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Report Title
Final Report: Topic 10.3 - Tailoring Grain Boundary Chemistry for Failure Resistant Nanostructured Metals
ABSTRACT

This final report summarizes three years of research on the usage of grain boundary structure as a material variable able to control the
toughness and ductility of nanostructured metals. Experiments on nanocrystalline Ni-W alloys were used to isolate the importance of
interfacial disorder on failure, showing that additional disorder is welcome if trying to create tough materials. A strategy for amplifying this
effect through the planned inclusion of amorphous grain boundary complexions was then developed, with Cu-Zr used as a model system.
We have created a materials processing route capable of producing nanostructured metal powders with amorphous intergranular films.
These powders demonstrate a concurrent increase in both ductility and strength over pure nanostructured Cu, proving that these two material
properties are not mutually exclusive and going against a traditional materials design paradigm. Atomistic computer simulations were used
throughout the project to provide mechanistic understanding and to guide alloy selection efforts. In addition to excellent mechanical
properties, our alloys demonstrated very high thermal stability and are promising candidates for future work on bulk nanostructured
materials.
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This project sought to understand how the failure resistance of nanocrystalline metals can be tuned by controlling grain
boundary structure. Nanocrystalline metals have exceptionally high strength, but limited ductility and toughness. The recent
identification of grain boundary “complexions” introduces a new materials design variable that should be very powerful for
nanocrystalline materials: atomic grain boundary structure. We hypothesized that premature failure in nanocrystalline metals
can be delayed by creating nanocrystalline alloys that contain amorphous intergranular films (AlFs), which can act as efficient
sinks for the dislocation mechanisms that control plasticity in grain sizes from 15 to 100 nm.

Specific goals for this project included: (i) development of a robust technique for measuring flow and failure in small volumes of
nanocrystalline materials, (ii) understanding the importance of atomic grain boundary structure on failure, (iii) identification of
processing routes for creating nanostructured alloys with a variety of grain boundary structures through intelligent doping, and
(iv) production of tough nanocrystalline powders suitable for scale-up to bulk nanocrystalline materials.

The project included three complementary task lines:

1) Production of Nanostructured Metals with Different Grain Boundary States
2) Characterization of Microstructures and Interfacial States

3) Quantification of Uniaxial Flow and Failure

This document is intended as a summary of the achievements and progress during this three year research project. For each
task line, experimental and theoretical advances are highlighted below.

Task Line 1: Production of Nanostructured Metals with Different Grain Boundary States

This task line involved the creation of nanocrystalline metals with a variety of grain boundary states. Experimental tools
including electrodeposition, mechanical alloying, and drop quenching were used to fabricate different nanocrystalline alloys and
alter their boundary structure. Theoretical tools such as Monte Carlo and molecular dynamics simulations were brought to bear
on this problem, to give added power to our process optimization.

1. We used pulsed electrodeposition to create nanocrystalline Ni-W films. This system can be used to create nanocrystalline
metals with average grain sizes from 3-100 nm, meaning the effect of grain size on failure can be isolated. Three
nanocrystalline Ni-W samples were studied with microcompression, probing failure when different deformation mechanisms
control nanocrystalline plasticity. These alloys also have nonequilibrium grain boundaries in their as-deposited state which can
be relaxed with annealing. By relaxing grain boundary structure and comparing to as-deposited behavior, we were able to
perform proof-of-concept experiments to show the importance on grain boundary structure on failure. The results of these
experiments will be described in more detail under Task Line 3 below.

2. Cu-Zr was chosen as the model system through which we could explore how grain boundary structure and toughness can
be controlled with doping. Zr should strongly segregate to the grain boundaries (negligible solubility in the Cu lattice) and Cu-Zr
is an excellent binary glass forming system (negative heat of mixing, large atomic size mismatch), making this alloy an excellent
candidate for complexion engineering. Preliminary ball milling experiments in our lab showed that a minimum grain size of ~30
nm was common for Cu-based alloys created with a SPEX mill. The ball mill is inside of a glove box under an Ar atmosphere to
avoid oxidation during milling. During preliminary milling experiments, we explored the effects of powder purity, ball-to-powder
ratio, amount of stearic acid (process control agent), and milling time. Powder contamination proved to be an important
concern. Our early powders contained unmixed Zr particles, as well as impurities such as ZrH and ZrC. By increasing the ball-
to-powder ratio to 10 and reducing the stearic acid addition to 1%, we were able to completely remove the Zr and ZrH. The
reduction in process control agent meant that longer milling times had to be used. Some small amount of ZrC is still
occasionally observed and other process control agents such as graphite should be explored to eliminate this issue.

3. A procedure was developed for annealing powder samples at high temperatures and then quickly quenching to freeze in
any complexion structures that are formed. The Cu-Zr powder samples were encapsulated in quartz tubes under vacuum, to
avoid oxidation during annealing. A drop quench furnace was used consisting of a vertical tube furnace situated over a 30
gallon water reservoir. Each powder-filled tube was hung in the furnace to anneal, and then the wire holding the tube was cut
so that it fell quickly into the quenching liquid. We mainly explored annealing at 950 °C, a temperature very close to the solidus
temperature, since such a treatment would be most likely to create a thick amorphous film at the grain boundaries. However,
additional annealing experiments were run at 550 °C, 750 °C, and 850 °C, to explore the temperature dependence of
complexion formation. To isolate the effects of AlFs from other variables which change during annealing such as grain size and
internal strain, additional powder samples were annealed but then slowly cooled to room temperature. Since AlFs are only
thermodynamically stable at high temperatures, no amorphous complexions are expected in this case. Characterization results
are presented under Task Line 2.

4. To guide choices concerning alloy composition and annealing, we used a hybrid molecular dynamics/Monte Carlo (MD/MC)
technique to explore how composition and temperature affect grain boundary structure. Such a technique allows for structural
relaxation, thermal vibrations, and the exchange of atom types at the same time. This study allowed us to predict different



structural states that are accessible in the Cu-Zr system and find the conditions most likely to achieve these experimentally, as
well as understand how these structures depend on variables such as grain boundary character. We were also able to
understand how complexion and intermetallic formation compete.

Task Line 2: Characterization of Microstructures and Interfacial States

Experimental tools including x-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM) were used to characterize the different nanocrystalline alloys produced in Task Line 1. A focused ion beam
(FIB) microscope was used to create the site-specific TEM samples.

1. The nanocrystalline Ni-W samples that were used in the proof-of-concept experiments were annealed at 300 °C to relax the
grain boundaries, and TEM characterization was used to show that no grain growth occurred and that no second phase was
precipitated. This characterization confirmed that only subtle relaxation of the grain boundary structure could be occurring,
isolating grain boundary state as a structural variable.

2. During the initial development of our microcompression testing on nanocrystalline Ni-W, we observed that strain localization
in shear bands is a larger problem than previously thought. We performed site-specific TEM investigation of shear bands from
nanoindentation and microcompression. Mechanically-induced grain growth was found inside of the shear bands, with the
thickness of the coarsened region a function of the plastic strain in the band. Nanocrystalline Ni-W has been shown to have
excellent thermal stability and does not coarsen during homogeneous plastic deformation. However, strain localization can
overcome this barrier and drive structural evolution which aids catastrophic failure. This finding demonstrates that even dopant-
stabilized nanostructures can become dynamic during shear banding, highlighting an important failure mechanism for
nanocrystalline alloys.

3. The Cu and Cu-Zr powders were characterized in their as-milled state, to first allow for process optimization and then to
give baseline data before annealing. We found that while grain sized reached its minimum value of ~30 nm after only 12 hours
of milling, unmixed Zr particles remained in the powder. By increasing the milling time, ball-to-powder ratio, and stearic acid
content as described in Task Line 1, fully mixed powders were achieved. XRD and TEM show that the latest as-milled powders
contain only a solid solution FCC phase where Zr replaces Cu on its lattice.

4. TEM has been used to extensively characterize the powder samples after annealing and quenching. The average grain
size increased to ~45 nm after annealing for 1 hour at 950 °C, meaning the material is still nanocrystalline and rampant grain
growth is not a problem even at these high temperatures. High resolution TEM was used to investigate local grain boundary
structure in annealed Cu-Zr powders which were either slowly cooled in air (not conducive to AIF formation) or drop quenched
(likely to form AlFs). We were able to obtain samples with and without amorphous intergranular films and these two samples
give us specimens that can be mechanically tested to isolate the effect of disordered complexions, since all other structural
variables are the same. Further details will be given in Task Line 3.

5. TEM was also used to study the details of grain boundary chemistry. High-angle annular dark-field scanning TEM and
energy dispersive spectrometry confirm that grain boundary regions have elevated Zr concentrations, while the crystal interiors
are pure Cu. This is important because the expectation of grain boundary segregation was one of the reasons for choosing Zr
as our dopant.

Task Line 3: Quantification of Uniaxial Flow and Failure

This task line involved quantitative mechanical testing of plastic flow and failure of the nanocrystalline metals created in Task
Line 1. Experimental tools including FIB, nanoindentation, and microcompression were used to test nanocrystalline alloys with
different boundary structures. Theoretical tools such as molecular dynamics simulations were also brought to bear on this
problem, to help interpret experimental trends and guide future alloy design.

1. Areliable, repeatable procedure for measuring the plastic flow and failure properties of nanocrystalline metals was
developed. We use a nanoindenter with a flat punch tip to compress micropillars created with the FIB. While this technique has
been used almost exclusively in the past to measure the effects of external sample size on mechanical behavior, we instead
use pillars that are much larger than our internal microstructure to avoid any size effect and probe the bulk-properties of the
material. Taper-free pillars with limited Ga damage are created using a lathe milling technique. This method can be used to
test perform multiple experiments inside of a single powder particle, allowing for rapid measurement of mechanical properties
and fast alloy development. Since a relatively small volume of material is used, microcompression also removes complications
from processing defects such as voids and hydrogen pitting. We have shown quite clearly that uniaxial experiments such as
these are essential for probing mechanical behavior. Although hardness is often used as a metric of strength, we observe that



it is in fact not proportional to yield strength in specimens which do not experience measureable plastic strain.

2. Microcompression was used to probe the uniaxial deformation of samples with grain sizes of 5, 15, and 90 nm, providing
baseline data and an understanding of how different nanocrystalline grain sizes fail. To the best of our knowledge, this is the
first systematic study of uniaxial failure over the entire Hall-Petch breakdown. The largest grain size of 90 nm could be
compressed to more than 25% strain without failing, and deformation remained homogeneous. The 15 nm grain size
experienced pronounced strain softening after yield and failed suddenly through shear banding at applied strains of 10-20%.
The finest grain size of 5 nm showed elastic-perfectly plastic deformation with no apparent strain hardening or softening after
yield. After plastic strains of only a few percent, strain localization occurs and these specimens fail through shear banding that
resembles the behavior of metallic glasses. These results highlight the fact that strain localization failure is a significant
problem for very fine nanocrystalline metals. We also performed a study of the mechanical behavior of the Ni-W samples after
their nonequilibrium boundary structures were relaxed with low temperature heat treatments. This served as a proof-of-concept
experiment to understand how increasing the order of interfacial structure affects failure. Relaxation of nonequilibrium grain
structure strengthens nanocrystalline metals, but makes our two finest grain sizes much more susceptible to strain localization.
For the 15 nm grain size, the strain-to-failure is reduced to 5-8%, while the 5 nm grain size sample shows no appreciable plastic
strain before shear banding causes failure. These results prove the overarching concept of this study, that grain boundary state
can dramatically affect nanocrystalline failure. Grain boundary disorder is necessary for stable plasticity at small grain sizes,
motivating our goal of adding a stable amorphous grain boundary phase.

3. Microcompression was used to explore the uniaxial flow and failure of our Cu and Cu-Zr alloys. Pure Cu has a strength of
~800 MPa, which is comparable to literature reports for nanocrystalline Cu, but also demonstrates strong strain softening. Cu-
Zr with clean grain boundaries is stronger, even though the grain size has increase to ~45 nm. Zr segregation to the grain
boundaries should decrease the grain boundary energy and will increase dislocation pinning as it moves through a single grain.
Both pure Cu and Cu-Zr with clean grain boundaries experience brittle failure and cracking of the pillar. Since compression is
used, the sample can still sustain a load unlike a tension experiment. Alternatively, Cu-Zr with AIFs demonstrated uniform
compression and homogeneous plasticity. No cracking of the pillars was found, providing evidence that the addition of AlFs
serves to toughen the material.

4. Although our microcompression results suggested that AlFs have a positive effect on nanocrystalline toughness,
compression is a constrained testing mode and failure is difficult to measure with such experiments. Additional pillars were
therefore bent in situ inside of the SEM with an Omniprobe actuator, to directly observe failure. Pure Cu was extremely brittle,
with the pillars cracking near the base with no appreciable plastic strain. Cu-Zr with clean grain boundaries experienced some
plastic strain but still failed and started to fracture apart near the base. Again, Cu-Zr with AlFs out-performed all other samples.
The pillar could be bent to high angles without developing full cracks. Instead, extensive plastic flow was observed and the
pillars retained their structural integrity. Both microcompression and in situ bending show a toughening effect, proving that AlFs
can be advantageous and delay premature failure of nanocrystalline metals. By estimating the plastic strain-to-failure from the
various pillars, we found an order of magnitude increase in the ductility can be obtained by adding AlFs. Pure nanocrystalline
Cu failed at 5% strain while the Cu-Zr with AlFs failed at strain >50%, an outstanding results for a nanostructured metal.

5. To provide a physical understanding for our observations, MD simulations have been used to simulate dislocation-grain
boundary interactions and study crack nucleation. The absorption of a dislocation at nanocrystalline grain boundaries can lead
to local stress concentrations, which we hypothesize can then develop into crack damage after repeated absorption. We
developed a simulation methodology where a virtual dislocation source is operated as the cell is sheared. Local stresses are
only high immediately near the source and crack nucleation can be studied as dislocations are absorbed. A uniaxial strain
applied to the cell provides a driving force for crack nucleation. A clean grain boundary was first studied. We found that atomic
shuffling events determine how the free volume brought by the incoming dislocation is accommodated and multiple
thermodynamically equivalent starting configurations are required to quantify the damage resistance of a given grain boundary.
After studying a clean boundary, AlFs with different thicknesses were added and the simulations repeated. The two interfaces
were manually doped and melted, then quenched to freeze in the amorphous structure. The AIF delays the nucleation event to
substantially larger strains or number of dislocations absorbed. A monotonic increase in grain boundary damage resistance
was found with increasing AlIF thickness. A simple model based on free-volume accommodation and displacement events in
the amorphous boundary was found to describe our observed trend. We also explored the damage resistance of our interface
structures created by MD/MC modeling, finding similar results.

Technology Transfer

The Invention Transfer Group (ITG) at UCI Applied Innovation has decided to pursue a patent for our processing route for the
creation of nanostructured powders with increased toughness and thermal stability. A “Record of Invention” disclosure has
been filed and the ITG is in the process of filing a provisional patent application. Once this is accomplished, we plan on either
licensing the technology or creating our own start-up company to pursue commercialization.



