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The Problem?

High density, high velocity penetrators defeat armour by;

“Shear Plugging” - locally imparting so much energy that the 
material comes close to melting, and burrowing through, or

Behind armour effects such as spall fragments caused by shock 
waves on the back side



Armour systems
Disturber -   acts to rotate / break and spread out the 
                            projectile, maximising its area
Absorber -   absorbs all of the energy imparted
Spall liner -   catches spalled fragments

Adapted from Thomas EL, Opportunities in protection materials science and technology for future army applications. 
The National Academies Press, 2012.



Absorbing energy

Failure occurs on 
necking, when the 
material runs out of 
hardening.

Then, any instability 
and stress localises, 
resulting in failure.

Yield Stress

Ultimate Stress, 
ductility
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Figure 2.11: Stress-strain behaviour of a TWIP steel tested at a quasi-static strain rate of 10�3 s�1

exhibiting an almost linear true hardening rate of ⇠2.3GPa.

steels.

The role of mechanical twins on the strain hardening behaviour was first proposed by Rémy [65].

To take into consideration large dislocation pile ups observed at twin boundaries, Rémy advo-

cated a microstructure-based behaviour relationship. This used a congruent approach to that

devised by Hall [66] and Petch [67] to characterise the e↵ect of grain refinement in metals. By

assuming that the length of dislocation pile ups is the same as the mean distance between twin

boundaries, Rémy suggested that the overall flow stress can be obtained through the following

relationship:

� = �
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t
n (2.29)

where �
m

is the flow stress of the matrix containing no twins, k is a constant, µ is the shear
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Figure 2.12: Schematic representation of the strain hardening mechanism in TWIP steels where ⇤
represents the dislocation mean free path. The mean free path is larger in an untwinned grain (a)
compared to a twinned grain (b). Figure adapted from [34].
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Figure 1.2: Comparison of strength and elongation properties of TWIP steels and other high strength
steels.

deformation at low strain rates is necessary. This will enable the materials’ response to high

strain rate deformation to be investigated, while developing an understanding regarding the

suitability of the material for armour. This also allows the strain rate sensitivity of the material

to be examined. Finally, alloy optimisation will be investigated with the goal of improving

the mechanical properties of the steel along with developing an understanding of the e↵ect of

microstructure on deformation twinning.

1.4 Thesis Structure

This thesis is divided into six main chapters. A literature review is presented in Chapter two,

where a survey of the published research relating to the topics studied in Chapters three to five

is provided. Chapter six provides a conclusion on the work conducted along with suggestions

for further work.

*



How do TWIP steels work? 5 µm
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Repeated twinning= dynamic Hall-Petch (AR, ε=22%)  
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Do they perform in high rate / blast?



The blast centre
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Figure 4.10: EBSD maps with IPF colouring relative to the blast direction (ND) coupled with band
contrast showing material response at (a) the bulge centre, (b) bulge edge when subjected to blast loading.
Indexing rate of 97% and 98% respectively using a step size of 100 nm. IPF map showing the orientations
in which deformation twins are observed corresponding to the microstructure observed at the centre of
the blast crater(c).

Idrissi et al. [164] where intrinsic stacking faults were observed in high manganese steels that

deform via twinning and extrinsic faults were observed when the " martensite transformation

occurs. A structure similar to the ‘wavy’ grains observed under light microscopy (Figure 4.8) was

also observed using TEM, Figure 4.11(f). This was observed in some grains, while neighbouring



Centre of the bulge4.5. Conclusions 121
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Figure 4.11: High resolution transmission electron microscopy of blasted material examined from the
centre of the blast crater revealing (a) numerous deformation twins, (b-d) internal structure of a selected
twin (circled) taken on the [110] zone axis, showing numerous intrinsic stacking faults (arrow), (e) high
density of stacking faults around the twin and (f) wavy microstructure similar to that observed under
light microscopy.

Material from centre of blast crater - (a) BF TEM overview, (b) examination of internal 
structure of a selected twin



... into the twin

Material from centre of blast crater - HREM of the twin imaged (down [110]) in (b), 
showing numerous intrinsic SFs
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centre of the blast crater revealing (a) numerous deformation twins, (b-d) internal structure of a selected
twin (circled) taken on the [110] zone axis, showing numerous intrinsic stacking faults (arrow), (e) high
density of stacking faults around the twin and (f) wavy microstructure similar to that observed under
light microscopy.
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Figure 4.11: High resolution transmission electron microscopy of blasted material examined from the
centre of the blast crater revealing (a) numerous deformation twins, (b-d) internal structure of a selected
twin (circled) taken on the [110] zone axis, showing numerous intrinsic stacking faults (arrow), (e) high
density of stacking faults around the twin and (f) wavy microstructure similar to that observed under
light microscopy.

Fault density near a twin



Measuring grain sizes

5.3. Experimental Procedures 127

milling on a FEI Helios NanoLab 50 series DualBeam microscope and TEM examinations were

conducted on a JEOL 2000FX microscope.

5.3.3 Weibull Cumulative Distribution Functions

It is common practice to plot grain size distributions from EBSD data in the form of binned

histograms. However, this does not allow the easy interpretation of the grain size distribution in

a statistically meaningful manner i.e. the mean, standard deviation or kurtosis. Furthermore,

the number of grains sampled and hence the significance of any anomalies which for example

may reveal a multimodal grain distribution are also unclear. Finally, the unit of the frequency

axis is also often unclear, i.e. whether it is number or area normalised, making it di�cult to

compare distributions.

In the present study, we fit a distribution function to the cumulative distribution function (CDF)

using a Weibull smoothing method, Figure 5.1(a). This allows the probability distribution to

be plotted in a manner that permits the comparison between microstructures in both a visual

and statistical fashion, Figure 5.1(b). We have chosen to use a Weibull function in the current

analysis, but we acknowledge that the choice of function should ultimately be placed on a

theoretically sound foundation, which would be a useful topic for further work based, e.g. on

recrystallisation modelling [173].
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Figure 5.1: Weibull smoothing procedure where (a) the cumulative distribution function (CDF) of the
raw EBSD data is fitted using a Weibull function and (b) smoothed probability density function (PDF)
is plotted using a derivative of the fitted Weibull.



CR + anneal

20 µm

(b)

40 µm

(c)

70 µm

(d)

100 µm

(e)

20 µm

(a)

1m 2m AR 24hr 96hr

1 10 1000.0

0.2

0.4

0.6

0.8

1.0

Grain size (µm)

N
o.

 n
or

m
al

ise
d 

PD
F

(f )

RD

TD

101

111

001



Effect of grain size
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Figure 5.9: Backscattered electron images of the TWIP steel exhibiting di↵erent grain sizes after
deformation to 5% engineering strain showing the relative twin thickness is influenced by the initial
grain size. (a) 0.7µm, (b) 4.3µm, (c) 10µm, (d) 45µm and (e) 84µm grain size material.
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Figure 5.10: Bright field TEM micrographs and selected area di↵raction patterns of the 0.7µm (a-c)
and 84µm (d-f) TWIP steel after deformation to 5% strain. The deformation twins in the fine grain
material are thinner than the twins present in the coarse grain. Numerous dissociated dislocation pairs
are observed in the coarse grain material as indicated by the arrow in (e). A large number of stacking
faults are also present in the 84µm grain size material (f).

Finer grains = thinner twins   (ε=5%)
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Twins in the fine grain…



Flow Curve:

Then necking criterion gives

So:

Thinking about the problem…
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σy  (MPa) m (GPa) εf  (%) Upl (GPa)

FG 750 2.26 67 0.99

AR 480 1.98 76 0.92

CG 250 1.7 85 0.81
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Goal: 3X strength, +10% hardening & 2X usable energy adsorbtion

Flow Curve:

Then impose a max. allowable strain.

If failure strain is greater, then

But Intrusion...
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σy  (MPa) m (GPa) εf  (%) Umax (GPa) U30 (GPa)

Target TWIP 1300+ 2.2+ 41 0.7 0.47
FG TWIP 750 2.26 67 0.99 0.32

AR TWIP 480 1.98 76 0.92 0.23

CG TWIP 250 1.7 85 0.81 0.15

Ti-6Al-4V 950 1.0 10 0.13 0.13*

Armox 440 1300 1.54 16 0.21 0.21*
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Adding interstitial N
Pressurised ESR:   Additions of 
up to 1 wt% N increase 
austenitic stainless steel 
strengths to ~2GPa.

ESR originally developed in the 
1960s in the UK in Sheffield.

But, no onshore PESR capability.



Adding microalloying

Ti, Nb, V additions can increase strength without interfering 
with the TWIP mechanism.

Both retarding grain growth in hot rolling (μm grains), and 
providing nm precipitates

Ti additions promote TiN – limit to 0.1wt% - maybe 150 MPa

V additions – limit to 0.4 wt% - up to 300 MPa

See Scott et al, Int J Mat Res 102(5):538-549, 2011.



Initial Process Route Development
Microalloy with 0.5 

wt. % Ti

Cold roll to 75% 
reduction

Heat treat at 
850°C for 1, 2 and 

5 minutes.

Heat to 1150°C for 15 
minutes and quench

Need a recrystallisation heat treatment (T,t) to generate the 
correct grain size AND ~nm precipitate size



+Ti TWIP

500 µm

Melted from master alloys, hot rolled, annealed - 30 µm grain size



Conclusions

The TWIP mechanism does operate in the blast regime.

Not all of the ductility is useful.

Improved, higher strength TWIP alloys that retain the hardening 
rate associated with the TWIP mechanism would be desirable.

Some thoughts on how to do this have been presented
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Effect on twin thickness (ε=5%)
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