}(110), and A; {111}(112), can be seen.
These texture components were dominant in the surface nanocrystal-
line layer of the same bronze after wear test under 0.5-10 kgf [24].
These observations confirm that the wear-induced subsurface lattice ro-
tation eventually leads to the development of surface crystallographic
textures, which can then affect macroscopic tribological properties
such as friction coefficient and wear rate.

In addition to lattice rotation around TD, orientation spread along
SD was also observed, and the spread increased at higher strain
within individual grains. An example is shown in Fig. 3(a) and (b)
for grain G9 (as listed in Table 1), where the local misorientation
angle variation is measured at various depths below the worn sur-
face over 3.5 um along SD. Here the misorientation angle along the
profiles was measured with respect to the initial grain orientation
(starting point of the arrows in Fig. 3(a)). It can be seen that as strain
increases from 0 to ~180%, the orientation spread increased from
~0.5° to ~6° over 3.5 um. Fig. 3(¢) plots the misorientation angle mea-
sured at various depths below the worn surface as a function of strain
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Fig. 3. (a) Cross-section orientation map from subsurface grain G9 with orientation in ND direction. (b) Misorientation angle (in degrees) at various depths below the worn surface, as
marked in (a). (c) Summary of misorientation angles as a function of von Mises strain for all grains (with an arbitrary color assigned to each grain). The orientation map in (a) is
colored coded according to the triangle legend in Fig. 1(b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Cross-section orientation map (with orientation in ND direction) of grain (a) SX1 and (b) G9 (as listed in Table 1). (c) and (d) The corresponding Schmid factor profiles as a function
of distance from the surface. (e) and (f) The corresponding relative and absolute misorientation as a function of strain. (g) Summary of relative misorientation as a function of number of
active slip systems for all grains. The relative misorientations are measured between two consecutive data points along the profile while the absolute misorientations are measured with
respect to the initial grain orientation. The orientation maps in (a) and (b) are colored coded according to the triangle legend in Fig. 1(b). An arbitrary color is assigned to each grain in (g).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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for all grains. Despite significant scattering in the data, on average,
the misorientation along SD normalized by the distance of the profile
along SD, 6sp/dsp is related to strain as 6sp/dsp = (0.57 £ 0.04)
£,m49£002 ynder sliding wear deformation. This power-law suggests
that the local misorientation may be determined by the fluctuations
of the dislocation distribution along SD. Interestingly it is reminis-
cent of power laws observed for the local slope of kinetically rough
surfaces [28,29].

Another unique data that this method provides is the continuous
monitoring of lattice rotation along ND as a function of strain for indi-
vidual grains. During plastic deformation, the amount of lattice rotation
tends to increase with strain [15,16]. For example, using focused hard X-
ray, Margulies et al. [16] showed that the average rotation velocity is
~5.5° per 11% tensile deformation for pure aluminum. To date, little is
known about the grain-level lattice rotation kinetics during shear, espe-
cially up to large strain. Here, using EBSD maps, the lattice rotation along
ND was investigated for all 24 grains by measuring the misorientation
angle Op at each point using two methods: (i) with respect to its neigh-
boras6,, = g, x g, ', where g,_ and g, are the rotation matrices of
two successive grain orientations along the profile line, and (ii) with re-
spect to the initial grain orientation as Ogps = Zinitiar X x> Where Zinitiar
is the rotation matrix of the initial grain orientation. These measured
orientation angles represent the minimum angle required to transform
two orientations through a rotation angle/axis pair. For all the grains
studied, 6, fluctuates between 0 and 2.5°. For the majority samples,
the magnitude of this fluctuation is strain independent, as shown in
Fig. 4(f) for grain G9. A few grains (e.g. grain SX1 in Fig. 4(e)) show a
slight increase of this fluctuation with increasing strain. It should also
be pointed out that the magnitude of 6., could be affected by the
EBSD step size [30] and area size [31]. For all the grains studied, the mis-
orientation angle 6,5 increases monotonically with applied strain.
Among all the grains, grain G14 exhibits the highest misorientation
angle of 61° while grain G18 exhibits the lowest angle of 16°. Closer ob-
servation indicates that the rate of increase of 6, as a function of strain,
i.e. ABgps/Ac,y (hereafter referred as lattice rotation rate in ND) is not a
constant for any individual grain, unlike those reported for tensile de-
formation [16]. Two examples of the most commonly observed misori-
entation profiles are shown in Fig. 4(e) and (f) for grain SX1 and G9,
where the lattice rotation rate increases and decreases with strain re-
spectively. It was observed that the lattice rotation rate tends to increase
with decreasing number of active slip systems (i.e. slip systems with
high Schmid factor). The Schmid factor (SF) of the twelve {111}{110)
slip systems for these two grains are plotted in Fig. 4(c) and (d) as a
function of distance from the worn surface, assuming simple shear de-
formation along SD. For grain SX1, the lattice rotation rate (i.e. the
slope of the 6,5 Vs. €,y curve) increases after the strain increases to
~1.2, which is reached ~1.82 um below the surface according to Eq.
(1). It can be seen from Fig. 4(c) that at this depth, the number of slip
systems with high SF has changed. Assuming a threshold of 0.5 for ‘ac-
tive’ slip systems (the maximum SF under simple shear is 1), the num-
ber of active slip systems of grain SX1 decreased from two, i.e.
(111)[110] and (111)[011], far away from the surface to only one (i.e. (1
11)[110]) around 1.8 pm below the surface. Conversely, for grain G9 the
lattice rotation rate decreases after the strain increases to ~0.5, which is
reached ~5.76 pm below the surface. At this depth, the most active slip
system of grain G9 changed from (111)[101] to (111)[110]. At the
same time, the number of active slip systems increased from two to
three, with the addition of (111)[110] close to the surface. Fig. 4
(g) summarizes 6, as a function of number of active slip systems for
all grains (N egve ss)- It can be seen that indeed, generally, 6, decreases
as the number of active slip systems increases.

In summary, wear testing was used to impose a sharp strain gra-
dient within ~15 pm of the surface of Cu-Ni-Sn bronze, reaching a
maximum equivalent plastic strain of ~181% near the surface.
Using this method, the continuous evolution of local grain re-

orientation as a function of deformation was directly measured
using EBSD for 21 grains in a polycrystalline sample and 3 single
crystal samples. Several important discoveries of this work include
(1) high surface friction lead to severe shear deformation of the sub-
surface grains where the majority grains exhibit rotation axes
around TD between the initial (at a strain of zero) and final (at a
strain of ~181%) orientations, (2) the final orientations of all grains
are close to ideal shear orientations, (3) the orientation spread
along SD increases with strain following a power law relationship,
and (4) the rate of lattice rotation along ND generally decreases as
the number of active slip system increases. Finally, it should be
pointed out that the main advantages of this approach are that
large plastic strains can be reached, well exceeding those reported
so far [14,16-18], and the re-orientation measured is truly represen-
tative of a bulk behavior, since the cross-sections for EBSD analysis
are prepared after the wear test, unlike the split-sample tests [14].
Furthermore, as demonstrated here, this method can be easily ap-
plied to single crystals, thus eliminating the influence of grain
boundaries and neighboring grains on grain re-orientation. The ma-
terial selected for the present work is a Cu-15Ni-8Sn bronze but the
approach is general; for instance, preliminary results similar to those
presented here have also been obtained on pure Ni. The experimen-
tal procedure detailed herein thus provides a possible avenue for di-
rect study of grain and subgrain level plasticity in crystalline
materials during severe plastic deformation.
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