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Jet Engines

July 2014

Industry
Rolls-Royce is: £13bn revenue, 90% exported,
80% civil, ~50% of the twin-aisle market, a £76bn
order book, 20% gross margins (civil aero), £1.2bn
R&D spend, is 2.5% of UK GVA, employs 24,000
people in the UK + 150,000 in the supply chain 0.6% of UK total employment.
Emissions Civil Aero is 6.6tn RPK, 7 GtCO2e or
170 gCO2e/person-km, US$105bn in fuel.
Noise The B787 is 7dB quieter than the B767/
A330 (4X lower perceived noise)
Safety 3bn people took 25m flights with 224
deaths in air accidents. In the UK you have 100X
the chance of dying in a road traffic accident than
in the air - 1 in 3.5 m each yr.

Page 2

3

Better Ti-6246
compressor discs

SiC/SiC composites

New Ti fan
disc alloy

γ-TiAl LP blades

Understanding
fan blades

Fan Case
Ti-407
β-Ti TWIP
© 2017 Rolls-Royce plc
Trent XWB https://www.flickr.com/photos/rolls-royceplc/14095537270/in/album-72157658567683743/

Co/Ni PX superalloy
material development
Ti-SiC MMC
struts
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Gum Metal - conventional sXRD (e.g. I12)
micromechanics experimentation
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Image source: ESRF
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6.3.2 TEM

Superelasticity

Figure 6.13: (a) Dark field TEM image showing stress(b) SAD pattern of area in (a) with zone axis close to [1

Figure 6.13 shows faults in the IM0.0 specimen
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fault plane and terminate at the neighbouring ω pla

a singular variant of the plate.
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The most efficient way to tune microstructures and mechanical properties of metallic alloys
in designing
using athermal
phase in
transformations. Examples are shape memory
with the beam direction close to [110]β; (d) key diagram of (c). lies
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At ambient conditions transition metals such as titanium,
the (0001) plane in ! becomes equivalent to the {110}
! ! jjh
! " , there is still considerable
zirconium, and hafnium crystallize in a distorted hexagonal
planes in ", and h
1120i
111i
close-packed structure (!). These metals have received a
debate about the martensitic mechanism during the
great deal of attention, particularly due to the importance
! ! ! transformation. For Ti the mechanism originally
! ! and
of Ti as a light structural metal, and Zr and Hf as composuggested by Silcock [1] with ð0001Þ! jjð1120Þ
! ! jj½0001%! is at odds with the ab initio calculations
nents of nuclear reactors. At high temperature the ! phase
½
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of these metals transforms to a body-centered-cubic (bcc)
structure ("), while at high pressure it converts to a different
hexagonal structure (!) (Fig. 1). The ! ! ! transition is
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significant from a mechanistic point of view, since the !
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phase is ductile and the ! phase is brittle. The ! phase was
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first discovered in Ti alloys that were quenched from the
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high temperature
" structure [1]. Later, static high pressure
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experiments established that the ! structure is stable at high
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pressure, [2–5],
which was
further confirmed by shock
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experiments [6]. In all previous experiments the ! phase
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did not revert to the ! phase at pressure release and was
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analyzed at ambient conditions. The phase relations of Zr
400
have been studied experimentally and equations of state
were established [7,8].
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The hexagonal ! structure has been described as a
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distorted bcc structure [14,15] which can be achieved by
Pressure (GPa)
displacing atoms in the ! structure (Fig. 1). Orientation
relationships between ! and ! were explored with x-ray
FIG. 1 (color online). The pressure-temperature paths for Ddiffraction [1], transmission electron microscopy [16,17],
DIA and DAC experiments are shown within the Zhang et al.
and ab initio calculations [18] to investigate the martensitic
[27] phase diagram. Dotted lines in D-DIA experiments indicate
nature of the transformation. While orientation changes
large compressive strain. Dashed lines in DAC experiments
and texture memory in the ! ! " phase transition in Ti H-R
indicate
uncertainties
in pressure estimates
for the ! phase
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have been extensively studied in situ [19], and a martenshigher temperature. The structures of the three phases are
itic mechanism described by Burgers [20] is firmly estabillustrated in assumed orientations and on the same scale.
lished with the topotactic relations ð0001Þ! jjf
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Numbers refer to diffraction images in Table I.
" , i.e.,
Temperature (°C)

The α→ω transformation in Zr (and Ti)

Linac Coherent Light Source @SLAC

World’s first hard X-ray Free Electron Laser, built using the Stanford Linear Accelerator
Laboratory tunnel, 14 GeV linac. Photons 0.27-11 keV, 1012-1013 photons/pulse, 50-550 fs
duration, ΔE/E 0.2 - 0.5 %, up to 120Hz, linearly polarised.
c.f. ESRF UpgradeII: 6GeV ring, photons to 200 keV, ~10MHz, 11 ps bunch, ΔE/E 0.1%,

Linac Coherent Light
Source
Linac Coherent
Light@SLAC
Source (LCLS)

Injector
electron beam 1km linac 14 GeV
AMO
SXR
XPP

Undulator hall
Near-hall: 3 instruments

x-ray beam

XCS
CXI
MEC

Far-hall: 3 instruments
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160fs Diffraction @ CXI, LCLS, SLAC
Collect data at 50ps intervals
2μm Zr foil - shock traverses foil in
~600 ps
Pump-Probe: optical laser w/
130-500μm spot size (FWHM),
using X-ray laser (λ=0.129nm) of
30μm spot size

TD Swinburne et al, Phys.Rev.B (93):144119, 2016

TD Swinburne et al, Phys.Rev.B (93):144119, 2016

TD Swinburne et al, Phys.Rev.B (93):144119, 2016

FIG. 3. Time resolved (data every 50ps) response of Zr foils to
laser shock. Main figures: Strain as inferred from position
f di↵raction peaks for a) lowest laser power (18.44Jm 2 )
nd b) medium laser power (79.3Jm 2 ). Insets: widths of
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Transition metals Ti, Zr, and Hf have a hexagonal close-packed structure (!) at ambient conditions, but
undergo phase transformations with increasing temperature and pressure. Of particular significance is the
high-pressure hexagonal ! phase which is brittle compared to the ! phase. There has been a long debate
about transformation mechanisms and orientation relations between the two crystal structures. Here we
present the first high pressure experiments with in situ synchrotron x-ray diffraction texture studies on
polycrystalline aggregates. We follow crystal orientation changes in Zr, confirming the original suggestion
! ! , and a remarkable
by Silcock for an ! ! ! martensitic transition for Ti, with ð0001Þ! jjð1120Þ
orientation memory when ! reverts back to !.
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FIG. 1 (color online). The pressure-temperature paths for Ddiffraction [1], transmission electron microscopy [16,17],
DIA and DAC experiments are shown within the Zhang et al.
and ab initio calculations [18] to investigate the martensitic
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and texture memory in the ! ! " phase transition in Ti
indicate uncertainties in pressure estimates for the ! phase at
have been extensively studied in situ [19], and a martenshigher temperature. The structures of the three phases are
itic mechanism described by Burgers [20] is firmly estabillustrated in assumed orientations and on the same scale.

Temperature (°C)

This allows the orientation relationship of the ↵ ! !
transformation under shock conditions to be directly inferred, Figure 3(c). The strong basal texture of the Zr foil
is clearly demonstrated by the weak, flat reflection for the
{0002} pole figure periphery (PFP) data with a strong
six-fold symmetry for all other planes. As expected, the
{112̄0} reflection has peaks at 30 to {101̄n} reflections. The FEL data, which shows excellent agreement
with the PFP data, is an aggregate of all of the individ-

FIG. 4. Proposed ↵ ! ! transformation mechanism consistent with dynamic texture measurements of (101̄0)↵ ||(101̄1)! .
Left: Inter-basal ↵ atoms shu✏e along [101̄0]↵ directions onto
(101̄0)↵ prismatic planes. Right: Overlay of the post-shu✏e
(101̄0)↵ with the (101̄1)! plane, such that [0001]↵ ||[12̄10]! .
The two planes are coincident after a homogeneous strain.

SAXS on a FEL - first experiment, 2014
a)

c) Surface of foil

SAXS Detector

WAXS Detector
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Surface of foil
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Collaboration w/ Milathianaki, Ilavsky, Wark, Coakley, Swinburne, Voronstov, Rahman, Lane, McGonegle, Higginbotham
Figure 1: a) Experimental arrangement at LCLS. The XFEL beam impinges the Cu with substrate sample shortly
after a laser shock pulse with a ‘clipped’ leading edge. The wide angle x-ray scattering (WAXS) data are recorded
in the front detector and small angle (SAXS) data recorded in the rear detector. b) (111) pole figure from EBSD;
the intensity in the centre of the pole figure refers to the foil normal (growth) direction. c) Secondary electron

SAXS on a FEL - standards comparison to APS

Unpublished collaboration w/ Milathianaki, Ilavsky, Wark, Coakley, Swinburne, Voronstov, Rahman, Lane, McGonegle, Higginbotham
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Thoughts on possible sub-ns FEL experiments:
I. Laser Shock Peening
e.g. to manage stresses from Hertzian contact (fan blades,
bearings eg wind turbines, automotive, rail etc)
Imaging elastic strains
Shock at 4-10E3 m/s
1mm resolution
Shock moves 1mm in 100 ns
c.f. ESRF (800m ring, 32 bunch) - pulse every 10 ns
-> Just about doable on a synchrotron [but, brightness?]
Also, dynamics of the ablation and shock generation process
(much shorter timescale, more like the talk)

Thoughts on possible sub-ns FEL experiments:
II. C-D nozzles in industrial processes
e.g. nanoparticle generation (turbulent flow)
e.g. melting of metal powders and their in-flight
solidification. (cf additive manufacturing)

R 6. V208G AND V208H - INGOT VERSUS POWDER METALLURGY

Imaging
Exit velocity 1500 m/s
along the grain boundaries and Figure 4.4 (c) shows
the carbide
particles found can be intergranular
10um
resolution
and transgranular.
O(1-10) ns time resolution

Satellite
particle

Satellite
particle

20 μm

Dendrites

Figure 6.15: Cap.

c.f. ESRF (800m ring, 32 bunch) pulse every 10 ns
-> Starting to challenge synchrotrons
[but, brightness?]

Thoughts on possible sub-ns FEL experiments:
II. Particle stick/bounce
e.g. multi-$bn corrosion fatigue problem in gas turbine
blades.
Associated with entrained S-containing particulate,
residence/drying time, water vapour and particle velocity
So: ‘launch’ particle using laser ablation, observe particle
interaction with surface, formation of surface reaction
products…
Imaging
Velocity 1500 m/s
sub-um resolution
O(10) ps time resolution, nano beam required

n from a GaN Quantum Dot

olmes,†,‡ Satoshi Kako,†,‡ and Yasuhiko Arakawa*,†,‡

tute of Industrial Science, The University of Tokyo, 4-6-1 Komaba,

Thoughts on possible sub-ns FEL experiments:
III. Device physics

are
on
so
by
we
Ds
sa
ea
to
aN
is
to
(27 μeV). Furthermore, the uncontaminated emission facilitates
d purity (g(2)(0) = 0.02). The realization of high-quality GaN QDs
des,
up2017,
the17,possibility
of realizing single-photon quantum
Arita opening
et al, Nano Lett
2902-2907. dx.doi.org/10.1021/acs.nanolett.7b00109

homogeneous broadening, ﬁne-structure splitting

Thoughts on possible sub-ns FEL experiments:
IV. Scientific instruments
ns and fs lasers (eg tribeam system), atom probe needle
evaporation, ion beam ablation (FIB)

J. Appl. Phys. 103, 093111 !2008"

