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Preliminary Report:

Motivation: The aim of this experiment was to investigate the micromechanical origins of functional fatigue
in materials that undergo a reversible martensitic phase transformation. Martensitic phase transformation is a
diffusionless solid-to-solid phase transformation between a high-symmetry (austenite) and a low-symmetry
(martensite) phase. It is the enabling mechanism behind the novel behaviors of a wide diversity of materials,
including shape memory alloys. These behaviors have inspired energy conversion, energy harvesting, and
actuator technologies [1,2], but fundamental knowledge gaps regarding functional fatigue—changes to the
material during cyclic loading in a way that diminishes its exploitative properties—continue to be a major
barrier [3]. Functional fatigue stems from permanent defects (e.g., dislocations) that form as a result of the
forward and reverse martensitic phase transformation. The motivation for this experiment was to understand
the microstructural origins of functional fatigue, specifically, grain-specific increases in dislocation density
accumulation during stress-induced martensitic phase transformation cycling. This work included testing a
new hypothesis: Functional fatigue is sensitive to how repeatable the martensitic phase transformation is from
cycle to cycle, i.e., the "microstructural repeatability.”

Experiment Overview: In this experiment, coarse-grained copper-aluminum-nickel (CuAINi) shape memory
alloys were loaded in tension using the Nanox load frame [4] while the microstructural evolution was
measured across different length scales using a combination of 3D X-ray diffraction (3DXRD), diffraction
contrast tomography (DCT), and X-ray topo-tomography (XRTT) on beamline ID11 at the ESRF. CuAINi is
an ideal material system for this fundamental study, because the martensitic microstructures are known to be
relatively large (> 1 pm), making them resolvable using XRTT. This combination of techniques, pioneered by
Wolfgang Ludwig at the ESRF, has been used to spatially resolve three-dimensional (3D) morphological
changes, or deformation, occurring inside individual grains [5—7]. In the past, this approach was used to
investigate slip bands. Here, we use this approach to study martensitic phase transformation. Specifically, we
applied this approach to understanding the microstructural origins of functional fatigue by (1) spatially
resolving the 3D morphology of stress-induced martensite structures, (2) spatially resolving the resultant,
vestigial dislocation/defects structures left over after the martensitic phase transformation was reversed, and
(3) repeating this procedure for multiple mechanical cycles. In this way, these functional fatigue related
microstructure changes could be correlated with the repeatability of the martensitic phase transformation, as
stated in our hypothesis.

Results: Preliminary results are shown in Fig. 1 and Fig. 2. These figures show images from the XRTT
reconstructions during in-situ mechanical loading. (Note: XRTT spatially resolves grain morphologies in 3D,
so these reconstructions can actually be rotated and investigated in 3D.) Fig. 1 demonstrates the utility of
XRTT to study martensitic phase transformations, and in particular to study the microstructural origins of
functional fatigue. The black lines going through the grain in the top and bottom images are the martensite



domains when the material was at peak load and the grain was partially
transformed. Notice that the morphology of the martensite domains is very
similar (though not exactly the same) between cycles 1 and 2. Also note
that, when the sample is unloaded between cycles 1 and 2, the grain shows
signs of damage where the martensite domains were previously occurring.
This damage can be signatures of slip, dislocations, and/or retained
martensite—questions that will be answered in the future using the DCT
and 3DXRD data. These measurements will be used to understand how the
reversible martensitic phase transformation inflicts damage to the
microstructure, and how this damage accumulation changes, or is
influenced by, the repeatability of the transformation as stated in our
hypothesis.

Fig. 2 shows another example of the XRTT results on a different
grain. Note: This grain actually neighbors the grain shown in Fig. 1, which
will allow us to study the influence of grain boundaries on the martensite
morphology and functional fatigue. Fig. 2 shows, again, how the
morphology of the martensite is similar between cycles 1 and 2, and how
the reversible martensitic phase transformation creates vestigial damage
leftover in the grain.

Current and Future Plans: The results presented above are preliminary.
Currently, we are analyzing the 3DXRD and DCT data in addition to
processing the rest of the XRTT measurements. The 3DXRD data will
provide phase fraction information for each grain throughout loading so
that we can differentiate between accumulated dislocation density and
retained martensite in the unloaded XRTT data sets. The DCT data will
also provide 3D information of all of the grains in the sample, which will
provide boundary conditions for the grains that were investigated with
XRTT and can be used to model the stress state just before martensitic
phase transformation via finite element analysis. Finally, new image
processing techniques to remove detector artifacts and emphasize
morphological features in the XRTT will be developed.

Finally, future work includes extending these new techniques (e.g.,
XRTT only has three prior publications [5-7]) to studying martensitic
phase transformation in nickel-titanium (NiTi) shape memory alloys. NiTi
shape memory alloys, or Nitinol as they are referred to in industry, are the
most prolific and widely used shape memory material with expansive,
continuously burgeoning application fields including biomedical and
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Figure 1. X-ray topotomography
measurements showing a grain
that is partially transformed,
unloaded, and then partially
transformed again.

aerospace. Unlike CuAINi, which undergoes a cubic-to-orthogonal martensitic phase transformation, NiTi
undergoes a cubic-to-monoclinic martensitic phase transformation. The increased disparity in symmetry
between the austenite (cubic) and martensite (monoclinic) phases in NiTi leads to much more complex
martensite morphologies, and, as a result, many more open questions. Using the technique development from
this first 3DXRD+DCT+XRTT experiment on ID11 on CuAINi, we plan to extend this approach to investigate
functional fatigue and variant prediction in NiTi in a future beamtime proposal.
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Figure 2. X-ray topotomography measurements showing a pristine, unloaded grain that is subsequently
partially transformed, unloaded, and partially transformed again, and then unloaded again.
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