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Mechanical integrity is a multiscale problem
•

Engineering
resilience and
reliability of systems
in dynamic
environments.

•

Complex material
systems: novel
textures/processing,
multi-component,
composites

•

Strength, plasticity,
damage, failure
relevant over
decades of stress,
size- and timescales

An Engineering Grand Challenge
Intelligent design of multifunctional materials
•

Materials with predefined properties to meet specific application needs.
• Engineering length scales permit complex material combinations,
performance can be tuned through judicious selection of materials, their
respective macro-/micro-structural configurations.

•

Requires understanding of the material responses to external stimuli,
which may come in different forms (e.g. amplitude/rate of
application/release, etc.).

•

Also requires direct control over the fabrication of materials at the
microstructural scale.

sensitivity.
3.6.1. High-rate strength dependence on texture
In passing, we examine the effect of texture on high-rate strengths, which are extracted from Fig. 11 for the dynamic
uniaxial compression and shear tests and are shown in Fig. 15 as a function of the Kearns factor associated with the relevant
loading direction. That is, for dynamic compression, the y-direction Kearns factor (f2) is chosen, whereas for the dynamic
shear loading, the x-direction (f1) factor is chosen. The strength is taken to be the average ﬂow stress obtained after dynamical
oscillatory behaviour has diminished but before macro-scale softening commences. Hence, in the case of compression, the
strength is taken to be average ﬂow stress over strain range from 0.025 to 0.056, and for shear, over the shear strain range
from 0.023 to 0.03. A small increase in strength is observed with increasing Kearns factor component since this reﬂects the

We can influence the behaviour of materials…
Textured lightweight alloys

Reactive powder mixtures

𝑋 " = 𝑓(𝑑' , 𝜎'* , 𝑉' , 𝑒' , 𝜎 --. , … , 𝑌' , 𝜌' , … )
Fig. 14. Effective plastic strain ﬁelds (a) and (b) obtained for the ASB path crystal orientations (Path BeB0 ) shown in (c) and (d) respectively, and (e) the resulting
macro-level stress strain response showing the failure strains 10% and 7.2% for (a) and (b), respectively.

Additively manufactured lattice materials
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Z. Zhang et al., Int J Plast 79, 196 (2016); R.E. Winter et al., Mod Sim Mat Sci Eng, 22, 5021 (2014); D.E. Eakins et al., Int Mat Rev 54, 181
(2009).

…but can we control?
•

We cannot predict the
correlation between applied
loading/configuration and
dissipative mechanisms.
• We don’t know sequence of
hierarchical processes that link
the meso- to macro-scale.
• We lack techniques to directly
interrogate the microstructure
at sufficient x,t resolution.
• Loss of dimensionality. It’s a 4D
problem diagnosed in 2D to fit
into a 1D model. Upscaling…
Ø We cannot intelligently control
response if we don’t
understand the trajectory of
behaviour.
Ø We require new techniques to reveal
key stages of deformation/failure

?

?
?

?

Towards sub-surface probing
Synchrotron light sources offer:
• High flux, high energy, high spatial resolution (μm – mm), spatial coherence.

Synchrotron Radiation Facilities

Energies: 10 – 150 keV.
Flexible spectrum (mono, pink, white…)
107-9 photons bunch-1 mm-2.
Variable beam size (1 x 1, 12 x 12 mm).
Single bunch (100 – 140 ps).
Partial spatial coherence.
Repetition rate, ~150 ns (sparse modes)

•
•
•
•
•
•
•

~10 mm Al, 2 mm Ti, 15 mm SiO2
Diffraction, spectroscopy, etc.
Single-bunch measurements
Meso/macroscopic specimens
No motion blur at 1:1 magnification
Phase contrast enhancement
~1 mm wave motion in Al

Focus:
• Sample volumes: single grain - 0.5 cm3.
• Long-lived phenomena (> 500 ns).

•
•

Metals, powders, natural matl’s
Single-shot X-ray sequences

•
•
•
•
•
•
•

Dynamic experimentation at light sources
• Coherent imaging beamline –
source distance, large fov.
• Sparse fill mode of the storage
ring sets frame-rate, few MHz
• Event synchronisation using
sequence of shutters, gates
• 20-60 keV pink beam, many
meters propagation for
dynamic XPCI

• Impact platforms
typically require a
few (1-4) m space.

Peeking behind the curtain
•
•

Measurement
surface

•
•
•

Wave-front evolution
Real-time density
Structural defects
•
•

Phase transition kinetics
Shock-induced chemistry

Void collapse
Hot spot temperature

In-situ wave front evolution

7% TMD sipernat

7% sipernat + 15% water

• Continuous tracking of
sub-surface wave-front
structure.
• Strength/viscosity
details relevant to blast
loading of natural
materials.
• Phase transitions?
A. D. Sakharov et al., Soviet Phys. Doklady 9, 1091 (1965); T.J. Vogler, J Dyn Behav Mat 1, 370 (2015).

Mesoscopic effects: Void collapse in solids
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v = 0.2-4.7 km/s

• Transition in collapse mechanisms with
impact stress.
• Collapse time metric obscures
mechanism of collapse.
• Temperatures in the cracks? Jet?
• State of matter upon release?
Anderson et al., Proc Meet Acoust 19, (2013)

Limitations of synchrotron facilities
Current 3rd generation synchrotron sources
enable us to peer under the surface of dynamic
compressed matter to get closer to origins of
damage and failure.
Accessing the grain scale will be met be several
key challenges…
• Imaging resolution
4X PCI image of cavity

~few to 10s um, limited by bunch flux

• Scattering
low signals require intensified detectors based on
noisy MCP tech
1 µs exposure

• Bunch frequency
Forced to use sparse fill modes (detection)
Gates > 100 ns

Opportunities for UK-XFEL
I.

Targeted experiments studying the
mechanisms of deformation under controlled
dynamic loading conditions, which inform
macroscopic behavior.
Deformation mechanisms
• Dislocation dynamics
• Slip/twin interplay
• Phase transitions

II. Material properties during materials
synthesis through real-time scattering
Ultrafast processes
• Additive manufacturing
• Laser-shock peening

???

Origins of plasticity
•
•

B. Gurrutxaga-Lerma et al. / International Journal of Plasticity 96 (2017) 135e155

Dislocations, as the agents of plasticity, govern the slipmediated deformation of materials.
Models rely upon mobile dislocation density, and details
of nucleation, motion and interaction.
J. Taylor, J. Gilman and others:
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Fig. 3. Snapshots of the dislocation microstructure evolution during wave propagation. Each colour is for dislocations on a speciﬁ
structure. (b) Shock wave is launched on the top surface with a ramp front that begins to activate the dislocation sources; (c)
leading to activation of more source while the previously activated ones continue to emit more dislocation loops. (d) By the tim
surface, the number of emitted dislocations becomes so large that it ﬁlls the entire volume leading to huge increase in the disloca
of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Estimated from bulk experiments, inferred from wave
profiles, molecular dynamics – never observed in situ!

where a change in the slope deﬁning the dynamic yield point is formed on the elastic front. Thi
manifestation of plastic relaxation that takes place due to shock-dislocation interaction. The stress co
peak value of 10 GPa which is attained after 1.5 ns (rise time).
In order to assess the dynamic yield characteristics, we have computed the stress histories at thre
is;
after
travelled
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L is the height
of the colum
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2 045032
inspecting the ramp front at these locations, we observe the attenuation of the yielding point, w
continuous stress relaxation resulting from dislocation activities as the shock wave travels through

Supersonic dislocation motion?
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•
•
•

First theorized by Eshelby in 1949, and has been
a topic of frequent speculation over the years.
Models/theory have shown that under certain
conditions, supersonic motion is possible.www.nature.com/scientificreports/
Motion has implications for dislocation density
evolution, and thus underpins the strength of
materials under shock loading.

in Shock Compression and Release
J. Dislocations
Weertman
(1981)

105

subsonic

supersonic

Fig. 7. The Weertman mechanism for dislocations in a strong shock using supersonic dislocations at the
front and subsonic dislocations behind the front (Weertman [45]).

2.6. The question of supersonic dislocations

•

Length-/time-scales only matched to an XFEL:
• Measure dislocation density in-situ
• Measure individual dislocation motion
• Validate/define new mobility and drag laws

The existence of supersonic dislocations is fundamentally important and yet is an
unresolved question. One of the earliest suggestions was a special configuration
postulated by Eshelby [48] to move dislocations supersonically. Weertman [49,50]
developed the mathematical analysis of subsonic, transonic, and supersonic
dislocations, using the relativistic theory originally proposed by Frank [51]. He
divided the behavior into three regimes: subsonic (below the shear-wave velocity);
transonic (between the shear and the longitudinal wave velocities); and supersonic
(higher than the longitudinal wave velocity). Thus, these researchers accepted the
possibility of supersonic dislocations.
Gumbsch and Gao [52] carried out MD calculations in simple shear and obtained
the velocities shown in Fig. 8 for an edge dislocation. Their atomistic simulations
show that dislocations can move transonically and even supersonically if they are
created as supersonic dislocations at a strong stress concentration and are subjected
to high shear stresses. We note that the divergence in dislocation velocity at the
Rayleigh velocity (edge dislocations) or shear-wave velocity (screw dislocations) is
a consequence of assuming a compact dislocation core. MD simulations show a
spreading core and these divergencies vanish. The topic is discussed further by Hirth
and Lothe [39] and Hirth et al. [53]. Gilman [54] showed that the limiting speeds of
moving dislocations are determined by inertial effects, or by viscous drag, at their
cores. He developed simple expressions for the limiting speeds. He argued that the
Frank proposal that the speeds are limited by the inertia of the elastic fields,
accompanied by Lorentz contractions, is flawed because it neglects the angular
momentum of a moving dislocation; or, equivalently, because it assumes that the
motion is steady if the velocity is constant, which is not possible because the motion

Figure 3. Time sequence from 2.2 to 2.9 ps showing partial dislocation v

of secondary partial between 2.7 and 2.9 ps. Solid lines indicate moti
P. Gumbsch et al., Science 283, 965–968 (1999); E. Hahn et al., Scientific Reports 6, burst
(2016);
S.forPeng
al.,
Physical
motion
attributed
non-zeroet
center
of mass
velocity and thus a non-statio
lines
represent
supersonic velocities. Gray areas indicate the supersonic burs
Review Letters 122, (2019).

Laser-shock peening
•

•

•
•
•

Surface processing technique to improve
the fatigue life and resiliency of
components.
Laser-driven shock waves drive damage
and even phase transformations few mm
depth, surface in compression limiting
growth of fatigue cracks.
Can even return cracked component to
original life!
Processing involves selection of pulse
energy, spot size, overlap, coating, etc.
Commercial systems utilize high-power
lasers, requiring transport of components
to bespoke facilities.
2.6 M€ facility in Hamburg

S. Keller et al., J Mat. Proc. Tech. 255, 294-307 (2018); S. Kalainathan et al., Opt & Laser Tech., 81, 137 (2016).

Laser-shock peening
•

•
•

•

Low power LPwC technique could let LSP
move from an at-manufacture approach (or
at best, lengthy service) to an in-place
service, leading to less down-time.
Historically lengthy iterative optimisation for
different materials, shapes, etc.
Modelling laser-target interaction in complex
geometries: progressive evolution of defect
structures/temp, link to residual stress.

N-dim space requires high rep-rate XFEL
• Track the interaction of new defects with preexisting and evolving defect substructure.
• Real-time residual stress imaging?
• Improved models to optimise LSP to achieve
desired defect state, depth, performance.

2.6 M€ facility in Hamburg

S. Keller et al., J Mat. Proc. Tech. 255, 294-307 (2018); S. Prabhakaran et al., Mat. & Des. 107, 98 (2016).
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Additive manufacturing

Country of Manufacturer: (a) Sweden, (b) Germany, (c) France, (d) United

LASER

•
•
•

•
•

•

Bottom-up layer-by-layer fabrication of
prototypes and end-use parts.
Ability to fabricate complex or “impossible”
parts (from a CM perspective)
Potential for direct control of mechanical
properties at grain scale, leading to new bulk
shape optimisations – weight savings, etc.
Market value of over $7B in 2017.
Take-up limited by print time, and
uncontrolled mechanical properties (texture,
processing defects).
E.g. conditions for keyhole mode melting
influenced by complex parameter space:
power, spot size, velocity, layer height, etc.
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POWDER BED
www.nature.com/scientificreports/

POWDER DELIVERY
SYSTEM
Fig. 1

Generic illustration of an AM powder bed system

this system include its ability to produce high resolution
features, internal passages, and maintain dimensional control.

2.2 Powder Feed Systems

Figure 4. Solidification textures for unidirectional laser scanning. (a) Calculated solidification patter
of primary dendrites. (b) Optical micrograph of the as-deposited Inconel 718 sample for bidirectional l
scanning.

A generic illustration of AM powder feed systems is shown
in Fig. 2. The build volumes of these systems are generally
larger (e.g., >1.2 m3 for the Optomec LENS 850-R unit).
Further, the powder feed systems lend themselves more readily
to build volume scale up than do the powder bed units. In these
systems, powders are conveyed through a nozzle onto the build
surface. A laser is used to melt a monolayer or more of the
powder into the shape desired. This process is repeated to create
a solid three dimensional component. There are two dominate
References1. The work piece remains
types of systems in the market.
stationary, and deposition head moves. 2. The deposition head
remains stationary, and the work piece is moved. The
advantages of this type of system include its larger build

Solidification pattern 3 shows a somewhat similar condition to solidification pattern 2, exce
grain orientation in the first layer which is at 45° with horizontal line. Because the primary dendrit
at an angle of 45° with the horizontal in the first layer, the primary dendrite which grows perpend
to it in the second layer makes an angle of − 45° with the horizontal line. As a result, there is a dev
of 15° between the primary dendrite growth direction and the maximum heat flow direction in a
layers. The resulting solidification texture is shown in Fig. 4(a) and the corresponding optical micro
is shown in Fig. 4(b). It shows that the primary dendrite orientations are slightly misaligned wi
maximum heat flow directions but the solidification texture is consistent with solidification patter
Fig. 3(b). Here, the primary dendrites grow at 45° angle with the horizontal direction in the first
In the second layer, the primary dendrites are aligned with the secondary dendrites of the first laye
with − 45° orientation with the horizontal direction. Thus, in pattern 3, there is a deviation of 15°
the maximum heat flow direction in all layers and this pattern is selected in practice.
In summary, the solidification textures of a nickel based alloy during additive manufacturing cou
controlled using numerical modeling of heat transfer and liquid metal flow. Since texture affects me
ical and chemical properties, its control based on scientific principles is important for serviceabi
the fabricated parts. Primary dendrite orientation of about 60° with the horizontal plane was calc
from the numerical model for unidirectional laser scanning for all depositing layers. During bidirec
laser scanning, the angle between primary dendrites of neighboring layers was about 90°. The num
modeling results help to understand the mechanism of formation of the solidification texture d
unidirectional and bidirectional laser scanning patterns and provide a basis for customizing solidifi
textures during additive manufacturing.
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of Ti-6Al-4V
P.A. Kobryn and S.L. Semiatin
This research was undertaken to examine the range of microstructures that
can be obtained via LAM of Ti-6Al-4V
and to begin to correlate them to processing conditions via a combination of
physical and numerical experiments and
phenomenological modeling.

Laser additive manufacturing is particularly appealing for titanium aerospace components because it can greatly
reduce the buy-to-fly ratio and lead time
for production (two factors that impact
cost) while providing properties similar
to those obtained by conventional manufacturing processes. Thus, efforts have
been undertaken to develop LAM processes for titanium.2–5 Much of the focus
of this prior research has been on equipment development and mechanical propINTRODUCTION
erty measurements.2,3 Acceptable pro2500
fabricated product usually Laser
requires
more
extensive
machining
additive manufacturing (LAM)
cessing parameters have been deterthan the powder bed or powder
fed
systems
do.
is a solid-freeform-fabrication method
mined largely through trial-and-error
can be
used toof
manufacture
solid
In summary, there arethat
a large
number
diverse AM
piecesapproaches. Limited work has been done
metallic components directly from comto characterize the effect of changes in
2000
of equipment commercially
available.
These
1 may be broadly
puter-aided design files. During LAM,
process parameters on deposit structure
characterized as powder bed,
powder
fed,a melt
and pool
wireproduced
fed systems.(e.g., build height, porosity, and micropowder
is fed into
structure).4,5 An understanding of strucby a sharply
laser
beam.dependent
Parts
There are distinct advantages
to eachfocused
type of
system
are built layer by layer by rastering the
ture evolution is critical for both process
1500design because strucupon the intended applications,
e.g.,
repair
and
refurbishment,
laser and powder source across the subcontrol and process
strate.
Solidification
occurs
rapidly
in
ture (microstructure in particular) plays
small part fabrication, large part fabrication.
small, localized volumes, resulting in
an essential role in controlling mechanifine, as-deposited microstructures.
cal properties.
1000
Laser additive manufacturing (LAM) is a
manufacturing technique with cost-reduction potential for titanium aerospace components. The mechanical properties of LAM
Ti-6Al-4V have been investigated extensively, but little work on microstructure
evolution has been performed to date. The
results presented here provide a first look at
the relationships between LAM processing
parameters and microstructure in as-deposited Ti-6Al-4V.

Materials by design from the bottom-up

Ti-6Al-4V is an a-b alloy whose roomtemperature microstructure varies based
on thermal history.6 Solidification occurs over a range of temperatures as
liquid transforms to the solid, body-centered cubic b phase. The grainLiquid
size and
morphology and the crystallographic
texture of the solid are controlled by the
nucleation and growth characteristics of
β
the alloy and the thermal conditions
during solidification.7 As cooling continues below the solidus temperature, b
grains grow at a rate dependent upon
temperature, cooling rate, and the drivα+β
ing force for grain growth. Eventually,

Temperature, K

• Optimum parameters found by modelling the
powder bed fusion process.
• Prediction of grain-size, texture, and chemistry
challenged by complex temperature history.
• Mechanical properties thus affected by build
3. Technology Challenges
plate content.

MICROSTRUCTURE AND
PROPERTIES IN Ti-6Al-4V

500

3.1 Process Controls, Sensors and Models
In 2012, the Institute for Defense Analysis (Science and
Technology Policy Institute) reported on status and opportunities of AM (Ref 6). A key finding was that additional R&D
resources need to be applied to technical challenges such as
process control and modeling. There is a need for real-time,
closed-loop process controls and sensor in order to ensure
quality, consistency, anda reproducibility across AM machines
500 mm b
(Ref 3, 6). Since the properties of AM materials are tied to the
immediate past processing history (e.g., build temperature, part
geometry), sensors are being developed to measure melt pool
size and shape as well as melt pool and build temperatures.
These concepts are being explored under Navy SBIR projects
(Ref 7). These data in combination with predictive algorithms
are needed in order to adjust and control process parameters in
real time to ensure quality, consistency, and reliability.

• Opportunities for a high rep-rate XFEL
•

•

Use potential for single-bunch X-ray probing to
monitor phase formation during melting,
solidification cycles.
Link thermal history to3.2phase
fractions, morphology
Metallurgy
(e.g. lath width) – predict
mechanical
To date,
there have been only a properties.
limited number of commercial
d
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Fig. 4 Notional thermal profile of a single layer of Ti-6Al-4V
during AM
500 mm c

750 mm
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50 mm

Figure
1. (a–c)
Macrostructures
and (d–f)
alloys used in AM. Some of
these
are presented
in Table
2.Ti-6Al-4V
As the deposits from Nd:YAG system #1, Nd:YAG system #2, and the CO system, respectively.
AM field matures, it is clear to this author that new alloys will need
JOM • September 2001
to be developed in order to40exploit the advantages of AM. Ti-6Al4V has been by far the most extensively investigated. This can be
attributed to the strong business case that can be developed for
complex, low production volume titanium parts.
2
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W.E. Frazier, J Mat Eng Perf 23, 1917 (2014); J. Irwin, et al., J Manuf Sci Eng 138,
111007 (2016).
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Wish-list for UK-XFEL
Key facility desirables
• Flexible energy range, harder the better.
• Multi-pulse capability (arbitrary macro/micro-bunch
spacing, split/delay), spanning ps to ns.
• Pulse spectral chirping, to facilitate separation
through scattering?
• High repetition rate.
• Variable beam sizes to tailor interaction volume –
imaging to diffraction.
• Large experimental halls to permit bulky apparatus.
Support
• Access to lasers with fully customisable pulse
length, shape, spot size, etc. (and the staff to run
them!) – Integration with Central Laser Facility?
• Access to pre/post characterisation techniques (Xray tomography, neutron diffraction) – proximity to
Diamond/ISIS?
S.A. McDonald et al., Scientific Reports 5, (2015); T. Hirano et al., J Synch Rad 25, 20 (2018).

crystals finer than 75 nrad and 0.23 mrad for the ! and ! axes,
respectively, which was imposed by a typical source size of
60–80 mm and the distance between the source and the SDO
system (Osaka et al., 2016). Note that the focal positions and
profiles vary shot-by-shot, which can be characterized by using
a state-of-the-art high-resolution X-ray camera.
3.3. Delay time control

We measured the delay time using the X-ray streak camera
(Fig. 5a). The temporal window, pixel resolution and effective
time resolution under these experimental conditions were
200 ps, 0.47 ps and ! 3 ps, respectively. Averaged delay times
between two pulses are plotted as a function of the setting
path length D in Fig. 5(b). We obtained good linearity with a
fitting error of " 0.5%. Errors from the fitted line were less
than 0.4 ps over the time range of ! 60 ps. The slope values of
the fitted and calculated lines based on equation (1) agreed
with a small deviation of 1.0%. This error was explained by
0.07# angular deviations of both 2" arms from the ideal positions. The offset of delay between measured and calculated

Figure 5
(a) Typical split-and-delayed pulses measured with the X-ray streak
camera. The delay time between two pulses was set to be 20 ps. Profiles in
the horizontal and vertical directions correspond to spatial (horizontal)
and temporal information, respectively. The width of the temporal
distribution of each pulse, ! 3 ps, was due to the effective resolution of
the camera. The scale bar represents a length of 0.4 mm. (b) Delay time as
a function of the setting path length between adjacent BS/BM and BRs.
Averaged delay times at each set value of the path length are displayed as
closed red circles. The solid red line represents the fitted line. Open blue
circles indicate the errors from the fitted line. The dashed black line
represents the calculated line in the ideal condition. Closed red and open
blue triangles indicate averaged delay time and the error from the fitted
line, respectively, measured after the delay scan plotted as circles.

Final thoughts
• The intelligent design of materials depends upon a hierarchy of
behaviour with its origins at the microscale; across a diagnostic gap.
• Also a gap between theory and practice – realization of architectured
materials over engineering length-scales.
• A UK hard X-ray free electron laser can help close these gaps, by
providing fundamental information on,
•
•
•
•

Mechanisms of dynamic stress relaxation in materials,
Kinetics/pathways of shock-induced chemistry,
Processing/structure/property correlations in additive manufacturing,
Real-time defect structure evolution in laser shock peening

Ø Opportunity to influence direction of UK manufacturing towards
a new materials revolution.

