ADVANCED
Submitted to MATERIALS

DOI: 10.1002/adma.((please add manuscript number))
A gold marker technique revealing phase-specific wear and sub-surface deformation
with nanometer resolution
By Dmitry Shakhvorostov*, Peter R. Norton, and Martin H. Miiser
[*] Dr. D. Shakhvorostov, Prof. M.H. Miiser,
Universitit des Saarlandes, Lehrstuhl fiir Materialsimulation,
Campus, C 6.3, Saarbriicken, 66123 Germany
E-mail: dshakh@mx.uni-saarland.de
Prof. P. R. Norton
University of Western Ontario, Department of Chemistry,
1151 Richmond St. N., London, ON, N6A 5B7 Canada
Keywords: Wear, GMT, Gold Marker Technique, Aluminum-Silicon Alloy
Understanding the mechanisms of wear can potentially lead to the development of new
materials and processes that can increase the life span of devices and machines with moving

parts.!"! Simple approaches such as increasing the macro-hardness of materials, no longer

suffice, ¥ as the ongoing miniaturization of devices and their increasing energy throughput,
demand new concepts requiring an understanding of wear mechanisms at the nanoscale,**>¢7!
for which macro-hardness is not a reliable indicator.

Currently most experiments yield the amount of worn material as a function of load and
sliding distance. While such experiments will always remain important for benchmarking of
specific materials and lubricants, they can only yield an incomplete picture of wear
mechanisms 1n the absence of micro- and nanoscale imaging Early wear measurements

involved weighing objects before and after rubbing,!"! but these methods require one to stop

the experiment for data acquisition. By contrast, new methods involving chemical analysis

[8,9,10,11,12,13,14] 15,16,17,18,19,20]

as well as the radioactive tracer technique (RTT) ! or radionuclide
technique (RNT) ! can measure wear as a function of time, but these methods are only

sensitive to mass differences, but insensitive to worn but unremoved material. They also

generally lack (high) spatial resolution.
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In modern, spatially resolved wear measurements, the volume of worn, detached, and
deformed material is quantified by comparing topographies of the originally unworn and the
later worn solid. The most commonly used methods are optical and atomic force
microscopies. Unlike mass-sensitive methods, these new techniques detect material that has
been plowed to the side of the sliding track as wear. Even so, wear measurements have
hitherto not been able to discriminate between transferred and original material within the wear
track. Additional chemical analysis can alleviate this shortcoming, but only if transferred and
original materials are chemically distinct.

In this paper, we demonstrate the utility of implantation of gold atoms with a well-defined
gold concentration profile into the surface, for use as markers for the determination of wear
properties of an Al-Si alloy. Before and after rubbing, the profiles can be measured with
electron scanning probes for the analysis of wear. This gold marker technique (henceforth
denoted as GMT) has allowed us to measure wear with sub-micron spatial resolution, to
distinguish transferred from original material, and in addition to visualize certain tribo-induced
processes such as the rotation of Si particles in the alloy.

As an application of GMT we have studied the wear of Al-Si alloys, which offer significant
mass reduction compared to ferrous alloys when used in automobile engines. The
technological surface has hard silicon and intermetallic particles, which initially stand up
proud of the soft aluminum matrix and are believed to carry the load in a frictional contact.
This initial morphology of the surface undergoes inevitable change during motion against a
counterface, the outcome ranging from catastrophic wear to moderate intermixing; these
processes can result in a strong, nanocrystalline surface layer.”?! The alteration of the surface
is likely to be initiated by the motion of the hard particles (Si and intermetallics) relative to the
soft aluminum matrix. We demonstrate that the initial stages of these processes can be well
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characterized with GMT.
GMT utilizes the quantitative implantation of gold atoms with a well-defined concentration
profile into a surface, followed by the measurement of the gold concentration after rubbing. In

23241 " analysis of the gold profiles was carried out using Rutherford

our original experiments |
backscattering spectroscopy (RBS) with the incident beam normal to the original sliding

interface. In that case, the average gold concentration depth profile could be determined within

a beam spot of approximately 1 mmz. In the present paper, we use EDX as the analytical
method, resulting in a spatial resolution of 0.1 microns down to a few nm, however, at the
expense of reduced depth resolution. The net number of gold atoms in the irradiated zone can
still be determined with high precision with EDX, allowing one to deduce wear accurately.
Sub-nanometer depth resolutions can be achieved by use of cross-sectional EDX analysis in
transmission mode on FIB’ed cross sections (lamellae) cut normal to the sliding interface(s).
Experiments where the imaging electron beam is incident normal to the sliding interface are
termed “GMT mode 17; “GMT mode 2” refers to experiments where the electron beam is
incident normal to the FIB’ed surface.

Figure 1 shows scanning transmission electron microscopy (STEM) of a lamella cut from an
etched and worn sample, whose silicon grains originally protruded about 1 micron out of the
surface. The Au-marked regions of Si can be distinguished from the unmarked ones due to
their different contrasts in the STEM . The border between marked and unmarked Si is
therefore clearly visible and allows one to deduce rubbing induced changes in the sample
morphology. For example, the particle labeled (a) must have been pushed into the interface
without rotation, because the contact line between Au-marked and unmarked region is parallel
to the interface. Conversely, the equivalent linear feature where the contrast changes in the

particle with labels (c) and (d), is tilted by 25° + 0.5°, which is the angle by which this grain
3
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must have rotated. The ability to determine such changes in orientation of different phases is
unique to the GMT and represents an entirely new capability for the study of morphology
changes in materials.

Without showing explicit evidence, we wish to note that STEM cross-sections of etched and
non-etched surfaces exhibit similar characteristics after a wear experiment. Based on this
observation, we conclude that the wear mechanism of etched Al-Si surfaces (in the limit of
ultra-mild wear as investigated here) smoothly evolves into that of a non-etched one,
specifically after the silicon particles have been pushed into the aluminum matrix and worn,
forming a smooth interface with the aluminum matrix. However, less aluminum is removed
during run-in of the tribo-contact when the alloy has been etched than is the case for a non-
etched sample.

What cannot be learned from the STEM images alone is whether the Au-implanted aluminum
has fully worn off, although this appears to be plausible from the bright contrast in the region
of the Al matrix. Furthermore, it is not possible to ascertain if any rubbing-induced mixing
occurred within the silicon particle. These issues can be addressed with the help of EDX
measurements of the gold concentration profiles determined along selected paths by
transmission STEM-EDX on the thin FIB-excised lamellae. These are shown in Fig. 2.

The concentration profile (b) in Figure 2, which was measured along trace (b) in Figure 1,
shows conclusively that at least the full thickness (depth) of the gold-marked aluminum
surface layer has been worn off. Conversely, the silicon particles contain originally Au
marked material and thus they have worn distinctly less than the Al matrix (e.g. Fig. 2(a)),
despite the fact that the surface of the Si particles was originally ~ 1pum above the matrix
surface. In addition, the EDX signal from the worn interface can be mapped onto the original
one, clearly showing that no mixing occurred within the two particles examined. One can also

ascertain the wear depth quite accurately, i.e., 375 nm for the particle marked (a), and 175 nm
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/ 270 nm for the other silicon particle near the front (c) / trailing edge (d). In case (d), original
and measured data can be mapped onto one another by stretching / compressing the z axis by
cos 25°, as alluded to in the discussion of Figure 2.

The question arises why one silicon particle rotates under sliding, while the other one does
not. The answer may lie in the geometry of the particles. Their initial heights were both
roughly 850 nm. However, particle (a) extends 10 microns laterally in the sliding direction (not
illustrated in Fig. 1, but apparent in wider area images), while the other one is five times
shorter. Thus, particle (a) had a much smaller height/width ratio making it more stable against
rotation. Because the other particle has a relatively smaller cross sectional area normal to the
surface, it 1s more easily embedded into the aluminum, thus potentially being exposed to lower
frictional induced stresses which may explain why it exhibits less wear.

So far, we have focused on the wear behaviour of relatively small hard particles (i.e. silicon
particles of ~2 microns), using GMT mode 2. We have not established yet if the wearing of
hard particles can begin before they become embedded into the matrix. To address this
question we have investigated a larger (by a factor of 10) hard Cu-Ni intermetallic particle
with GMT mode 1. Figure 3 shows an SEM image of a worn, pre-etched Al-Si interface with
a damaged intermetallic particle. The circles indicate locations with corresponding residual per
cent of gold, which was determined with help of EDX spectroscopy. The inset shows the
spectral feature of gold (Ma1) in the EDX-spectra measured in an unworn and a worn region.
The approximately 20 um long grain has been fractured and divided into front, center and
trailing edge sections. From the = 25% Au concentration near the front, and the = 50% Au
concentration at the trailing edge, one can deduce a 200 nm wear depth difference. Assuming
that the worn upper surface is parallel to the sliding interface and that no wear of the hard

intermetallic occurred due to interactions with the soft aluminum matrix (both of which was
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true for the silicon particles investigated above), one can conclude that the particle has only
rotated by an angle of o = sin” (200 nm/20 pm) = 0.6° . Estimating the angle of rotation with
the 15% Au concentration found in the center edge (which may have become the new front
edge after the intermetallic particle fracture), we would estimate the rotation angle as a =
sin" (250 nm/15 pum) =~ 1°. The result of this analysis agrees with our previous observations
that (i) long grains barely rotate and (i1) wear is greater at the front than at the trailing edge of
particles.

The wear and rotation of the large and hard intermetallic grain was initiated before it was fully
embedded into the aluminum matrix. This can be ascertained from the relatively high Au
concentration found in the aluminum matrix adjacent to the grain.

As a last application of GMT mode 1, we have investigated the wear characteristics of an
unetched surface. Figure 2 SI (in the supplementary information) shows EDX elemental maps
of two different locations on the surface, one containing a silicon particle and another one a
hard intermetallic particle. It can be seen in both cases that the hard particles have not worn
more than the implantation depth of gold, while the Au implanted zones of aluminum have
been almost completely removed. Thus wear of the non-etched Al-Si surface is dominated by
the wear of the aluminum matrix as has been the case for the etched surface during the later
stages of wear.

In summary, we have introduced a new method of evaluating the wear of materials which
affords detailed insights into plastic deformation and wear mechanisms, and yields accurate,
phase-specific wear rates even in the ultra-mild wear regime. The unique capabilities of the
method depend upon the quantitative implantation of gold atoms in known depth profiles. We
illustrated the capabilities of GMT by experiments on an important technological alloy (Al-Si)

under conditions simulating the cylinder-bore contact in an automobile engine. The data show
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that the wear of an etched sample in which the silicon grains stand proud of the Al matrix by ~
1 um, evolves smoothly into that characteristic of an unetched sample, the major difference
being the run-in period on the etched sample where the load is largely born by the Si grains.
The much higher wear of the Al matrix compared to the hard phases (Si, Si-containing
intermetallics) has been clearly demonstrated.

The depth- and laterally-resolved analysis of the gold profiles has demonstrated that hard
particles can be individually studied, revealing their displacement into the surface (embedding
under load), and rotations that depend upon the grain geometry, particularly the height-to-
width ratio. Increased wear is observed at the leading edges of these phases and can be
correlated with changes in particle orientation with respect to the plane of the sliding surfaces.
Virtually none of these observations and conclusions would be possible without the use of
GMT.

The capabilities illustrated in this paper are clearly relevant not only to nanoscale phenomena
in macroscale devices and machines, as illustrated here, but also to the tribology of micro- and

nanomachines.

Experimental

The cast pieces of A380 were cut into 3 mm thick squares with side dimensions of 12.7 mm.
The cut samples were ground using sand paper and finally polished with 0.1 ym diamond
paste. The technological surface was prepared by exposing half of the samples for 120 s to
10% NaOH solution to expose Si and other slow-etching phases so that their surfaces are
elevated above the Al matrix by ~1micron.

A typical set of parameters used for the implantation in this work is the following sequence of

15 2 15
implantation energies and fluences: 390 keV and 3.0x10 atoms/cm ; 1000 keV and 3.0x10
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2 15 2 16
atoms/cm ; and 2000 keV and 3.0x10 atoms/cm, yielding a total fluence of 0.9x10

atoms/cm2 up to the maximum depth of 800 nm. The non-implanted samples were used to
ensure that gold implantation did not change the average amount of wear, and thus by
implication, that the wear mechanism was also unchanged.

"GMT mode 1" - experiments were conducted using the LEO 1540XB FIB/SEM/EDX
CrossBeam system at the Nanofabrication Laboratory at the University of Western Ontario.
The incident electron energy was tuned in the range between 5 to 15 keV to achieve maximum
SNR when measuring gold concentration.

“GMT mode 2” - experiments were carried out using the JEOL 2010F at the Canadian Centre
for Electron Microscopy, McMaster University. The orientation of the sample to the beam

and incident energy (typically 30 keV) was set to meet highest SNR.
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Figure 1. Scanning transmission electron image of a worn etched Al-Si alloy (focused ion
beam cross section). (a-d) indicate lines, along which the Au-concentration profiles were
measured (GMT mode 2). The sliding direction of the sample is from right to left with the
counterface having been at the top.
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Figure 2: Gold concentration as a function of depth for different locations as determined by
energy dispersive x-ray spectroscopy. The dashed lines show the original concentration, while
full lines indicate the profile after rubbing. In (a,c,d) they are shifted on the z-axis to match the
original concentration. Labels (a-d) are used consistently with the labels in Figure 1.
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Figure 3: Scanning electron microscopy of a worn Al-Si interface with exposed Ni-containing
intermetallics. Remaining per cent of gold is measured with EDX (GMT mode 1) at indicated
locations. The inset shows comparison of Ma.l Au peak measured in a worn and an unworn
location. Corresponding wear values are calculated using the originally implanted gold
concentration profile. The yellow arrow indicates the sliding direction of the counterface.
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We have developed a gold marker technique that allows one to measure wear with nanometer
resolution laterally and normal to a materials surface. Owing to the analysis of gold
concentration profiles before and after rubbing, the method can distinguish newly added from
original material and afford information on phase-specific wear and sub-surface processes
such as they occur in aluminum-silicon alloys.
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Supporting Information

Background on Al-Si alloys

Al-Si alloys and related materials can offer a significant weight saving when used for
example as a sliding surface in the cylinder bores of an automobile engine, resulting in higher
fuel efficiency [1]. An additional advantage related to aluminum alloys, is that they eliminate
the need to install grey cast liners into the engine block; this results in reduced engine mass and
energy consumption during fabrication.

When used in tribological applications, aluminum is strengthened with hard silicon
grains, because pure aluminum is too soft to withstand typical tribological conditions that
occur, for example, in the cylinder-bore contact [2,3,4,5,6,7]. The silicon particles in the
aluminum matrix are assumed to bear the loading and sliding-induced stresses [2,3,4]. The
aluminum matrix may still be easily deformed between the grains, unless the concentration of
silicon significantly exceeds that of the eutectic composition. Casting alloys with such high
desired silicon content requires specially designed pressure/temperature protocols [8], which
increases the production expenses. As an alternative to using a high silicon content, it is
possible to alloy the aluminum matrix with Cu, Mg, Mn, Ni or Cr, increasing the strength of
the material through the alloying itself, as well as through binding silicon within hard
intermetallic phases [9]. In order to prevent the remaining aluminum-rich phases from
interacting with the counterface, surfaces are often base etched [2,3]. This makes the silicon
grains and other hard, slow-etching phases of the alloy stand up proud of the aluminum

matrix, and thus offer the predominant contact surface.
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Experimental details

Sample preparation, gold implantation, and testing conditions

The samples were made of cast Al-Si alloy containing Si: 12.6 at%, Cu: 0.87 at%, Fe:
0.37 at%, Mn: 0.79at%, Mg: 0.26at%, Ni: 1.0at%, Ti: 0.11at%, Sr: 0.02at%, Al: Bal. The
composition is close to eutectic, yielding typical and maximum grain sizes of 1 micron and 100
microns respectively.

In order to use the material in wear experiments, the cast pieces were cut into 3 mm
thick squares with side dimensions of 12.7 mm. The cut samples were ground using sand
paper and finally polished with 0.1 pm diamond paste. In order to investigate how etching (i.e.
exposure of silicon grains) affects wear, half of the samples were not etched at all after
mechanical polishing, while the other half were exposed for 120 s to 10% NaOH solution.
During this process, silicon grains and intermetallic phases which etch much more slowly than
the Al matrix, are exposed so that their surfaces are elevated above the Al matrix by ~Imicron.
Half of each of the etched and non-etched samples were implanted with gold in the
implantation chamber of the Tandetron facility at the University of Western Ontario.
Implantation energies and fluences were varied to obtain specific gold depth profiles
(characterized by quantities such as the maximum implantation depth, average concentration
of gold in the layer and the smoothness of the profile). A typical set of parameters used for

the implantation in this work is the following sequence of implantation energies and fluences:
15 2 15 2
390 keV and 3.0x10 atoms/cm ; 1000 keV and 3.0x10 atoms/cm ; and 2000 keV and

15 2 16 2
3.0x10 atoms/cm , yielding a total fluence of 0.9x10 atoms/cm up to the maximum depth
of 800 nm.

14
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The non-implanted samples were used to ensure that gold implantation did not change
the amount of wear, and thus by implication, that the wear mechanism was also unchanged.
This check was achieved successfully within the statistical noise by comparing the wear of
marked and unmarked samples with neutron activation analysis (NAA) of the effluent
lubricant. Despite this positive result, we would like to point out that gold implantation
amorphizes the near-surface region of the silicon particles, which in principle could affect the
wear mechanism. However, we never observed any effect attributable to amorphization (wear
was not a function of total fluence) and therefore believe that implanted samples afford
reliable wear data. We note that both crystalline and amorphous silicon are both distinctly
stiffer and harder than the aluminum matrix. In future experiments, we will reverse the
implantation-induced amorphization of the silicon by means of laser surface recrystallization
as used in the semiconductor industry [10].

The as-prepared aluminum-silicon samples were rubbed against a steel counterface
using constant normal force (6 N) and sliding velocity (0.25 m/s) using a flat-on-flat contact
geometry for 0.5, 1, 5, 15, and 30 minutes, after which they were rinsed with hexane to
remove the residual lubricant (fully formulated Mobil 1 engine oil) and then cleaned in an
ultra-sonic bath with acetone. After the cleaning procedures the samples were analyzed with
scanning electron microscopy (SEM) and prepared for transmission electron microscopy

using focused ion beam (FIB) milling.

Wear determination via gold markers
The principle of wear determination with GMT providing sub-surface information, is
explained in Figure 1 SI, which shows a schematic of the end of a wear track produced by a
spherical asperity. In our example, there are (a) unworn and (b) worn regions as well as (c)

15
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areas with deposited material that was ploughed from the wear track. For a system resembling
the schematic, one could cut the sample at its centre with a focused ion beam and measure the
gold concentration (C(z) as function of depth z by energy dispersive X-ray spectroscopy
(EDX) from the side. As will be described in the next paragraph, this procedure will allow one
to gain insight into the wear mechanism.

The various profiles that one might expect to observe in our example are:

(a) C(2) remains unchanged.

(b) C(z) is shifted towards the surface, and any signal for z < 0 lost. Mathematically,
one could express this with the following transformation C(z) — &(z)C(z+ Az), where O (z) 1s
the Heaviside step function and Az is the depth of the wear track.

(c) C(z) is shifted away from the surface and material added on top. Hence C(z) —
C(z+ Az)+Cpew(z), where Cy.,, depends on the gold concentration in the material displaced to
that position. Here Az < 0 1s considered a negative wear.

In addition (not shown in the qualitative figure, but further discussed in the results
section of the manuscript), stiff grains could be rotated, resulting in a stretched concentration
profile, e.g., when the rotation angle is « then (d) C(z) — C(z ‘cosa). If a single one of these
four processes dominates, then it is relatively simple to identify that process. If however,
combinations of these processes occur, then it will probably be difficult to ascertain if the
original material was simply mixed and/or original material was removed and replaced with

new marked material.

unworn
surface
region

{ o
R
depth | /{: ) 6@9 depth
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Figure 1 SI: Schematic view of the gold-implanted surface after a sliding contact with an
asperity. Shown are gold depth profiles of (a) worn and (b) unworn regions, as well as (c)
regions with deposited material on top. The unworn region is used as a reference. Linear wear
can be obtained via the evaluation of gold concentration as shown in the schematic
concentration profiles.

Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) in GMT mode 1

For GMT mode 1, we have used scanning electron microscopy to image the surface and at the
same time combined it with EDX to measure the gold concentration and, if desired, that of
other elements. The high atomic mass of gold atoms is the reason why gold markers can be
detected down to 0.1at.% in our samples. The lateral resolution is typically in the order of
0.1-1 micron depending on the incident energy of the imaging electrons. This limit results from
the scattering of electrons within the irradiated material and cannot be further reduced
significantly with the currently available techniques.

The higher the energy of the incident electrons, the higher is their penetration depth A., which
should be on the order of the maximum implantation depth of Au A,,. The optimum value for
A. depends on the details of the implantation profile. Choosing A, much larger than A,,
reduces the signal to noise ratio, while small values of A, makes the result insensitive to the
tails of the concentration profiles. This in turn would lead to an underestimate of the gold
concentration, in particular for an unworn surface. By integrating the originally implanted gold
depth concentration profile and dividing it by the total fluence, a calibration curve can be
obtained, which is used to transform the fraction of removed gold into the wear depth [11,12].

In our study, A,, was less than 800 nm. We tuned A, between 100 and 800 nm by changing
the electron energy from 5 to 15 keV. Experiments were conducted using the LEO 1540XB
FIB/SEM/EDX CrossBeam system at the Nanofabrication Laboratory at the University of

Western Ontario.
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Scanning transmission electron microscopy (STEM) and EDX in GMT mode 2
In order to obtain information about the presence of gold as a function of depth, a cross
section of the near surface region was cut out with a focused ion beam. STEM was then used
to image the cross section and at the same time combined with EDX to measure the
concentration of gold and any other elements of interest as a function of depth into the
sample.

STEM measures the electron transmission, which is strongly reduced by the presence of gold
due to its large scattering cross section. This allows one to quickly acquire an area map. EDX
spectra accumulate more slowly than STEM images, which is why EDX is typically only
done as a line scan, the location of which may be chosen from information provided by the
STEM image. Our measurements were carried out using the JEOL 2010F at the Canadian

Centre for Electron Microscopy, McMaster University.
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“GMT mode 1 observations on polished surfaces

Figure 2 SI: Elemental EDX-maps (Aluminum -blue, Silicon -green, Iron -red, Gold -yellow)
and corresponding scanning electron microscopy(SEM) of the worn locations. Gold markers
are retained in mechanically stable phases -silicon (a) and iron containing intermetallic phase

(b).

Figure 2 SI shows EDX elemental maps of two different locations on the surface, one
containing a silicon grain and another one a hard intermetallic grain. It can be seen in both cases
that the hard grains have not worn more than the implantation depth of gold, while the Au
implanted zones of aluminum have been almost completely removed. Thus wear of the non-
etched Al-Si surface is dominated by the wear of the aluminum matrix as has been the case for

the etched surface during the later stages of wear.
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