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In situ TEM observations of initial oxidation behavior in Fe-rich Fe-Cr alloys

Xuyang Zhou™* and Gregory B. Thompson*

The University of Alabama, Department of Metallurgical & Materials Engineering, Tuscaloosa,
AL USA

* Address correspondence to E-mail: xzhou4l@crimson.ua.edu, Phone: +1 205-887-3194

ABSTRACT: Two nanocrystalline alloys of Fe-4Cr and Fe-16Cr were sputter deposited and
formed a solid solution A2 phase. Each alloy was then in situ annealed up to 800°C with the phase
and microstructure quantified by transmission electron microscopy (TEM). The low partial
pressure of oxygen in the TEM column (~2.6 x 10~°Pa) oxidized both films at temperatures at
and above 700°C. However, the oxide morphologies were quite different. The Fe-4Cr revealed
nanosphere Cr oxide clusters within the grains which has been explained by the thermodynamic
preference for Cr to be in solution. The Fe-16Cr precipitated distinct Cr.O3 grains which has been
described by Cr phase separation at the grain boundaries. Iron oxide was not observed and
demonstrating Cr’s strong preference for oxygen, even in very low oxygen environments. Using
precession electron diffraction (PED), the grain characters of these boundaries were determined
revealing a significant effect of high angle grain boundaries on the growth and precipitation
behavior of the oxides. The collective results reveal the initial stages of oxidation evolution in

nanocrystalline grains, the role of Cr content on such behavior.

KEYWORDS: in situ transmission electron microscopy, FeCr, oxidation, X-ray energy dispersion

spectroscopy, precession electron diffraction

1. Introduction

The Fe-rich Cr alloys provide two of the major constituent components in stainless steels
enabling these materials to exhibit decent corrosion resistance and good mechanical properties [1-
4]. As a result, these alloys are a critical material for a variety of technologies used in the nuclear,
manufacturing, and energy industries [1, 3, 5-8]. Once the Cr content extends 11 at.% in these
steels [1], a stable chromia (Cr203) surface scale will form and provide for passivity protection to
the metal [9-13]. If the diffusion is predominated by metal ion transport, this oxide scale, on low-

alloy steels, will grow outward by the metal diffusion; if the diffusion is predominated by oxygen
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ion diffusion, the oxide scale will then grow inwards into the metal [14]. Besides the metal or
oxygen transport type, the formation of the oxide scale is also a kinetic process that will also be
related to the temperature and oxygen partial pressure, with the oxidation rates being linear,
logarithmic or parabolic dependent on the active mechanism [14]. At high temperatures, the
oxidation rate is typically parabolic and is regulated by diffusion through the scale. At such
temperatures, the inward diffusion mentioned above contributes substantially to the overall
oxidation process by the fast oxygen diffusion along grain boundaries [15]. Since grain boundaries
provide high diffusivity pathways, the amount of grain boundary area will then play a critical role
in controlling oxidation behavior. This is particularly relevant for nanocrystalline alloys, whose
small grain size may be advantageous for higher strengthening but may be more susceptible to
rapid oxidation [15]. Besides grain boundaries, phase boundaries can also contribute to enhanced
diffusivities as noted in the work by Golden et al. who reported a fast path for oxygen to diffuse
along phase boundaries [16].

Despite the extensive studies of oxidation and corrosion behavior on Fe-Cr alloys [17-20],
capturing the initial stages of oxidation and its effects on the microstructure is still relatively
elusive. To date, most characterization of oxidation is done post-mortem requiring one to infer
how the final structure was achieved. However, in situ microscopy can enable one to track and
even quantify real-time reactions, as well as observing potential mechanisms that are only active
during the time of the event, that can lead to final microstructure [21-23]. Such imaging capability
can provide for new and unique insights to behaviors that can be lost in post-mortem analysis [24-
27]. The advent of various temperature and now liquid and gas stages has enabled many of these
observations that were previously not seen, to be elucidated. For example, Banerjee et al.
employed in situ environmental transmission electron microscopy (TEM) to monitor the nanoscale
growth of Ni on silica-supported metal model catalysts [28] and Unocic et al. directly visualized
the dynamic structural and chemical changes during high-temperature oxidation of B-NiAl
nanoparticles [29].

Here, we extend these studies to quantify how oxidation initiates and evolves as a function
of nanocrystalline granular evolution for a low (4 at.%Cr) and high (16 at.% Cr) binary Fe(Cr)
alloy. The aim of the study is then to better understand how the initial stages of passivation occurs
for different Cr contents and how that evolves in a nanocrystalline metal, as most efforts have been

directed towards ‘bulk’ stainless steels. By using a binary system, we also reduce the complexity



of additional interactions with other solutes that may complicate the observed interaction and
structural evolution and provide a basis for future studies to compare too. Furthermore, by
annealing in a low partial pressure oxygen environment, the rate of oxidation can be reduced
enabling the ability to capture this reaction with respect to potential chemical partitioning and
structural changes, such as grain growth or grain boundary re-orientations. To quantify these
effects, in situ imaging needs to be coupled with, for example, rapid X-ray energy dispersion
spectroscopy (XEDS) for compositional measurements. To quantify microstructural changes,
precession electron diffraction (PED) can provide quantification for both nanoscale grain boundary
and grain texture imaging. In particular, both of these techniques — XEDS and PED - are amenable
to TEM, which provides the ability to regularly image nanocrystalline granular structures. By
applying these complementary techniques, as will be developed in this paper, one will be able to
quantitatively understand nanocrystalline stability during passivation and how Cr solute
concentration partitions in response for a series of low and high Cr content Fe(Cr) samples.
2. Materials and methods

To fabricate the nanocrystalline alloy, thin films of either Fe-4 at.% Cr or Fe-16 at.% Cr
were magnetron sputter deposited in an AJA ATC-1500 system from 99.95% pure pre-alloyed
targets. The sputtering rates were found to be approximately 0.100 nm/s for Fe-4Cr and 0.106 nm/s
for Fe-16Cr with the deposition rates determined by dividing the film thickness, measured from x-
ray reflectivity (XRR) [30], by the deposition time. The XRR was performed on an X’pert Philips
diffractometer operated with Cu K, radiation (A = 0.15406 nm) at 40 kV and 30 mA. Before
deposition, the chamber had a base pressure < 6x10° Pa evacuated by mechanical and turbo-
pumps. High-purity Argon then flowed into the sputtering chamber as the working gas at a rate of
10 standard cubic centimeters per minute to a pressure of 0.27 Pa. The films were grown to an
approximate thickness of 40 nm onto SiNx windows in a DENS® chip [31] at room temperature,
which ensured direct electron transparency in the TEM. The DENS® chip is based on a
microelectromechanical systems (MEMS) chip that can provide rapid heating/cooling with 0.001
°C temperature stability, in set images in Figure 1(a) [31]. The low amount of thermal mass to heat
also ensures very stable positioning for imaging at temperature (negligible thermal drift) which is
advantageous to both chemical mapping and PED collection [32]. The Fe(Cr) films were annealed

in situ using the chip in the TEM with the heating cycles shown in Figure 1(a). The oxidation



behavior occurred from the partial pressure of oxygen that is present in the TEM column, Figure

1(b), which will further be discussed shortly.
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Figure 1 (a) in situ heat treatment history and the sketch of a DENS chip included (b) Ellingham

diagram of Fe and Cr

After deposition, the Fe(Cr) films were immediately transferred into a FEI Tecnai
SupertwinF20 (S)TEM. The TEM column evacuated pressure was ~1.2 x 10~°Pa, and assuming
an air mixture of 78%N2-22%0, the oxygen partial pressure was ~2.6 X 10~®Pa. The Ellingham
diagram, Figure 1(b), shows that the thermodynamic driving force for oxidation will change with
temperature. Thus, the lower oxygen content and the ability to anneal the film provides an ideal
situation where the rate of oxidation can be slowed such that the initial stages of oxidation can be
captured. Furthermore, under these controlled conditions, the immiscible phase separation
between Fe-Cr prior to and after oxidation would reveal the hierarchy of microstructure evolution
in these nanocrystalline alloys.

Therefore, we can provide for a very controlled (slow) rate of oxidation by increasing the
temperature. Considering that the material is very minimal (required to be a thin foil), this provides
a mechanism to study these effects in a controlled manner, particularly if one does not have a
specialized gas reaction system. Also, by providing a low Oz environment, we can observe the
phase separation of the Fe-Cr (immiscible system) prior to and after oxidation initiates to
determine the hierarchy of the microstructure evolution.

A NanoMEGAS platform on the TEM was employed to conduct PED scans [33-35]. The
PED scans were collected using a 0.3° procession angle and a scanning step size of 3 nm, in the

same size of region of interest (ROI), which was 800 x 800 nm?. After scanning, the data was



converted for analysis using TSL OIM Analysis 7 software and analyzed after grain dilation
optimization. The composition, in the same ROI, was characterized by XEDS mapping using an
EDAX®silicon drift detector (SDD).

3. Results and discussion

Figure 2(a) shows the series of bright field images, diffraction patterns, and PED
orientation maps for the Fe-4Cr and Fe-16Cr films at room temperature and annealed settings at
400°C, 600°C, 700°C, and 800°C. Each image is from the same ROI so specific microstructural
features can be tracked. From the diffraction patterns, the Fe-4Cr films only revealed a single body
center cubic (bcc) solid solution A2 phase for all temperature conditions. Similarly, the Fe-16Cr
film revealed an A2 phase but only up to 600°C after which additional reflections indexed for the
Cr203 phase [36] were noted at 700°C and 800°C.

Orientation maps for the nanocrystalline Fe-4Cr sample revealed a mixture of grain
textures evident by the multiple colors seen in the PED scan, Figure 2(a; i-v). Interestingly, as the
temperature increased, the grain size was rather invariant with only modest increase in the mean
grain size occurred at the highest temperatures, Figure 2(b), which was only a 10% increase from
the room temperature film. Furthermore, the multiple textures within the film were maintained.
The Fe-16Cr film was quite different. Here, the film adopted a strong [001] fiber texture, Figure
2(a; vi-x), which was also retained throughout the annealing stages. What is particularly interesting
in the PED scans is the presence of much smaller [101] grains. As the temperature increased,
evident grain growth occurred at 700°C, Figure 2(b), with several of these smaller [101] grains
now consumed by the [001] grains shown in sequence of images in Figure 2(a; vi-viii). With this
grain growth, the grain shapes also changed. In the room temperature and lower annealed samples,
the grains boundaries are curved; with increasing temperature, these boundaries become much
more faceted (linear) between each other, Figure 2(a; x). By 800°C, the Fe-16Cr mean grain size
was ~ 50% larger than the initial grain size with clear oxidation and formation of Cr.Os over
portions of the grains, Figure 2(a; x).
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Figure 2 (a) Bright field images, diffraction patterns, and orientation maps of the (i)-(v) Fe-4Cr
films and the (vi)-(x) Fe-16Cr films at RT or annealed at 400°C, 600°C, 700°C, 800°C (b) Mean
grain size varying with temperatures for the Fe-4Cr and Fe-16Cr films.

This Cr203 phase was only resolved in the PED scan at the 700°C and 800°C for Fe-16Cr
films. However, the favorable formation of chrome oxide as compared to iron oxide, Figure 1(b),
would suggest that it should have also reacted with the Fe-4Cr film. A high angle annular dark
field (HAADF) image taken over a larger ROI than the prior PED scans is shown in Figure 3(a)-
(b). The image clearly reveals dark, very small nanosphere features within the grains. As will be
shown later through XEDS analysis, these feature are indeed oxides and such contrast in the
HAADF would be expected since the image’s contrast will scale as ~ Z?, where Z is the atomic
number. The small scale of these oxide clusters did not provide sufficient diffraction volume in
the SAD pattern, but it is clear that the initial stages of oxidation were initiated in this particular
nanocrystalline Fe-4Cr sample. In comparison, similar dark features are seen for the Fe-16Cr film,
but are much larger in size and appear as independent grains, Figure 3(c), which would be in
agreement with the PED and XEDS images in Figure 4. To further verify that the dark features are
a result of the Cr content in either film, an elemental Fe nanocrystalline film annealed in an
equivalent means to 800°C is shown in Figure 3(d). This HAADF feature does not show any dark



contrast nano-spheres within the grains nor any large grains with comparable dark contrast as seen
in Figure 3(c). Thus, one can conclude from the microstructure, that the oxidation is facilitated by
the presence of the Cr content in the nanocrystalline alloys but the morphological evolution of the

oxide is composition dependent.

Figure 3 HAADF image of the (a) Fe-4Cr annealed at 800°C. (b) is a magnified view of (a).
HAADF images of the (c) Fe-16Cr and (d) Fe films annealed at 800°C.

To better understand the oxygen migration that created these different oxide morphologies
in each alloy, an XEDS scan was done at each sequential step of annealing with the amount of
oxygen content quantified. A negligible amount of oxygen is observed in the as-deposited Fe-4Cr
film and Fe-16Cr film with both films retaining this near zero value up to 600°C, Figure 4(a). At
600°C, a clear increase of oxygen to ~1.5 at.% is observed in the Fe-4Cr film and an increase to ~
5 at.% was measured in the Fe-16Cr film. This uptake in oxygen is noted to occur in distinct
regions within each alloy. Upon raising the temperature, the oxygen levels further increased for

both films, Figure 4(a). With this increase in oxygen, it occurred in distinct regions within each



film. As noted in Figure 3, the Fe-4Cr film revealed the oxygen within the grains as small clusters
(or nano-spheres) whereas the Fe-16Cr film revealed dominate oxygen content as a distinct C203
granular phases. These specific compositional distinctions can be observed in the representative
XEDS maps in Figure 4(b). Based on the XEDS quantification of the oxygen content, Figure 4(a),
it is clear that the Cr.O3 phase formed in the Fe-16Cr film, in agreement with the prior diffraction
results in Figure 2. The much lower oxygen content in the Fe-4Cr film was not the Cr.O3 phase
and would also be in agreement with the diffraction findings that did not reveal such reflections.
Thus, the uptake of oxygen and the formation of Cr.Oz is dependent on both Cr composition, as
noted in the bulk alloys [1], and temperature.

This dependence is further confirmed in tracking the Cr content in the Fe-16Cr film. Figure
4(c) is a plot of how the Cr/(Fe+Cr) ratio changes with temperature. With the onset of Cr.03
precipitation in the Fe-16Cr film at 800°C, the Cr content within the bulk of the alloy decreases
with a corresponding increase in the precipitate composition. Thus, the oxide extracts out the Cr
from the bulk of the film to grow the oxide phase. At 800°C, the Cr.Os phase occupied
approximately 12 vol.% of the sample based on the XEDS compositional map, Figure 4(b) and
PED scan in Figure 2(a; x). In contrast, the deviation of the Cr content at the clusters and within

the alloy only revealed a much smaller deviation.
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Figure 4 (a) The overall oxygen content, oxygen content of low and high Cr regions of the Fe-4Cr
and Fe-16Cr films at different annealing temperature (b) Cr, Fe, O elemental distribution maps
and phase map of the Fe-4Cr and Fe-16Cr films annealed at 800°C (c) the ratio of Cr/(Fe+Cr) in
low and high Cr region of the Fe-4Cr and Fe-16Cr films at different annealing temperatures. bcc

represents body center cubic.

The formation of the nanoscale clusters reveals an interesting thermodynamic competition
that controls the morphology of the oxidation in the microstructure. The solubility of Cr in Fe, at
ambient temperatures, is approximately 5 at.% and increases with temperature. Thus, the Fe-4Cr
alloy is within this single phase field with no driving force for phase separation. However, the
thermodynamic preference for Cr to react with oxygen has allowed it to occur within the grains
itself. What is particularly interesting is that the elemental Fe film, annealed at 800°C, did not
oxidize further confirming the strong preference of Cr to react with oxygen even when in solution
and at very low concentrations.

Unlike the Fe-4Cr alloy, the Fe-16Cr reaction with oxygen yielded a distinct phase that had
separated itself from the Fe-rich matrix microstructure. The Cr,03 scale had grown into grains.

Since sputtering yielded a supersaturated solid solution, upon annealing, the Fe-16Cr system was



driven to phase separate. However, as the Cr came out of solution, it reacted with the oxygen as
no distinct bce Cr reflections. The differences in the oxide morphology (clusters vs. distinct grains)
is driven by this phase separation behavior. In a complimentary study to this in situ work, a 200
nm Fe-16Cr film was annealed at 700°C under an equivalent vacuum condition as the TEM and a
cross-sectional foil was extracted using a focus ion beam lift out method similar to that reported
in [37]. Figure 5(a) reveals the XEDS cross section where one can clearly see the formation of the
scale between the grains and its migration towards the surface of the film. As the Cr phase
separated into the grain boundaries, it reacted with the oxygen whereupon the Cr.O3 consumed the
grain as it grew until the Cr was depleted out of the grain. Since the Fe was less reactive to oxygen
at these partial pressures and temperatures, the oxidation appeared to cease once the Cr had reacted.
We can better understand this migration of the oxide along the boundaries by considering the
boundary types themselves.

Using PED, the various boundary types have been identified. Figure 5(b) and (c) shows the
grain boundary maps for the in situ 700°C and 800°C annealed Fe-16Cr film respectively. By
comparing the ROI-A between the 700°C and 800°C, the Cr203 phase precipitation evolution is
evident in multi-grain boundary junction, pointed to by the larger solid red arrow. At 700°C, no
oxides was yet present at this junction which composed three high angle gain boundaries (HAGBs,
labeled #1-#3) and one X5 boundary (labeled #4). Also note that a low angle grain boundary
(LAGB) is very near this junction (labeled #5). Upon annealing to 800°C, the Cr,O3 precipitate
became readily apparent at this former junction as well as a few other smaller oxide precipitates
along one of the HAGBs (#1). The larger oxide at the junction would not be unexpected as a
multi-boundary junction would be the convergence point for Cr solute from multiple sources as
well as provide multiple interfaces from which the oxide could heterogeneously nucleate from and
remove prior grain boundaries, albeit replacing it with an inter-phase boundary. At 800°C, we can
see that two of the HAGBs (#2 and #3) are now replaced by a LAGB. Upon annealing, the LAGB
noted at 700°C (#5) appears to have swept through the microstructure. The oxide is now bridging
three distinct boundary types — LAGB (#5), a £5 boundary (#4), and a HAGB (#1) This
convergence allows us to measure the dihedral angle at all three (different) boundary types, shown
in Figure 5(d), with those values found to be 149° 116° and 97° respectively. When all three
boundaries are 120°, the boundary energies are in geometrically stable condition; however, this is
not the case. The lower 97° angle for the HABG, which is the lowest among the three, suggests



that it is the preferred (or fastest) growing direction for the oxide. A HAGB can readily transport
Cr solute to the precipitate because of its higher diffusivity [38, 39]. Furthermore, a LAGB and a
>5 boundary have lower segregation of Cr solutes to it, as previously reported by the authors [39].
Collectively this would then explain why additional oxides, pointed to by the smaller dash red
arrow in Figure 5(c), were only observed on the HAGB and not on the LAGB or 5. Using

Young’s equation [38],
Y12 Y23 Y31 (1)

sinas  sina;  sina,
where y is the interfacial energy, «a is the contact angle of grain boundary. The relative boundary
energies for the three different boundary types at each junction with the oxide were computed and
tabulated in Table 1 and angle as labeled in Figure 5(e).

(a) Fe-16Cr (d) (e)

M Fe BCC
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Figure 5 (a) XEDS cross section map of the Fe-16Cr film annealed at 700°C for 1 hour. Phase
maps and grain boundary evolution of Fe-16Cr film after annealing at (b) 700°C, and (c) 800°C.
Two cyan rectangular blocks locate ROI-A and ROI-B. (d) and (e) are the magnified grain
boundary map of ROI-A of the 800°C annealed Fe-16Cr film



Table 1. The relative boundary energies for the three different boundary types at each

junction with the oxide.

ves —vif-vi vEs /v vEs/v§s viz/vis
LAGB-HAGB-HAGB 0.62 0.52 0.83
HAGB-HAGB-HAGB 1.26 1.40 111
%5 - HAGB - HAGB 1.14 1.00 0.88

Looking ROI-B, Figure 5(b), we can note that a Cr.Os precipitate (labeled o) was already
present in a junction at 700°C, unlike ROI-A where an oxide precipitate had not yet nucleated.
This o oxide was bounded between LAGBs and HAGBs. After annealing at 800°C, the size of
the oxide phase increased from ~50 nm to ~100 nm and was still bounded by the same types of
GBs but a part of the LAGB, which was just above the a-designated precipitate in the ROI-B, has
been consumed by Cr.Os growth creating a HAGB that separate itself from another Cr.03
precipitate, denoted as  in ROI-B in Figure 5(c). This new Cr.Os precipitate (), as well as
another Cr.O3z precipitate labeled y in the same ROI-B in Figure 5(c) are all now in contact with
each other as separate grains, with the contact boundaries between each being a HAGB, Figure
5(c). For these oxides to now have formed, the B and y oxide particles must have grown from a
different direction and then impinged into the o oxide particle to create a HAGB. If the o oxide
particle had facilitated their nucleation, one would not expect a boundary between the oxides.
Upon closer inspection of the PED scan at 700°C, the region from which the 3 and y oxides
originated from had HAGBsS (labeled #6 in Figure 5(b)) which are is still present at 800°C, Figure
5(c). This again provides strong experimental evidence of the dominance of HAGBs in the

evolution of the oxide growth.



4. Conclusion

Two nanocrystalline alloys of Fe-4Cr and Fe-16Cr were sputter deposited and formed a
solid solution A2 phase. Each alloy was then in situ annealed in a TEM. At temperatures at and
above 700°C, both alloys revealed Cr oxidation. The oxygen source was from the low partial
pressure of oxygen presence in the TEM column. Though both alloys oxidized, the morphology
of the oxide was different. For the Fe-4Cr, nanoscale oxide clusters were characterized to be within
the Fe matrix grains whereas large, distinct granular Cr.O3 phases present in the Fe-16Cr alloy.
Neither oxide produced a continuous passive layer for the Fe-rich matrix. Though Fe oxide is also
a favorable reaction, at these temperatures and partial pressures of oxygen, no Fe oxides were not
observed. This demonstrates the very strong oxidation tendencies of Cr, even in environments that
are not necessary oxygen-rich.

The formation of the oxide clusters in Fe-4Cr was contributed to Cr being
thermodynamically favorable in solution with Fe. However, for Fe-16Cr, the solid solution was
supersaturated and upon annealing, the Cr would be driven to phase separate from Fe. However,
upon separating, the Cr reacted with the low partial pressure of oxygen in the column and formed
Cr20s. This phase separation and oxidation reaction occurred at the grain boundaries within the
microstructure. With the higher Cr content, this alloy was able to continue to provide sufficient Cr
content for the scale in the boundary to grow and become distinct grains within the microstructure.
Furthermore, through the use of in situ analysis, coupled with PED for grain boundary character
quantification, the evolution of the oxide from these boundaries was tracked and measured. The
oxides most readily grow from HAGBs. The dominance of the HAGB was noted for a particular
oxide precipitate that was connected to a HABG, a LAGB, and a £5. Upon annealing, the oxide
demonstrated preference for growth along the HAGB evident by a lower dihedral angle and the
additional precipitation of oxides on the same boundary. This has been contributed to the higher
Cr diffusivity of this boundary compared to the other types. In this case, the lower oxygen content
within the TEM column provided a controlled oxidation response in the material allowing us to
observe these initial stages of reactions and nucleation. Such reactions should be expected to occur
even if the diffraction does not indicate it, as evident by our Fe-4Cr alloy which formed clusters
but no clear diffraction change in the A2 solid solution.
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Solute-grain boundary interactions
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Grain Boundary Structure & Energy

dy = _Fd.udop

The grain boundary energy, vy, can be reduced by the preferential segregation of a

solute over the grain boundary area, 7, and z,,, is the chemical potential of the
dopant
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Quantifying Solutes in GBs — Cross correlation microscopy

= Requires high spatial resolution and high chemical sensitivity

Precession Electron Diffraction (PED) Atom Probe Tomography (APT)
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Atom Probe Tomography
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Precession-Electron-Diffraction (PED) for Orientation Mapping
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Case study: Fe(Cr)
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Sputter-deposited Fe(Cr) nanocrystalline films
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®
Initial APT analysis
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Presenter
Presentation Notes
Slope tells you the concentration within each grain; the change in slope between the grains tells you the interfacial excess


Phase separation = grain refinement growth
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What is contributing to the interfacial excess spread?

Interfacial excess (atom/nm?)
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Correlative PED & APT —sample preparation
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Correlative TEM & APT — Segregation to specific GBs
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Experimental Results of Cr Segregation to specific GBs
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Need to fully quantify the grain boundary character

Boundary plane Orientation of
reative tol garain 2

Grain IT

¢

Grain I
(Reference grain) /

» Defining a grain boundary needs 5

parameters:
* 3 for orientations related to adjacent
grains

e 2 for orientation GB plane inclination

http://www.tf.uni-kiel.de/matwis/amat/iss/kap_5/advanced/a5_3 1.html

Zhou, X. et al. Sci. Rep. 6, 34642; doi: 10.1038/srep34642 (2016) Kiss and Labar, Micro. Microanal. 2016

GB Inclination:

Proof 1: Cross-section image
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Quantifying the GB inclination

= Determine the GB plane projection (PED and/or planar assumption)
= Rotate the two lattices in each grain until a common (reference) plane

is found
= The angle between the GB projection plane to the shared reference

lattice plane defines the GB inclination

Zhou, X. et al. Sci. Rep. 6, 34642; doi: 10.1038/srep34642 (2016)
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Cr Segregation dependency on GB inclination

——133
5 5
-v=—-x9
-—x 11

oo
[

(@)
L

N
L

A—A

o
L

0 20 40 60 80
Inclination angle (degree)

Interfacial excess (atom/nm?)
D



GB Simulation: Hybrid Molecular Dynamics/Monte
Carlo Calculation

Using the fully defined GB,
equivalent GBs were simulated
to determine solute behavior
within the GBs

A hybrid MD/MC simulation*
was conducted in LAMMPS

The segregated Fe(Cr) structure
was obtained at a temperature
of 300 K by using the Fe-Cr
binary concentration dependent
embedded atom model
potential.

*Babak Sadigh, PRB, 2012)
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Comparisons between experimental & simulated results
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Comparisons between experimental & simulated results
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Comparison of GB behavior: specific types

(a) (b) &
1.4{ o0—tg— o9 ‘E 3
N’E I —h— 9 {221} ( 38.9°)
5 1 ‘*.&—i‘ S 2 —8—35 {102} (53.1°)
gm- M § 1 —y—33 {111} (70.5°)
5 Q ——>.3 {112} (109.5°)
S 0.8 Twin | Q@ 04 —4—X11{113} (129.5°)
m 0-31 e i D 4l —p—3 9 {114} (141.1°)
O o022 . _ . 8
0 5 10 15 ) 0 5 10 15
Cr content (at.%) = Cr content (at.%)

(c) _ (d)

o >3{111} 23{112} Twin 29{114}

=
£ 0.30; w
H————

Initial

0 5 10 15
Cr content (at.%)

(a) Calculated grain boundary energies (b) Interfacial excess (c) Excess

= In 8enera I; G B energy trended volume for various Cr contents (d) Simulated atomic configuration for £-GBs

with and without Cr segregation. The arrows direct to local lattice locations
where relaxation from the initial to final states were tracked.

the excess volume behavior

o~

Zhou, X. et al. Sci. Rep. 6, 34642; doi: 10.1038/srep34642 (2016) ¥ NES t



Energetic distribution

Interfacial excess (atom/nm?)
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Zhou, X. et al. Sci. Rep. 6, 34642; doi: 10.1038/srep34642 (2016)
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Presentation Notes

Most favorable energy state for Cr to be located in the boundary is seen for the S9(1 1 4)//( 1 14) and S11(1 1 3)//( 1 13), with a linear cluster of white spheres at these boundaries. The corresponding Fe were noted to be red (having a higher energy) in these boundaries. This is in agreement with the interfacial excess behavior, Fig. 7(b), which showed favorable segregation. The rapid increase of these excess values at lower Cr concentrations is likely associated with highly favorable energetics for Cr segregation to these particular boundaries with their excess volume reduction at those particular concentrations. 



Heating during deposition

1204

+ DFT (EMTO)
o DFT (VASP)
100 ___ 2ppy
— — . COM .
L
:E CE
= -
=1
% 404
i}
-E’ 20
-
0

=20
0 Ref. : Lorenzo Malerba, Journal of Nuclear Materials, (2008);
Fecr-4A) Vértler, K., Journal of Nuclear Materials, (2008)

= Two alloy targets, FeCr-4% and FeCr-17%, were chosen to deposit films
= Films were deposited at room temperature, 250 °C and 400 °C respectively

&



Grain size verses Deposition temperature !111
001

101

E -

RT FeCr4 . £ —m- 04% 400°C FeCr4%
%\ 160+ -0 17% '
D 140-

L §
5 120-
.&J 100+
0
@
5, 60-
g 40- — —%
= 0 100 200 300 400
Temperature (°C)
= At RT, increase of Cr promotes 101
texture
= Abnormal grain growth was found in
FeCr-17%

=  Grain size was reduced at elevated
temperature.




APT analysis (FeCr17%) — room temperature (RT)

Plan-view tip - RT
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GB-solute specificity
Inhomogeneous GB segregation
changes the function Cr

stabilization of grain size.

Promoted AGG @ RT



Identifying GBs from APT data? Difficult to ascertain
decomposition and GB locations (for annealed films)

Iso-Composition(Cr) Iso-Density

2D contour plot from the APT
data for the FeCr17% sample at
400°C

50 nm




Correlated with PED data
2D contour plot from the APT data and GB map from PED data (FeCr17% 400°C)
APT: Composition(Cr) Density PED: GB type

\

Spinodal
decomposition
within the grai

50 nm
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Segregation verses GB types - experimental

400°C-FeCrd%
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In situ annealing and PED correlation

= Two alloy targets, FeCr-4% and FeCr-17%, were existed

= 50 nm thick Fe(Cr) alloy films were deposited on the DensSolution chip.

300pm

= Up to 1200°C at 10° °C/s
= Very thermally stable

http://denssolutions.com/products/heating/

Temperature (°C)

Heat treatment parameters:

800

600 -

400

200+

——400 °C

40 60 80
Time (min)

100 120



®
Grain size verses Annealing temperature
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= For FeCrl17%, obvious grain growth was observed at ~700°C

= For FeCrd%, no obvious grain growth was observed;

= @ 50 nm, {100} is the lowest energy surface (magnetic contribution)*
" @ RT, grain size of FeCr4% was different when compared 50 nm film and 300 nm film. ™

v G a .,

&
»

2 s
*M. Ropo, et al. PRB 76 (2007) 220401 (R). R fikp


Presenter
Presentation Notes
Change in texture – but the substrate is a Si4N3 window (not Si); also very thin


Percentage of oxide phase (%)

Oxidation!
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For FeCr17% film:
Fe-Cr phase
separation was
observed @ 800°C
Oxides only form at Cr
rich region

The composition of Cr
oxides is about CrQ, ,
The structure of Cr
oxides is Cr,0; phase
(167268-1CSD)

For FeCr4% film:

No obvious oxide
phase was observed at
elevated temperature.



Understand anti-oxygenic properties (stainless steel)

2 dimensional - 50 nm Pseudo 3 dimensional - 300 nm
‘ l 300 nm
CrO, ‘ 50 nm
Ve }
Plan view Cross-section view

Phase separation promotes | Low surface energy faciliates Cr atoms to surface
the formation of Cr,0; phase: which react CrO, that protects Fe(Cr) from oxidation

Experimental verification (300 nm films annealed @700°C for 1 hour, 1X10 Torr)
Low Cr (~4%Cr) High Cr (~17%Cr)

Surface chromium
oxide layer was found
on FeCr17% film but
not on FeCr4% film*

STO
¥ &

*M. Ropo, et al. PRB 76 (2007) 220401(R). R fikp



Summary

A series of Fe(Cr) nanocrystalline films were sputter deposited.

v' RT: At low Cr content (4%), the grains grew; at higher Cr contents (8%), the
grains refined; AGG noted (17%)

v" Increasing Cr promoted more {110} texture

v Annealing (400°C) resulting in Cr segregation in all concentrations (4%, 17%)
with grain refinement.

GB-solute segregation specificity
v' PED-APT revealed grain boundary specific segregation
v MD/MC model able to capture similar behavior

In situ annealing

v PED revealed a {100} texture, contributed to very thin thickness and magnetic
contribution

v Grain growth observed
v' At 800°C, Cr-oxide was noted in the 17% sample (absent in 4%)

v’ Ex situ anneals for thicker films reveal segregation and migration of Cr solute
to the surface providing a protective oxide scale (absent in 4%) w¥5T 0,



The Application of Precession Electron Diffraction to
Cross-correlative and in situ Microscopy

Xuyang Zhout, Qianying Guo?, Justin Brons?,
Khalid Hatter3, Brad L. Boyce3
Gregory B. Thompson?

I University of Alabama

2 now at Apple
3 Sandia National Laboratory

This work was funded with support from the Army Research Office-
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The University of Alabama

Founded in 1831 (5% Oldest College of Engineering (1836)
in the United States)

Student enrollment: 38,500+ (>50% out-of-state)
— Approximately 5100 students in COE with

— In 2013, complete final 4-phase Science & Engineering
$300M complex

— Central Analytical Facility: S10M of various
microscopes

* FEI Tecnia F20 (S)TEM
* FElI Quanta & Tescan Lyra dual beam FIBs
e Cameca Instruments LEAP 5000XS

— Metallurgical & Materials Engineering

e 10 Faculty (fuel cells, thermal barrier coatings,
magnetism, casting, etc.)

e 120ish undergraduates; 30ish graduate students




The Group’s Research Activities:

ThompsonResearch.ua.edu

Magnetic materials

Hard drive materials
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Soft magnetic composites
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Grain Characteristic are Essential for
Material Properties

Some examples...

Hall-Petch

yield strength o, [Gpa]
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Probing Nanoscale Boundaries:
Application of Precession Electron Diffraction (PED)

Optic axis

By precessing the beam, the following
advantages are present:

[d d

Scan coils = “Averages” the diffraction events yielding
E ;) E more of a kinematical effect = more uniform
Intensities
Specimen = Slices more of reciprocal space = more

diffraction spots (higher reliability for
E - E indexing)

De-scancoils = Focused beam provides for higher spatial

E E resolution (~1-3 nm)

R. Vincent, P.A. Midgley, Ultramicroscopy 53 (1994) 271



Precession-Electron-Diffraction (PED)

#1: Precess the beam

#2: Raster

e T A Vv,
o .‘164?-'*‘.'- 9

Images courtesy of E. Rauch

#3: Compare
experimental DP to
simulated orientations
for matching

#4: Out put phase and
orientation maps

PhaseID 7 -,




Reconstruction Issues and Ambiguities

Things to watch out for...

Thru-foil thickness - grains overlapping

Manifestations of these artifacts include a
high density of smaller boundaries of the
same type (with the creation of these
boundaries within one to a few pixels in size)

Manual corrections (pseudo-symmetric
clean-up routines) can be applied; proper
nearest neighbor correlation values

Flags —

(1) Low reliability indexing of
regions —sometimes cannot
be helped if severe
deformation strain is present

(2) Systematic row of single
reflections — not capturing
HOLZ

Azimuthal orientation - “180° ambiguity”
Spots being indexed as (hkl) or (-h-k-1) in
the ZOLZ - creates inversions and false
boundaries

Faux X7 boundaries

V.

 p———— -+



Topical Applications to Discuss

* Correlative PED-APT

— F(Cr) nanocrystalline thin film system
* Correlative PED-EDS

— in situ oxidation of Fe(Cr)
* Correlative PED-deformation

— Cryogenic induced grain growth

— in situ nanoindentation Cu

® 4

&
'ﬁ'
~ Xy

‘1*0 \"E‘
1NEE?~

— in situ nanoindentation of Cu/CuZr multilayers ..,



PED-APT: Case study: Fe(Cr)

Temperature, °C

2000
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1600
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1200
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400

foco

200

bcc

N

\_

| T
0.4 0.6

weight fraction Cr

T
0.8

1.0

Both BCC structures

Exhibits a miscibility gap
Technically important as basic
building block species for stainless
steel

How does segregation regulate
nanocrystalline grain behavior in
Fe-Cr?

How does segregation scale with
grain boundary types?
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Sputter-deposited Fe(Cr) nanocrystalline films
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Cr solute changes the Fe grain size

X. Zhou, et al. Thin Solid Films 612 (2016) 29-35.
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Initial APT analysis
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X. Zhou, et al. Thin Solid Films 612 (2016) 29-35.




Phase separation - grain refinement growth
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What is contributing to the interfacial excess spread?
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Grain Boundary Structure & Energy

Grain boundaries are diverse in their energy, structure, and mobility
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Quantifying Solutes in GBs — Cross correlation microscopy

Requires high spatial resolution and high chemical sensitivity

Precession Electron Diffraction (PED)
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Correlative PED & APT —sample preparation

Cut the edge by ® Lift-out awedge ®» Mount the wedge on Si half grid

Pt
bars
W

Si
edge
Thin film Omniprobe
Sharpen tips by Image tips in TEM

Zhou, X. et al. Sci. Rep. 6, 34642; doi: 10.1038/srep34642 (2016)



Correlative TEM & APT — Segregation to specific GBs

TEM PED APT

®Fe 50nm Composition

Legends I R ——

001 101 GBTypes LAGB HAGB Twin X3 X5 X9 211

Zhou, X. et al. Sci. Rep. 6, 34642; doi: 10.1038/srep34642 (2016)



Experimental Results of Cr Segregation to specific GBs
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Grain boundary type

= Crsegregation is strongly related with GB types

= HAGBs appear to have both the largest Cr segregation and largest range

=  What is contributing to the range of values for the same mis-orientation? -

| |

Y L 4
Zhou, X. et al. Sci. Rep. 6, 34642; doi: 10.1038/srep34642 (2016) ®rR % b



Need to fully quantify the grain boundary character

GB Inclination:

Boundary plane Orientation of
reative to I grain 2

Grain II

Proof 2: Measure the GB inclination

¢

Cross-section 4
7 =% Grainl GB, Grain2
[ ]

(0]

Y
Grain I X Wideness

(Reference grain) /

Plan view

» Defining a grain boundary needs 5

parameters:
» 3 for orientations related to adjacent
grains GB Grain 2

» 2 for orientation GB plane inclination

http://www.tf.uni-kiel.de/matwis/amat/iss/kap_5/advanced/a5 3 1.html

] P2
Zhou, X. et al. Sci. Rep. 6, 34642; doi: 10.1038/srep34642 (2016) Kiss and Labar, Micro. Microanal. 2016 R gt O



Quantifying the GB inclination

= Determine the GB plane projection (PED and/or planar assumption)
= Rotate the two lattices in each grain until a common (reference) plane

is found
= The angle between the GB projection plane to the shared reference

lattice plane defines the GB inclination

Zhou, X. et al. Sci. Rep. 6, 34642; doi: 10.1038/srep34642 (2016)

. . Unit cell texture ‘ Unit cell texture
for Grain 1 . for Grain 1
. ' ) I',‘
/ . . Fe atom

. o . BCC lattice
. . . ‘ === GB plane normal
Reference plane

Unit cell texture Unit cell texture . projection

for Grain 2 for Grain 2 GB plane projection



Cr Segregation dependency on GB inclination
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GB Simulation: Hybrid Molecular Dynamics/Monte
Carlo Calculation

= Using the fully defined GB,

equivalent GBs were simulated
to determine solute behavior
within the GBs

= A hybrid MD/MC simulation*
was conducted in LAMMPS

= The segregated Fe(Cr) structure
was obtained at a temperature = m 000 A:
of 300 K by using the Fe-Cr L.QOOOOQ (551)//(711)
binary concentration dependent 20720 et ae i
embedded atom model @ Fe === Reference plane projection
potential.

s BCC lattice GB plane projection

*Babak Sadigh, PRB, 2012)

https://staff.aist.go.jp/h.ogawa/GBstudio/ghs3/GBs_PJ.html



Comparisons between experimental & simulated results
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= Experimental IE values are similar to predicted values.

Zhou, X. et al. Sci. Rep. 6, 34642; doi: 10.1038/srep34642 (2016)
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Comparisons between experimental & simulated results

201 ) Exp.
C\’g ] cal.
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Grain boundary type

= Experimental |IE values are similar to predicted values.

= Clusters form at high angle grain boundaries.

Clustering Analysis
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Comparison of GB behavior: specific types

(a) (b) g
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(a) Calculated grain boundary energies (b) Interfacial excess (c) Excess
= In genera I; GB energy trended volume for various Cr contents (d) Simulated atomic configuration for X-GBs
the excess VO| ume behavior with and without Cr segregation. The arrows direct to local lattice locations

where relaxation from the initial to final states were tracked.
o« W

Zhou, X. et al. Sci. Rep. 6, 34642; doi: 10.1038/srep34642 (2016) ®rR £ % +t



Apply in situ annealing to drive the solutes towards equilibrium

o
o
©

Area density fraction

Area density fraction

Fe-4Cr RT

o©
o
>

1 ~50 nm

0

0.08 -

[ Fe-4Cr_RT
- = LogNormal Fit

]

50 100 150 200
Grain size-diameter (nm)

Fe-16Cr_RT

0

~110 nm [ Fe-16Cr_RT
- - LogNormal Fit

_50 ] 100_ 150 200
Grain size-diameter (nm)

» When the temperature was increased, the grain sizes were reduced

Grain Size Evolution

Area density fraction

Area density fraction
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and the distribution was tightened up.

Area density fraction

Area density fraction
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36 nm - = LogNormal Fit
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Grain Texture Evolution - <101>

Fe-4Cr_RT Fe 4Cr_ 523K Fe-4Cr_673K

A\

A4

0.79ENI TN 4.01 0.34nmmum 3,13 0. 89-1- 2.02 (47"WmmmE 248 0. 93-11 1.55 0.37NNmEE 2.25

Fe 16Cr_RT Fe-16Cr_523K Fe-16Cr_673K

© @R@
Nt

0.7SENI[[IIN 4.50 (.35WmmEE 3.14 0.8gENITTHN 2.23 (.43WmmmEm 203 0.92ENN TN 1.69 0.30NmmmN 2.87

» When the temperature was increased, both Fe-4Cr and Fe-16Cr films gradually
lost the preferred <101> texture. &



Grain boundary composition
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Specificity in Grain Boundary Partitioning

PED: GB type
204 o 20+ o o
< RT-FeCrd4% < 400°C-FeCrd%
= =
‘-E- 154 ‘-E- 154
g 8
© [}
;’ 10 ;— 10
7] 2]
2 2
X 5 x5
= K
..g LAGB HAGB Twin X3 5 39 M1 ..2

Grain boundary type Grain boundary type

20 20

RT-FeCr16%

400°C-FeCr16%

154 154

.
10+

rterfacial excess (atom/nm?)
Interfacial excess (atom/nm?)

Legends D EE—— — Grain boundary type Grain boundary type
GB Types LAGB HAGB Twin 23 311

Number: IE(atoms/nm?) 50 nm ®



Spinodal Decomposition
2D contour plot from the APT data and GB map from PED data (FeCr16% 400°C)
APT: Composition(Cr) Density PED: GB type

Spinodal \/

decompositio
within the gra

Legends L | |

GB Types LAGB HAGB Twin >3 211

v @ = g,
4‘6‘ \é
INEE?'

Number: IE(atoms/nm?)




Spinodol Decomposition
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In situ annealing and PED correlation

= Two alloy targets, FeCr-4% and FeCr-16%, were existed

= 50 nm thick Fe(Cr) alloy films were deposited on the DensSolution chip.

N Research Area #

300um

= Upto 1200°C at 108 °C/s
= Very thermally stable

http://denssolutions.com/products/heating/

Temperature (°C)

Heat treatment parameters:

800 -

600 -

400

200 1

——400°C

0 20

40 60 80
Time (min)

100 120



Grain size verses Annealing temperature

'. ) 5 28 " : ’ X £ B _: i A p 1.04
o 3 ) ; @24 22 -
17%Cr &8 9
S 0.8-
©
g 0.6 1
©
e —— 4%Cr é’ 0.4- —— 17%Cr-RT
c —0— 17%cr = —O— 17%Cr-400
=~ 200+ = —A— 17%Cr-600
5 600 nm E 021 —v— 17%Cr-700
ko) O s —J— 17%Cr-800
£ 1604 0.0 &
©
-c T T T T T T T T
= 0 50 100 150 200 250 300 350 400
R 1201 o
= Grain size-diameter (nm)
c
£ "
S 801 111 1.0
[
8 S
S 40 g O8]
001 = 06
0 100 200 300 400 500 600 700 800 % .
(0]
Temperature (°C) 2 041 = 32//"CV'RT
2% o B © —O— 4%Cr-400
SR o g E —A— 4%Cr-600
_ E 0.21 —— 4%Cr-700
o 3 —i— 4%Cr-800

0 50 100 150 200 250 300 350 400
Grain size-diameter (nm)

= For FeCrl17%, obvious grain growth was observed at ~700°C
= For FeCr4%, no obvious grain growth was observed;
= @ 50 nm, {100} is the lowest energy surface (magnetic contribution)*

~ @ o,

*M. Ropo, et al. PRB 76 (2007) 220401(R). S



Cross-correlative: PED + EDS ...Oxidation!

Fe-4Cr - 800 °C Fe-17Cr - 800 °C




Ellingham diagram of Fe and Cr
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800°C

STEM-HAADF

Note the small oxide features in the Fe-4Cr sample

Large, granular oxide grains



Fe-17Cr @ 700°C/ 1hr

/ H"'- —_ M Fe BCC
™ #5
= Cr,0,
ﬂ_ LAGB
‘1‘ = HAGB
v 25

200 nm

»
» Oxide precipitating and growing out of HAGBs (and preservation of LAGB; X5) . ﬁ .

~
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Application of PED to
Deformation Investigations



Early Reports of Cryogenic Grain Growth

03 , 03

RT
Dwell time 30 min

0.2 0.2
4

b g

Dwell time 30 min
g -190°C

Taken from Zhang et al., APL, 87 (2005) 6192

Zhang, Weertman, and Eastman (APL 2005) reported grain growth in nanocrystalline
Cu films under indentation at 77 K.

v When the temperature is sufficient and a driving force is present, it is
understood why the system exhibits growth.
v'In their report, where mobility is significantly hindered, the kinetics of grain

A4 (o}
growth are poorly understood. &" e
| ﬁ | |
«:} "éo



A Quick Primer on Grain Growth

Grain growth occurs via grain boundary migration —
typically a product of two factors

/=0+®

Driving Force, P Mobility

-Curvature (*1/r) The means for atoms to
- Stored deformation energy

. migrate to reduce the
- Grain boundary energy . o
- Surface energy applied driving force.

- Elastic energy
- Chemical/thermal gradient



Cryogenic Indentation

Untwinned and nanotwinned Cu films were indented using a Vickers indentation
tip at a load of 55g while submerged in liquid Nitrogen for 600 seconds.

a) _ \
M\ :cnf:artor \HL_-\ ,'
B
10g 20gor '
< 55 g “deadweights”

Vickers indenter tip J( a 5
nanocrystallineCu film ' "
RT air, liquid N, "
or liquid He

Parent Pile-up Pile-up
| /\ Indented /

Brons, et al. Scripta Materilia, 68 (2013) 781-784 Crngeet

S
= % -
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PLD of Nanocrystalline films
(with and without a high density of twins)

A series of nanostructured films Cu films with and without a high density of twin
boundaries were fabricated by Pulsed Laser Deposition (PLD) processes.

- <111> nanocrystalline (nanostructured) Cu films with no twins (NS)
-Two fiber orientations <111> and <100> with a high density of twins (NT).

- Orientation change achieved by line-of-site of substrate to target; twin formation
promoted by changing substrate temperature during growth

(a) <111> Nanotwinned (b) <100> Nanotwinned
(111) (100) (111) (100)
(AL} .
\ / 9 [
* q iE !
~’ Q‘ ’ + 9 4 ST
‘e o* % Ve

Brons, et al. Materials Science and Eng. A 2013 Crngee’



Microstructure of as-deposited films

Nanostructured Cu <100> Nanotwinned Cu <111> Nanotwinned Cu

Plane Normal Direction  Angle Plane Normal Direction  Angle Plane Normal Direction  Angle
—_— 111 111 BO* - 111 111 BO* — 111 111 60" ¢S To
— 110 110 amg — 110 10 g — 110 110 395;?' 4%
Twins plotted in (c) Sigma: 3 5 7 9 11 = ﬂ o
e ——————— ~ Lo ¢ )
+ -

Brons, et al. Materials Science and Eng. A 2013 Crngeet



Nanostructured Cu Indent

Flank (pil '
ank (pile up) region Indent region
Grain distortion occurs in the flank of the indent - along with low angle T %,
boundary formation. No evidence of grain growth. . ﬁ .
X2 ":’

Brons, et al. Materials Science and Eng. A 2013 Crngeet



When Twin Boundaries are present,
grain growth is observed

<111> Nanotwinned Cu Flank region Indent region
I 1um
.." -.‘ &
2 it ’m Grai th
rain gro
Compressed th grow

evident in flank
region

111

001 101

No twin boundaries detected, more to come = ﬂ u

Brons, et al. Materials Science and Eng. A 2013 Crngeet



When Twin Boundaries are present,
grain growth is observed

<100> Nanotwinned Cu

Flank (pile up) region

¢ Indent region

Grain growth
evident in flank
region

. v S To
Plane Normal Direction Angle < "%
— - 001 101
111 111 B0 - -
—_— 110 110 389*
~ -
k2 >

Brons, et al. Materials Science and Eng. A 2013 Crngeet



Analyzing the Grain Size Evolution

Parent region Pile-up region Indent region

1 1 1 -
S =
T 08 0.8 0.8
©
L
g 0.6 0.6 0.6
<
2 04 0.4 0.4
E — NS
g 02 0.2 0.2 <100>
a3 <111>

0 0 0

0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Grain Diameter (nm) Grain Diameter (nm) Grain Diameter (nm)

The ledges within the cumulative distribution plots are representative of grains that evolved from a mechanical
load on the film

* All three films have similar grain size distributions in the parent and indented regions.

* <100> NT Cu: Initially 75% of the grains had a diameter < 400 nm. In the pile-up

region, 45% of the grains had a grain size > 600 nm.

* <111> NT Cu: Initially more than 80% of the grains had a diameter < 400 nm. In the

pile-up region, only 50% of the grains had a diameter < 400 nm. There was considerable >«

grain growth, with 20% of the grains (by area) having a diameter > 600 nm. .
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Analyzing the CSL Boundary Evolution

Parent region Pile-up region
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ko

1 3 5 7 9 11 25a 25b 1 3 5 7 9 11 25a 25b
Coincidence Lattice (X) Value Coincidence Lattice (X) Value

o

The pile-up regions show differences in boundary character-

UT & <100> NT: the fraction of the 23 and 23 increases

*Homer et al (JOM 2013) simulations even suggest some X GBs (some 23)
could move anti-thermally

<111> NT: reduction of 25

Brons, et al. Materials Science and Eng. A 2013
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Non-thermally activated
echanisms:
® Thermally damped

Antithermal motion

* Athermal motion
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21 : grains that are < 15 degrees
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Why the Grain Growth?
Hint: the “loss” of Twin Boundaries

A AR TR L K l‘;v e -.;;. 27 Xy St ’ ’ M N RMAT, N > > $ O 0 5 SO T e, )
“, - ;f - F \ 2
. - 7 f ; P g
¥, ‘ ’ £ s
F » . ! o ._ & . : It
4 % A | A . LS v Py ’ 8 Pt 2 .
o 1

Parent material

High density of
twins

Within the pile up
region, a decrease
in twin boundaries
was noted as
compared to the
parent material

Indent material

No evidence of
twins




A Possible De-twinning Mechanism?

Although twin boundaries are more resistant to
migration than other boundaries, Chen et al. *
explained that apparent de-twinning processes
are found to exist.

Dislocation arrays are often found at the migrating
twin boundary front.

This allows twin boundaries to annihilate locally
and convert themselves into single dislocation
lines through detwinning mechanisms:

Detwinning Wang et al. presented detwinning simulations.
mechanisms
I
- | i | The driving force for detwinning was
T alos attributed to the interaction between two
dislocations at R . . . . .. .
twin ends twin boundaries, arising from the variation in
| ' | the energy of the twin boundaries.
Thick twins : 1. Twinned region converted
Nano twins back tc rix stacking b
o roonm); ooy e g They also showed that shear stresses
f‘]g }I;;]:::E;‘n whole twin 2, Twin boundaries . . .
step movement  'eceded together  disappeared by dislocation enable the twin boundaries to migrate

emission

easily.

*Chen et al. Materials Science and Engineering A. 2012. “inge ®t



Differences in De-twinning Grain Growth Sizes

0.8

0.6

0.4

0.2

Slip Plane '

Norm{l ) L

/{ o\ )|,  Pile-up region
— Direction, -

— NS
<100>
<111>

200 400 600 800
Grain Diameter (nm)

For the <100> orientated NT films, the twins (on
{111} planes ) would be inclined to the
indentation normal to the surface

* Results in nonzero Schmid factor
(appreciable stress) - more driving forces
to de-twin (larger grains)

For <111> orientated NT films, the twins (on the
{111} planes) would be normal to the
indentation to the surface

* For a non-zero Schmid factor, the
deformed material flowing along the flank
of the indent would experience a complex
stress state allowing stress to facilitate de-
twinning; since this loading orientation was
not at the original state
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Where are we going: in situ Mechanical Tests

Pl 95 TEM Indenter Sample preparation

: op view
o dop vie

\ Y .
Sample mount;\ Siwedge

Silver.~poxy

Locking Mounting | Transducer
screws Stub

~ . g '4 ‘,'l",
m Si we(Tge v
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Indentation of Polycrystalline Cu film

~1.5 um Cu film. Indentation depth 200 nm, speed 0.5 nm/s

10X indentation speed
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z
B 60-
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14- i i i i i i p ; i 3
05 200 400 60.0 80.0 100.0 120.0 140.0 160.0 180.0 201.8 FJ '/ 111
Displacement {nm) =4
[ o v iosgm v5To
e ® ¥
HYSITRON" ¥ ‘
] ~ . Ly
2 -]



Load (uN)

Indentation of Polycrystalline Cu film

0 50 100 150 200
Displacement (nm)

Bright field images:

1. Variable contrast will mask some of the microstructural features.

2. Qualitative results. Need a Quantitative analytical method.




PED Analysis: revealing features through the diffraction contrast

Pre-indentation Post-indentation

Guo and Thompson JOM 2018 S



Composite Crystalline/Glassy Nanolaminates

Pre-indentation Post-indentation

e

'Z" A i
e | O iﬂ.g f‘g
Cu é‘!f&%}h‘a&iﬁ
CUZF [ Pre—ifldentati(.)n
Post-indentation
Grain size:
111
Pre-37 3 nm
Post-43 £ 3 nm A
7 001 10
1
I max = 2.197
0.00 s . 2 000
0 20 40 60 80 100 120 140 1750
Grain Size (nm) \ 1.500
1.250
min = 0.604 min = 0.650 4'€
001 101 001 ,
] [ |
™~ Lo
1 N



Summary

e PED provides a powerful means to understand stability in
nanostructured materials

— PED cross-correlative capability enables solute concentration to be
linked to grain boundary types via APT

— PED quantifies grain size and boundary evolution during early
oxidation

— PED to grain boundary (and size) stability under deformation
(revealing what boundaries are critical and unmasking features lost in
diffraction contrast)
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