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Materials under stress

Deform to Comply
Use neutrons to learn how materials 
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Why do we care?

• Understanding the deformation mechanism to make stronger 
or more flexible materials for structural, functional, and medical 
applications.
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Magnesium (Mg) Alloy in automobile
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Materials under stress

Store elastic energy -> Dissipate energy -> Fracture
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Materials under stress
• Deform to comply by reversible elasticity, or irreversible plasticity 

before fracture. 

http://wiki.dtonline.org/index.php/Elasticity
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Strength and ductility are commonly exclusive
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http://www.dierk-raabe.com/steels-science/
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New alloys design pushes the envelope

Shi P. et al, Nature Communications volume 10, Article number: 489 (2019) |
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Solid mechanics: physical,  phenomenological and 
empirical approaches

• Experimental methods: Uniaxial, bi-axial, multiaxial loading; 
Proportional, nonproportional loading; 
Tension/compression/torsion/bending ;Monotonic, cyclic, random 
loading

• Parameters: Normal stress, shear stress, deviatoric stress(strain), 
hydrostatic stress(strain), principle stress (strain), equivalent stress(strain), 
hardening rate. 

• Properties: Stiffness, yield strength, ductility, ultimate strength, hardness, 
fracture toughness, fatigue resistance, creep resistance

• Mechanics modeling: continuum mechanics, finite element analysis, 
life prediction



13 kean@ornl.gov

Complexity of structural or functional materials responses 
under straining

• Hardening in structural materials.

• Shape memory effects, super elasticity. 

• Piezoelectric effect, mechanical to electrical energy.

• Mechanocaloric effect, mechanical to thermal energy.

• Mechanically induced light emission.

• Stress induced magnetization, thermal and conductivity 
change materials.



1414 kean@ornl.gov

Different length scales, stress as an example
The macroscopic or type-1 stress 
is the average stress in a small 
region and has the same value in 
every grain.

The intergranular, grain-to-grain or 
type-2 stress is the deviation from 
the average stress in each grain. It 
varies between different grain 
groups due to anisotropic slip and 
elastic responses.

Type 3 stress varies inside grains 
around defects and near 
boundaries 

Curtesy: T. Holden
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Elastic or plastic changes in different length and time scales

https://www.mm.ethz.ch/teaching.html
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Crystallographic understanding of materials under stress

Need tools
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Synchrotron, far and near field

Tools for grain to meso scale

Microscopy Today, Volume 25,Issue 5 September 2017 , pp. 36-45J.C. Schuren et al., Curr Opin Solid State Mater. Sci. 19, 235 (2015) and T.J. 
Turner et al., Integr. Mater. Manuf. Innov. 5, 235 (2016)

https://www.cambridge.org/core/journals/microscopy-today/volume/9EAA1464F467E76653BD88BC5CB28302
https://www.cambridge.org/core/journals/microscopy-today/issue/11CC7EC6B0E254A47893905C84AA29D9
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Neutrons
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Diffraction approach to index grain level behaviors 

• Diffraction lines measure the lattice of grains whose normals parallel to 
diffraction vector.

• hkl specific diffraction peaks thus reveal the corresponding lattice 
information including lattice strain, crystallographic orientations and defects.

111
200220
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Schematic illustration of the bead-on-plate experimental set-up on engineering diffractometer like VULCAN at SNS
(top view, not to scale). The -90° and +90° detector banks record diffraction peaks of the (h k l) lattice planes
whose normals are parallel to Q1 and Q2, respectively. Strain components along these two directions are measured
simultaneously. The bead-on-plate specimen is positioned on top of the sample stage and aligned at 45o from the
incident beam.

Engineering Neutron Diffraction Technologies
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d0 d

(hkl)

Lattice and stress measurement by diffraction

• Lattice strain measurement

• Stress tensor calculation

𝜀"#$ =
𝑑"#$ − 𝑑"#$(

𝑑"#$(

where	𝑑"#$( is	the	lattice	spacing	at	zero	applied	stress.	

𝜎*+ =
𝐸"#$

1 + 𝑣"#$
𝜀*+"#$ +

𝑣"#$

1 − 2𝑣"#$
𝜀11"#$ + 𝜀22"#$ + 𝜀33"#$

where	i,j=1,2,3 indicate	the	components	relative	to	three	dimensional	
orthogonal	axes.
𝐸"#$ and	𝑣"#$ are	[hkl]	specific	“diffraction	elastic	constants”.	
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Lattice strain has a sensitivity of plastic deformation

J.A. Wollmershauser et al. / Acta Materialia 57 (2009) 213–223 
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Stress causes cracks 
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Residual stress in manufactured structures

0 10 20 30 40 50
-400

-200

0

200

400

600

St
re

ss
 (M

Pa
)

Distance from top (mm)

 L1-HD-0
 L1-AD-0
 L2-HD-8
 L2-AD-8

Sample 2

Ke An, et al. Materials & Design, 2018
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Columbia University Study Suspension Bridge Cable Design, 2015-. (For the story go to 
neutrons.ornl.gov)

Suspension Bridge Cable Design
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Advanced high strength steels
• In situ tension in RD, TD and DD

– RD shows relatively lower yield 
stress and higher strain 
hardening

– Phase transformation starts at 
~500 MPa in all directions

– No significant dependence on 
loading direction
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195195195195195195 and phase lattice parameter measured during
196 deformation, respectively, and d0;hkl and a0;phase

197 are the stress-free references of hkl-orientation
198 lattice spacing and phase lattice parameter mea-
199 sured before deformation, respectively. The phase
200 weight fraction was calculated by Rietveld refine-
201 ment in GSAS, in which the spherical harmonic
202 preferential orientation model for a rolling texture
203 was applied to achieve a good pattern fitting.22,23

204 The pole figures (PF) were also measured by
205 neutron diffraction at VULCAN for comparison with
206 the EBSD measurements. The setup for the PF
207 measurement is also illustrated in Fig. 1. The PF
208 measurement required the axial direction of the
209 specimen to rotate from ! 45! to 45! (denoted by W)
210 off the incident beam direction by a step size of 5!.
211 Following each step, the specimen was rotated
212 around the current axial direction from 0! to 360!
213 (denoted by U) by a step size of 30!. After each step
214 of rotation, " 1-min neutron diffraction data were
215 collected for the PF calculation. Detailed procedure
216 of the PF measurement can be referenced in the
217 literature.24 Briefly, the integral intensities of BCC-
218 (110), (200), (211), (321) and FCC-(111), (220), (220),
219 (311) reflections were acquired by single peak fitting
220 to generate the complete pole figures using the
221 Matlab toolbox MTEX.25

222 RESULTS AND DISCUSSION

223 Microstructure Observation

224 The microstructure of the as-received steel is a
225 typical mixture of ferrite, bainite, martensite and
226 retained austenite, as shown in Fig. 2. Considering
227 the similarity in the lattice structures of the ferrite,
228 bainite and martensite, which is hard to distinguish

229by neutron diffraction or EBSD, they are hereafter
230referred to as the BCC matrix, while the RA is
231referred to as the FCC phase. The metallographic
232structures in the RD and ND in Fig. 2a and b
233illustrate significant differences in terms of grain
234sizes. As shown in Supplementary Fig. S-2, the
235grains of the BCC matrix and FCC phase in the
236center of RD cross-section show an average grain
237size of " 1.8 lm and " 0.6 lm, respectively,
238whereas those on the ND surface show a grain size
239of " 12 lm and " 0.6 lm, respectively. Such
240notable differences in grain size on the RD cross-
241section and ND surface probably indicates that the
242elongated grains due to cold rolling were not
243recrystallized completely during the post-rolling
244heat treatment. Moreover, the volume fraction of
245the FCC phase measured on the RD cross section
246is " 21% in comparison with " 8% on the ND
247surface, which indicates that the EBSD measure-
248ments could be localized and surfaced and might not
249reflect the average information of the bulk material.
250In contrast, as shown in Supplementary Fig. S-3,
251Rietveld refinement of neutron diffraction patterns
252gives the weight fraction of the FCC phase " 14.2%
253in all directions, which is almost the average of
254EBSD measurements in the RD and ND. Note that
255the volume fraction and weight fraction are basi-
256cally equal due to nearly the same density of the
257BCC and FCC structures for ferrous alloys. Hence,
258the neutron diffraction data present the average
259information of the bulk material. This conclusion is
260further validated by comparing the pole figures ac-
261quired by EBSD and neutron diffraction, as shown
262in Fig. 3. The pole figures acquired by EBSD on the
263RD cross-section show notable differences from
264those acquired on the ND surface. For instance,
265the BCC-(110)//RD and FCC-(111)//RD texture com-
266ponents are strong on the RD cross-section but weak
267on the ND surface. Similarly, the BCC-(200)//TD
268and FCC-(200)//TD texture components are evident
269on the RD cross-section but absent on the ND
270surface. Such inhomogeneous textures through
271thickness are in fact typical results of the cold-
272rolling process.26 In contrast, the pole figures by
273neutron diffraction seem to present an average
274texture for both the BCC and FCC phases. The
275orientation distribution function (ODF) sections at
276constant W2 by neutron diffraction are given in
277Supplementary Fig. S-5, indicating a typical rolling
278texture of the c-fiber in the BCC phase and the c/a-
279fiber in the FCC phase. Collectively, when compared
280to the EBSD results, those of neutron diffraction
281present more representative microstructure infor-
282mation of the bulk material in this study. Thus, the
283weight fraction of the FCC phase acquired by
284neutron diffraction is used for later estimation of
285phase-specific load sharing, and the pole figures ac-
286quired by neutron diffraction are used for later
287texture analysis related to the deformation
288mechanisms.

Fig. 1. Schematic illustration of the real-time in situ neutron diffrac-
tion in a bird’s eye view. The upright inset shows the cut of the dog-
bone sample from the TRIP 780 steel sheet. The dog-bone sample is
placed with its axial direction and ND parallel with the loading
direction and the ground, respectively. The W and U angles illustrate
the rotating path for pole figure measurement.

Real-Time In Situ Neutron Diffraction Investigation of Phase-Specific Load Sharing
in a Cold-Rolled TRIP Sheet Steel

Journal : 11837_JOM Dispatch : 22-5-2018 Pages : 11
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Phase specific stress during deformation in AHSS
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Cyclic hardening: neutron diffraction reveals cyclic hardening mechanisms for an 
austenitic stainless steel

D. Yu, K. An, Y. Chen, X. Chen, Scripta Materialia, 2014, 
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Scientific Achievement
The mechanism for the toughness 
enhancement in a directionally solidified 
NiAl-Cr(Mo) eutectic lamella composite  is 
revealed by in-situ neutron diffraction. The 
Crss layers with thickness of ∼400 nm can bear 
very high stresses and deform plastically 
before fracture, unlike in bulk form, where it 
fractures due to little ductility.

Directional composite: Neutron diffraction reveals reinforcing mechanisms for 
a directionally solidified NiAl-Cr(Mo) eutectic composite

D. Yu, H. Bei, Y. Chen, E.P. George, K. An,, Scripta
Materialia, vol 84-85, pp 59-62, 2014

Significance and Impact
The mechanical properties of the high 
temperature structural NiAl-Cr(Mo) 
can be increased with fine lamellae, 
thus allow the composite to possess 
higher toughness. 
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Scientific Achievement
Alloying aluminum with cerium creates a highly castable alloy, that 
exhibits dramatically improved high-temperature performance. 
Neutron diffraction under load provides insight into the unusual 
mechanisms driving the mechanical strength. 

Significance and Impact

• Light-weight high-temperature alloys are important to the 
transportation industry where weight, cost, and operating 
temperature are major factors in the design of energy efficient 
vehicles. Aluminum Cerium alloys with high-temperature 
mechanical performance could fill this gap economically. 

Research Details

• AlCe and AlCeMg alloys are casted and these compositions display 
a room temperature ultimate tensile strength of 400 MPa and yield 
strength of 320 MPa, with 80% mechanical property retention at 240 
8C. 

• In-situ neutron diffraction unraveled the loadsharing of Al matrix and 
the hardening precipitates at different loading stages.

New alloy design: Neutron unravels deformation mechanism of high performance 
aluminum–cerium alloys for high-temperature applications

This research was sponsored by the Critical Materials Institute, an 
Energy Innovation Hub funded by the U.S. Department of Energy 
(DOE), Office of Energy Efficiency and Renewable Energy, 
Advanced Manufacturing Office and Eck Industries. Neutron 
experiments were performed at VULCAN, ORNL, which are 
sponsored by Scientific User Facilities Division, BES, DOE. 

a) SEM of Al-Ce, b) The Al lattice strain behavior of 
Al-Ce, Al-Ce-Mg, c) SEM of Al-Cel-Mg, d) load 
sharing of Al and precipitates in the two alloys during 
different stages.

Published in: Z. C. Sims, O. Rios, D. Weiss, P. E. A. Turchi, A. Perron, J. R. I. Lee, T. T. Li, J. A. 
Hammons, M. Bagge-Hansen, T. M. Willey, K. An, Y. Chen, A. H. King and S. K. McCall. Mater. 
Horiz., 2017, 4, 1070 , DOI: 10.1039/c7mh00391a 

This journal is©The Royal Society of Chemistry 2017 Mater. Horiz., 2017, 4, 1070--1078 | 1075

it leads to a distinct load transfer behavior dominated by inter-
facial micromechanical interaction. The reverse exchange behavior
between phase II and III is attributed to elastic saturation in the
fine intermetallic phase leading to subsequent plastic flow in the
ductile matrix accompanied by cracking in the intermetallic. This
cracking leads to isolated nanoparticles with coherent interfaces
which strengthen the alloy.

This two-stage complex yield behavior prior to total plastic
deformation is a potent mechanism for yield retention at
elevated temperature in these alloys. In the initial fully linear
elastic region and transitional yield region (i.e. 2% offset) the
exceptional thermal stability of the Al–Ce intermetallic phase
ensures little change to the micro-mechanical interactions
between the matrix phase and the strain fields generated by
the nearby intermetallic crystals. Furthermore, intermetallic
crystals continue to act as powerful sites for dislocation pinning
throughout the deformation process. Once plastic deformation
begins in the matrix phase, the intermetallic phase takes on
proportionally more elastic load. The reduction in yield at high-
temperature thus results from the softer aluminum matrix,
but the retention occurs through the stable intermetallic phase
carrying very similar amounts of elastic strain to room tem-
perature values. At increased temperatures, thermally assisted
deformation mechanisms accelerate plastic deformation of
the Al matrix phase against the stable intermetallic phase.

Increasing the intermetallic content from 7 to 18 wt%
increases the UTS retention from 40 to 50%. In the binary
alloys, the matrix is devoid of solute, so a minor addition of
0.4 wt% Mg, an efficacious solid solution strengthener in Al,
increases the UTS retention from 50 to 80% primarily by
strengthening the matrix phase of the base Al–12Ce (wt%)
alloy. Thus, the semi-coherency of the interface combined
with high-temperature intermetallic phase stability leads the
Al–Ce alloys to maintain a high portion of their yield strength
at elevated temperatures. By contrast, traditional aluminum
alloys, strengthened by metastable phases,26 tend to breakdown
at high-temperature and consequently lead to accelerated
weakening of the load carrying capabilities.

A significant residual compressive strain exists in the hard
Al11Ce3 phase while a slight tensile load resides in the soft Al
matrix, which is expected behavior after unloading given the
two-phase coexistence and complex load sharing. Comparing
Fig. 4c and d reveals that the strengthening mechanism of the
Al–Ce alloy does not change following the addition of Mg.
Instead, Mg increases the magnitude of the load which can be
carried by the intermetallic phase before dislocation saturation
and subsequent redistribution of load to the aluminum matrix.
The difference is depicted by the shaded region in Fig. 4d.

The room temperature strength of the Al–Ce alloy family derives
from the extremely fine distribution of dendritic intermetallic

Fig. 4 (a) Neutron spectra showing change in scattering intensity as applied compressive strain increases. (b) Strain measurements of Al–12Ce and
Al–12Ce–0.4Mg (wt%) performed under compressive load (the latter is offset by 100 MPa for visibility). Here the arrows denote onset of phases II (red),
and III (black) described in the text. (c) Phase load-sharing for Al–12Ce under compressive load. (d) Phase load-sharing for Al–12Ce–0.4 Mg under
compressive load. Shaded region denotes difference between binary and ternary alloy composition’s mechanical response.

Communication Materials Horizons
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were sufficiently fast to undercool the 12 wt% alloy into the
eutectic region, while at 16 wt% Ce, large primary crystals of
Al11Ce3 precipitate surrounded by eutectic laths. The large
crystals promote brittle fracture, yet some ductility remains
due to the surrounding matrix-eutectic ductile fracture mechanism.
The dominant brittle fracture along the crystal faces leads to the
drastic drop in ductility between the 12 wt% and 16 wt% Ce alloys
as shown in Fig. 1a. Even then, ductility values remain comparable
to that of many commercial aluminum alloys with an equivalent
intermetallic content.

The alloy mechanical properties are significantly improved
with small quantities of ternary and quaternary additions.
Representative castings of Al–12Ce–4Si (wt%) and Al–12Ce–
4Si–0.4Mg (wt%) illustrate these properties. Cerium reacts
favorably with many traditional solutionizing elements, including
Mg and Si, to form thermally stable intermetallics without micro-
structural coarsening in the solid state. Small additions of Si lead
to the tetragonal intermetallic Ce(Si1!xAlx)2, with x = 0.1–0.9,
identified in Fig. 3a as the t1 phase (I41/amd space group) which
extends across the central portion of the phase diagram and
exhibits a high range of temperature stability in the aluminum
matrix once formed,13,18,19 similar to that of Al11Ce3 in the binary.
The low solubility of Ce in Al and Si20 along with the tight bonding
of vacancies to Ce15 and the formation enthalpy of the t1 phase,
which reaches a minimum of !67 kJ mol!1 near x = 0.5, all
contribute to the stability of this phase. The solubility of Si in the
Al matrix phase is 1.5 wt% at high temperatures and it is possible

to quench a supersaturated solid solution to 11 wt%, whereas the
low mobility and reactivity of Ce leads to immediate intermetallic
formation. Thus, the structure of the as-cast Al–Ce–Si comprises
Al11Ce3 intermetallic laths formed through an invariant reaction
in an Al matrix that seed precipitation of Si from the super-
saturated solution as the matrix solidifies. After a T6 heat-
treatment the morphology persists, with the precipitates serving as
templates for the ternary Ce(Si1!xAlx)2. The associated mechanical
properties improve from a yield and UTS of 83 MPa and 150 MPa,
respectively to 128 MPa and 255 MPa after a T6 heat treatment.
Similarly, the elongation improves from 2% to 8.5% before fracture.

The stability of these multicomponent phases at elevated
temperatures was explored through a series of volume averaged
ultra-small and small angle X-ray scattering (USAXS/SAXS)
measurements. Analysis of the scattering data provides insight
into the size, shape, number density, and size dispersion of
structural inhomogeneities (i.e. intermetallics in the alloys)
and, as such, these methods are ideally suited for investigating
the structure and structural evolution of these alloys. A T6 heat
treated Al–12Ce–4Si–0.4Mg (wt%) specimen was heated in
100 1C increments between which the sample was cooled to
room temperature, with measurements performed at both the
elevated and base temperature (Fig. 3b). Should any micro-
structural changes result, deflections would be observed in the
scattering vector. The fact that there is no deviation between
individual spectra in successive measurements indicates that
there are no changes in the underlying microstructure in either

Fig. 2 Micrographs of the Al–12Ce (wt%) alloy (a) as-cast, and (b) after T6 heat treatment showing mild spheroidization but no change in the larger
features. (c) TEM HAADF image of Al–10Ce (wt%) where the Al11Ce3 laths are 100–200 nm wide. The false color inset shows the Al11Ce3 regions (purple in
the EDS map). (d and e) Fracture surfaces of Al–12Ce and Al–16Ce (wt%), respectively, illustrating ductile fracture in the former and a mix of ductile and
brittle fracture in the latter. Red area in (d) shows fracture along a eutectic intermetallic lath with ductile fracture surrounding. Ductile fracture can be
observed in the eutectic zone surrounding the brittle primary crystals in (e). These eutectic zones lead to the elevated ductility of this alloy over alloys with
a similar intermetallic content. Note the different scale bars between (d and e).
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size or shape to at least 400 1C (see the ESI† for a detailed
analysis).21 SEM images before and after heat-treatment of the
Al–12Ce–4Si–0.4Mg (wt%) alloy (Fig. 3c and d) further illustrate
the high-temperature stability of the system. In the as-cast
state, primary crystals of Ce-rich intermetallics are surrounded
by thin laths of Al–Si and Al–Si–Mg intermetallics. After 10 h at
540 1C the Mg diffuses uniformly throughout the aluminum
matrix while the primary crystals transition to Ce(Si1!xAlx)2, as
illustrated in the TEM false-color images (insets to Fig. 3c and d).
The surrounding eutectic displays similar morphological changes to
those seen in the binaries with more isolated and less inter-
connected intermetallic structures forming from surface energy
minimization. Thermodynamic stability is important to retain
the high temperature mechanical strength, but identification
of the underlying strengthening mechanisms requires further
investigation.

To this end, neutron diffraction measurements enabled
investigation of the mechanical behavior as a function of com-
pressive loading. These experiments focused on the simplest
alloys, whose behavior is reflective of this family of materials:
the Al–12Ce (wt%) binary and the structurally equivalent
Al–12Ce–0.4Mg (wt%) ternary. These specimens provide distinct
peaks for both the Al matrix and intermetallic Al11Ce3, as shown
in Fig. 4a for the binary alloy. Analysis of these diffraction peaks as
a function of loading enables assignment of the lattice strain
within each phase, and by extension, identification of load
partitioning in the system. Emphasis is placed upon analysis of
the diffraction data from the Al matrix because it has a simple

cubic unit cell; since the Al–Ce alloys are two component systems,
the properties of the complex anisotropic Al11Ce3 intermetallics
can then be inferred from the behavior of the Al matrix. Fig. 4b
details the true strain behavior of the Al matrix in both the binary
and ternary alloys, revealing a three-stage behavior with anom-
alous lattice strains instead of the linear stress–strain behavior
expected in a conventional Al alloy.22,23 Fig. 4c and d details
how the load is partitioned or shared between the two phases
present in the alloy. During the initial loading (stage I), the Al
matrix and intermetallic deform elastically under low stress
(i.e. below 50 MPa). After early yielding, there is a transition to
stage II, denoted by red arrows in Fig. 4b, where additional
stress leads to the Al matrix showing a decelerated lattice strain
response while applied stress increases. During this stage, the
intermetallic phase carries an increasing share of the applied
load. The increasing deformation observed at stage III is
triggered (black arrows) once the dislocations reach a critical
density and the intermetallic yields. Here, the Al matrix starts to
take on more stress, indicated by the increase in slope, and the
load partition rebalances between the two phases leading to
destructive plastic deformation in the aluminum matrix. The
transitive load behavior of Al–Ce and Al–Ce–Mg alloys is similar
to the load partitioning characteristics of dispersion strengthened
metal matrix composite (MMC) alloys,24 which exhibit high-
strength and good thermal stability.25 However, Al–Ce alloys
differ from MMC alloys in that both the matrix and intermetallic
strengthening phase are developed directly from the molten
material. This co-precipitation from the melt is significant because

Fig. 3 Thermal stability of the alloy. (a) Al–Ce–Si ternary liquidus projection based on a CALPHAD assessment (see text). (b) USAXS/SAXS for
Al–12Ce–4Si–0.4Mg (wt%) illustrating that heating has negligible effect on particle size (or shape: see S3 and S4, ESI†). (c and d) SEM micrograph of
Al–12Ce–4Si–0.4Mg (wt%) as-cast and after T6 heat treatment. Insets show EDS of intermetallic precipitates of the same composition (Al contribution
removed for clarity) illustrating internal changes in microstructure.
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Li et al., Sci. Rep., 2017

TRIP-HEAs provide a distinguished metastability engineering strategy to achieve 
an excellent strength-ductility combination for structural materials. 

Partial dislocation move 
on every second plane

Deformation-induced
FCC-to-HCP transformation

• Low strain 
energy, 
~3mJ/m2

• Low 
volume 
change

• Close in 
elastic 
modulus, 
yield point 

Figures cited from 
https://www.slideshare.net/rpclemson/module2-71196024

Z. Li, C.C. Tasan, H. Springer, B. Gault, D. Raabe, Interstitial atoms enable joint twinning and transformation induced plasticity in strong and ductile high-entropy alloys, Scientific reports 7 (2017) 40704

Next generation alloys: high entropy alloys
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Deformation deformation characteristics revealed by ND

Z. Li, K.G. Pradeep, 
Y. Deng, D. Raabe, 
C.C. Tasan, Nature 
534(7606) (2016) 
227-30.

S. Fu, H. Bei, Y. Chen, T.K. Liu, D. Yu & K. An (2018) 
Materials Research Letters, 6:11, 620-626

• Li et al. 2016 reduced atomic ratio of Mn to Fe in the FeMnCoCr quandary system and formed dual-phase FCC-to-HCP TRIP-HEA.

• Enhanced strain hardening 
in FCC phase

• Persisting strain hardening 
in HCP phase

The easily-triggered persisting TRIP as well as the work-hardening potential of the 
HCP contribute together to the persisting bulk work-hardening of material.
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Scientific Achievement
In situ neutron diffraction captures the charge-ordering 
process through the progressive
orthorhombic distortion in LiMn2O4 under loading with low 
stresses. 

Significance and Impact
The results provide a new understanding of the charge-
ordering process in spinel-type frustrated systems, and 
moreover, important considerations of physical 
compatibility for the material’s applications in batteries. 

Research Details
– A special die set was designed for compacting LiMn2O4 powders 

up to 300 MPa with in situ neutron diffraction. 
– Rietveld refinement extracts the lattice parameters at longitudinal 

and transverse directions. By subtracting the elastic component, 
the pure lattice distortion exhibits linear dependence upon the 
applied stress, consistent in both directions but not a first behavior.

– The pure lattice distortion due to Jahn-Teller effects reveals an 
initial stage, where the stress continuously induces the localization 
of eg electrons preferentially at the Mn(3) sites.

In Situ Neutron Diffraction Reveals a Stress-induced Charge-
ordering Process in LiMn2O4

This work was supported by the Division of Materials Science and 
Engineering, Office of Basic Energy Sciences (BES), U.S. 
Department of Energy (DOE). Experiments were performed at the 
ORNL Spallation Neutron Source’s VULCAN instrument, which is 
sponsored by Scientific User Facilities Division, Office of BES, US 
DOE. 

(a) A schematic illustration of the in situ loading setup. (b) 
Progressive lattice distortions of LiMn2O4 showing linear 
dependence upon stress. (c) Consistence of the lattice distortion 
with the Jahn-Teller effect at Mn(3) sites in the LiMn2O4

superlattice, showing the initial stage of the charge-ordering 
process. 

Y. Chen, D. Yu, and K. An, Materials Research Letters, 
2016, DOI: 10.1080/21663831.2016.1197858. 
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Extreme processing

neutrons.ornl.gov
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In-situ material behavior during FSW

Woo et al. Science and Technology of Welding & Joining, 12, 298-303, 2007
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What about future?

To push the envelope further both in 
spatial and temporal under extremes.
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PIND: High spatial resolution by pinhole neutron diffraction 

Wei Wu, Alexandru D. Stoica, Kevin D. Berry, Matthew J. Frost, Harley D. Skorpenske, and Ke An, “PIND: High spatial resolution by pinhole neutron diffraction”. 
APPLIED PHYSICS LETTERS 112, 253501 (2018)
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PIND: High spatial resolution by pinhole neutron diffraction 

(a) The 2D distribution of different orientation grains inside the copper tube. 
(b) The 3D distribution of various orientation grains in BCC and FCC phases 
inside the weld tensile sample. 

Wei Wu, Alexandru D. Stoica, Kevin D. Berry, Matthew J. Frost, Harley D. Skorpenske, and Ke An, “PIND: High spatial resolution by pinhole neutron diffraction”. 
APPLIED PHYSICS LETTERS 112, 253501 (2018)
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Materials under stress, what we learn by using neutrons?

We learned a lot and will learn more in the future.


