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A B S T R A C T

Microstructure evolution during high-strain rate and high-temperature thermo-mechanical processing of a
44MnSiV6 microalloyed steel is investigated using in situ synchrotron high-energy powder X-ray diffraction. The
conditions selected replicate a newly developed near solidus high-strain rate process designed for reducing raw
material use during the hot processing of steels. High temperatures (exceeding 1300 ◦C) and high strain rate ε̇̇ =

9 s-1 processing regimes are explored. The lattice strains and dislocation activity estimated from diffraction
observations reveal that the microstructure evolution is primarily driven by dynamic recrystallisation. A steady-
state stress regime is observed during deformation, which develops due to intermittent and competing work
hardening and recovery processes. The texture evolution during the heating, tension, shear deformation and
cooling stages is systematically investigated. The direct observation of phase evolution at high-temperature and
high-strain rate deformation enables a comprehensive understanding of new manufacturing processes and pro-
vides deep insights for the development of constitutive models for face-centred cubic alloys.

1. Introduction

Key industries such as automotive, energy and aerospace sectors rely
to a large extent on forging and casting for components and systems.
Whilst forging minimises many defects, casting is a low-cost process for
manufacturing complex geometries. A newly developed near solidus
high-strain rate (NSHSR) processing/manufacturing pathway [1,2]
provides the benefits of achieving a forged-like microstructure and
simultaneously enables near-net-shape production capabilities. This
involves hot processing at 40 ◦C to 100 ◦C below the bulk solidus tem-
perature, a temperature regime between forging and conventional

semi-solid casting. Feasibility trials for this novel process revealed
excellent ductility and malleability on a variety of steel grades, such as
44MnSiV6 microalloyed steel [1,2], resulting in considerable advan-
tages in comparison with conventional forging. For example, about 50%
reduction in raw material consumption, a reduced number of processing
steps and a significant reduction in equipment operating pressures
during manufacturing, are some of the key advantages which help in
reducing energy consumption, tool wear and a compact manufacturing
footprint [3]. Microalloyed steels are promising materials for this
technology, as they achieve excellent mechanical properties and
improved strength by adding small amounts of alloying elements [4],
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and these steels show one of the highest tensile strengths in their family
and they can be tailored to achieve mechanical properties equivalent to
that of the quenched and tempered steels, by controlling the hot working
processes. However, the microstructural evolution and mechanisms that
enable these property improvements at such high temperatures are
elusive.

Understanding the temperature pathways, which lead to the forma-
tion of optimum grain morphologies and crystallographic texture, is
crucial for the accelerated development of metallic alloys in key
manufacturing sectors, such as automotive. The texture evolution and
intergranular strains can affect the resulting material properties and
their distribution in large parts during high throughput net shape pro-
duction [5–7]. Dynamic recovery and recrystallisation processes have
been identified as the most commonmicrostructural mechanisms during
the hot working of metals, while dynamic recrystallization (DRX) is
regarded as the predominant softening effect in low stacking fault en-
ergy materials such as austenitic steels [8–10]. During DRX, a balance
between work hardening and recrystallisation is established by the cy-
clic sequence of events, often composed of tandem build-up of disloca-
tions, grain nucleation at high dislocation density concentrations,
followed by grain growth and grain refinement due to the formation of
grain boundaries [8]. In NSHSR processing, the temperatures are above
the conventional forging temperatures and the strain rates can be high
and up to 9 s-1 [1,3]. This temperature-pressure working regime has
remained unexplored. To date there is no evidence of whether DRX or
other mechanisms are operating, and it is still unclear how the observed
extreme formability is achieved which enables this unique ability to
obtain near net shape components along with a forged-like
microstructure.

Often DRX is investigated and quantified from themacro stress-strain
response observed during a tension or compression and post-mortem
characterisation [11–14]. However, these results do not provide
insight into the complex nature of microstructure evolution during the
deformation process. This information is sought through in situ tech-
niques such as X-ray diffraction which enable a comprehensive under-
standing of instantaneous microstructures during the deformation
process. The direct observation of fast-evolving events such as grain
refinement, grain rotation, preferred orientations, lattice strains, dislo-
cation densities and recrystallisation [15], information which is un-
matched by any other experimental technique.

There have been several successful investigations using synchrotron
X-rays to capture the development of various microstructural features in
other systems during thermal and thermo-mechanical processing, such
as, dynamic recovery and DRX in Zr [16], phase transitions, dynamic
effects and texture in TiAl intermetallics [15], thermally induced phase
transitions in shape memory intermetallics [17–19], mosaicity spread in
Cu [20], as well as slip and twinning in Mn [21] and steel at ambient
temperature [22]. However, these in situ thermal mechanical experi-
ments were performed in either compression or tension and at much
lower strain rates of 10–3 to 10–4 s-1. Hence the microstructure evolution
observed in such cases cannot be directly used to explain the simulta-
neous development of forged-like microstructures and the massive metal
flow observed in the current novel NSHSR process. Recent advances in
X-ray diffraction detector technologies have provided remarkable
acquisition speed enhancements, enabling acquisition rates up to 250 Hz
[23]. When combined with high flux diffraction optics, they provide
ideal instruments for capturing extremely fast evolving microstructures,
such as in the case of friction welding [24] and additive manufacturing
[25].

In this study, in situ high-speed synchrotron X-ray diffraction (XRD)
experiments were performed to capture the underlying mechanisms
during the NSHSR process. The crystallography, phase changes, the
evolution of lattice strains, dislocation activity and texture evolution
during processing in a representative Fe system as a function of macro
stress-strain response are captured in extensive detail with high tem-
poral resolution. The evolution of material texture and intergranular

strains are investigated. The critical stresses and strains for DRX initia-
tion are also evaluated.

2. Experimental methods

2.1. Materials and experimental procedures

In situ XRD patterns were acquired at high temperatures during high
strain rate tensile and shear deformation of microalloyed 44MnSiV6
steel. The chemical composition of this steel is shown in Supplementary
Table 1. This alloy was selected as it is a forging grade and it was used in
the full-size component manufacturing trials via the NSHSR forming
technique [26]. The alloy has a solidus temperature of TS ≈ 1394 ◦C
[26]. The plate from which test specimens were obtained was produced
by multiple hot-rolling passes from as-cast material. The hot-rolling was
performed at 1100 ◦C with intermittent annealing for 5 min at the same
temperature. This resulted in a microstructure with a grain size of about
10 µm (see Supplementary Fig. 1), which is ideal for power diffraction
deformation investigations. “Flat dog-bone” and “lap” specimens with a
thickness of 1 mm were designed and manufactured using
electro-discharge machining for tensile and shear experiments to
represent different deformation modes, respectively (see Fig. 1(a)).

The Electro-Thermo-Mechanical-Tester (ETMT) [27,28], which
combines a mechanical loading rig and integrated direct resistive (or
“Joule effect”) heating, is used in the current investigation. The set-up
provides some of the fastest heating and cooling rates during in situ
X-ray investigations, thus the temperature-pressure conditions observed
during NSHSR forming can be mimicked. The specimens were gripped
by water-cooled grips inside an environmental chamber with X-ray
transparent windows (Fig. 1(b)), providing an inert gas atmosphere to
avoid oxidation. The grips are water-cooled and therefore, the maximum
and uniform temperature is observed in the middle of the gauge length
of the specimen [29]. The incident X-ray beam was aligned with this
central region to capture the microstructure evolution.

An R-type thermocouple was spot welded in the central uniform
temperature of the gauge length (Fig. 1(b)). The exposure was optimised
to achieve a temporal resolution of approximately 100 Hz to capture the
fast-evolving microstructure. The load, grip position, heating current
and macroscopic stress on the ETMT were recorded with the high fre-
quency of 2000 Hz so that high-frequency diffraction image acquisition
can be correlated with the ETMT data. Surface oxidation on the speci-
mens was minimised by purging a constant flow of argon gas (2 l/min)
through the enclosed specimen chamber.

To mimic the NSHSR process, each specimen was heated up at a
constant rate of 10 ◦C/s to a target temperature of around 70 to 100 ◦C
below the solidus, reaching 1300 ◦C to 1330 ◦C. The specimens were
then held at this temperature for 5 s in load control at ~2 N, and then
loaded to failure. Either tensile or shear deformation was induced in the
central region of the specimen depending on the specimen type. Cross-
head velocities of 15 mm/s and 45 mm/s were used for different strain
rates of 3 s-1 and 9 s-1. Assuming the deformation only occurred in the
hot zone along the central gauge length of 5 mm in the tensile specimens
and on 5 mm width in the shear specimens, thus strain rates of 3 s-1 to 9
s-1 were reached in each of the two loading modes depending on the
velocity. The specimens were immediately cooled down to room tem-
perature (within 5 s) after the deformation to failure. The stress-strain
curves were smoothed using a moving average.

Synchrotron X-rays have sufficient photon flux to record diffraction
patterns at high frequencies during high-strain rate deformation tests.
The current experiments were conducted at the high energy I12-JEEP
beamline [30] at the Diamond Light Source. The ETMT was placed on
a translation stage in the experimental hutch, positioning the central
region of the specimen in line with the X-ray beam path (red line) and a
PILATUS3 X CdTe 2 M area detector [23] (Fig. 1(c)). Monochromatic
X-rays with an energy of 89.5 keV (λ = 0.139 Å) and a beam size of 1× 1
mm2 were used during the heating, deformation and unloading stages.
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Complete Debye-Scherrer powder diffraction patterns on an area of
1475 × 1679 pixels and a pixel size of 172 × 172 µm were obtained. A
detector to specimen distance of approximately 650 mm was used and
the detector was calibrated using a CeO2 standard. Complete

Debye-Scherrer patterns were acquired up to a diffraction angle (2θ) of
10◦ An exposure time of 3 ms and imaging frequency of 167 Hz was used
to ensure the capturing of sufficient frames during the short deformation
period of 80 to 200 ms.

Fig. 1. (a) Schematic of the geometries of dog bone tensile and lap shear specimens, with the positions of the spot-welded thermocouples indicated in red, and the
tensile and shear region marked with dashed lines. (b) Close-up of the environmental chamber of the Electro-Thermo-Mechanical Tester (ETMT), including specimen
held in grips. (c) In situ synchrotron X-ray diffraction experimental set up at the I12 beamline at Diamond Light Source and (d) Complete Debye-Scherrer (Schematic
of a typical diffraction) pattern obtained at room temperature, L is the load direction ϕ is the azimuth angle.

Fig. 2. Principle of CPF by caking a diffraction ring pattern (a) into straight lines (b). An example of a Fourier model generated by CPF is shown in (c), in comparison
with experimental data and including a map of the residuals.
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2.2. Analysis methods

The intensity of the XRD patterns was first integrated across the
azimuth along the entire 360◦ to generate spectra of the intensity versus
the diffraction angle 2θ using the DAWN software package [31,32]. The
spectra were then examined for the phase composition and background
pattern changes to check if there was a liquid formed during the severe
deformation process. The material texture was determined using MAUD
by averaging over 5 ◦ [33] and Beartex for visualisation [34]. Due to the
very short deformation time, the texture changes were measured and
tracked with only one sample orientation.

The data acquisition was optimised to obtain maximum information
from the very short duration over which the deformation lasts during
high strain rate deformation. The diffraction from the initial room-
temperature as rolled sample comprised of complete rings, as shown
in Fig. 2(a). However, as temperature exceeded 900 ◦C during rapid
heating, the grains started to coarsen remarkably quickly, resulting in
increasingly spotty patterns.

The lack of continuity along the azimuth due to spotty patterns
during heating meant that the classical Rietveld analysis approach with
function fitting to caked peaks along azimuth could not be used in the
current quantification of microstructure evolution. In order to overcome
this issue, Continuous Peak Fitting (CPF) [25,35], a novel Fourier
function-based technique which fits each complete Debye ring in a
single step without resampling or caking the diffraction data, was used.
Firstly, the diffraction patterns were de-noised using DAWN [32]. The
fitting algorithm tends to weigh the azimuthal function towards the
most intense peaks, the image intensity was normalised using DAWN to
reduce this effect for the determination of d-spacings. The intensity
scatter along the azimuth is shown in Fig. 2(b), the diffraction lines are
straight across the entire azimuth range, which is a clear indication that
there are no residual strains in the as hot-rolled alloys.

Continuous peak fit uses the Fourier series to describe the azimuthal
dependency for each of the parameters of a pseudo-voigt peak (height,
width, centroid, profile). The order of the Fourier series is determined by
the data. The profile and width are 0th order Fourier series (1 parameter
for all azimuths) and the peak height is a 6th or 12th order series (13 or
15 terms) depending on the data. The centroid or d -spacing of the peak
is 2nd order series (5 coefficients). The data fit in that within a narrow
2θ-range around each diffraction peak, as shown in Fig. 2(c). Although
this function is still biased towards the brightest spots in the diffraction
rings, the continuity of the function and the capped intensities reduce
the weighting relative to the traditional way of fitting independent
peaks to the resampled and caked data. The magnitude and orientation
of the differential strains are calculated from the differential strain co-
efficients. The errors in these terms are calculated from the coefficient
errors without accounting for any correlation between the two param-
eters [17,36].

The relative change in diffraction peak width for each pattern, which
is indicative of the dislocation density occurring during the deformation
process [37] can also be measured using CPF. This will allow for the
estimation of change in dislocation densities as a function of thermal or
thermo-mechanical deformation.

3. Results and discussion

3.1. Macro stress-strain behaviour

Three in situ experiments on 44MnSiV6 steel were performed under
different conditions; E1: Tensile deformation at 1100 ◦C and 3 s-1, E2:
tensile deformation at 1300 ◦C and 9 s-1 and E3: shear deformation at
1330 ◦C and 9 s-1. The engineering stress-strain response as acquired on
the ETMT during tensile and shear experiments are shown in Fig. 3(a).
The strains were calculated assuming a 5 mm central region of the
sample, which is the hottest region with almost uniform temperature
along the gauge length. The 5 mm shear width was estimated from the

width of the actually deformed region of the specimen.
The engineering stress-strain response shows a typical initial elastic

regime followed by plastic deformation. During tensile deformation, the
yield strength during tension and shear deformation is observed to be 27
MPa and 14 MPa respectively. The ultimate tensile strength (σ1100, 3) in
E1, was found to be 50 MPa, following which there was plateauing at 48
MPa. After about 30% far-field strain, the stress starts to drop due to
localization of deformation followed by failure. A similar stress-strain
response is observed during tensile deformation at a higher tempera-
ture, E2. This far-field stress-strain response is typical of a system where
DRX occurs during thermo-mechanical processes, such as those
observed in steels [38], zircaloy [39] and nickel base superalloys [40].
In shear mode, the yield and tensile stress were found to be 14 and 30
MPa respectively with a constant stress deformation between 30 and
40% plastic deformation.

In all three cases, after the elastic regime some initial work hardening
was observed that is most likely due to the introduction of dislocations.
After some deformation there seems to be simultaneous softening due to
recrystallization and recovery, which tends to lower the flow stress and
enhance the ductility. The (nearly) constant stress state observed in the
plastic regime is thus an indication that there is a competition between
stress relaxation due to new grain nucleation and growth and work
hardening due to plastic deformation. Similar behaviour is observed
during high strain rate deformation of other steels [11,13,41,42] and
AZ31 magnesium alloys [43], owing to DRX. According to an estimation
method provided in [42] for DRX in a microalloyed steel, the hot section
of the specimen fully recrystallizes during late stages of deformation.
This dependence of macro stress-strain response on critical initiation
points and DRX is crucial for the development of more accurate material
and processing models. The peak stress in both tensile experiments is
observed to be ~50 MPa, this is owing to the fact that the recrystalli-
zation rates are higher at higher temperatures and decrease with strain
rate [44]. As expected, in comparison to the peak tensile stress, the peak
stress for shear deformation is lower, around 30 MPa.

The key aspects for modelling DRX behaviour are the critical stress
and strain at DRX initiation. After passing the elastic limit at the
beginning of the deformation process, the dislocation density increases
until a critical point is reached, where the first recrystallised nuclei are
formed and thus the initiation of DRX [44]. This critical stress and strain
for DRX initiation can be determined from the change in strain

Fig. 3. Engineering-Stress-Strain curves of 44MnSiV6 steel undergoing tensile
deformation at 1100 ◦C and a lower strain rate of 3 s-1 (black), tensile defor-
mation at 1300 ◦C and a higher strain rate of 9 s-1 (red), shear deformation at
1330 ◦C and 9 s-1 (blue).
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hardening rate θ = ∂σ/∂ε from plastic to nearly perfectly plastic defor-
mation [45] observed in the stress-strain response. The critical stresses
and strains for the present thermo-mechanical scenarios are provided in
Table 1, and the strains are rounded to two decimal places. Derivatives
of the true stress-strain curves with inflection points during the shear
test at 1330 ◦C, and tension tests at 1300 ◦C and 1100 ◦C are plotted in
Supplementary Fig. 2. The strain hardening rate decreases with true
stress.

3.2. Typical microstructure evolution

The microstructure evolution in the case of E2 is shown in Fig. 4.
Initially, the actuator position (red line) is flat, whilst the temperature
(black line) remains at approximately 1300 ◦C, slightly fluctuating due
to instrument control response. Only a few diffraction spots per ring are
observed (Fig. 4(a)), which is an indication that only a few large grains
exist after coarsening in the diffracting sample volume. With the start of
deformation (at time 0.00), the temperature increases slightly, most
likely due to improved electrical contact and then remains steady. As the
deformation progresses, the number of diffraction spots increases (Fig. 4
(b-c)), this is followed by the blurring of spots and then spread along the
azimuth (Fig. 4(d)), eventually merging into uniform complete rings
which remain intact during further plastic deformation (Fig. 4(e)).
During the last third of deformation, at around 0.07 s the temperature
increases rapidly to≈1345 ◦C. At around 0.09 s, the sample starts to cool
which occurs due to an open loop in the ETMT resistance heating circuit,
indicating specimen failure. The diffraction patterns gradually turn to
spotty during cooling, the final pattern is shown in Fig. 4(f). Towards the
end of deformation at around 0.07 s, the temperature rises rapidly,
whilst the electrical heating current drops at a similar rate (see Sup-
plementary Fig. 3). This is identified as an effect of necking in the
specimen, the reduced cross-section leads to an increase in electrical
resistance.

3.3. Evolution of diffraction patterns during deformation

Observing the evolution of diffraction patterns during the tensile and
shear experiments would provide lattice and crystallographic insights
which can be used to inform existing models or for building new
mechanistic models. At first, the diffraction patterns were azimuthally
integrated over 360◦ to obtain intensity vs diffraction angle (2θ) pat-
terns. Due to high signal-to-noise ratio, only the first five austenite
peaks, (111), (200), (220), (311) and (222) were examined. The only
phase which existed before, during and after deformation was fcc
Austenite with a ≈ 3.69 Å. The 360◦ azimuth integrated intensity as a
function of diffraction angle 2θ over the time is shown in Fig. 5. The
background remains unchanged and the peaks are sharp during the
heating and deformation process. The existence of spotty diffraction
tends to make the peaks appear broader when integrated across 360◦
azimuths. The corresponding engineering stress and grip position with
time are plotted in Fig. 5(b). During the deformation, the engineering
stress increases and then decreases with time, and the corresponding
diffraction pattern intensity increases and then decreases.

A more detailed and convenient method for examining the diffrac-
tion intensity changes with time along a diffraction ring is the Azimuth-
Time (AT) plots [15,16]. In Fig. 6, 180◦ sections of the (200) ring were

plotted as straight lines at each time step, showing the evolution of
diffraction intensities along half the ring during deformation for three
experiments. As time progresses (from bottom to top in each plot), the
intensity variation can be assessed to gather a global perspective of the
microstructure evolution. A darker colour indicates a higher intensity
and the white intermittent vertical stripes marked with orange blocks
are from the gaps in the detector, as seen in Fig. 4(a-f). The load axis (L)
is located in the middle of each plot at 90◦, and the transverse (T) is
across 0◦ and 180◦ The change of the macro-stress (blue) and the posi-
tion (red) during each experiment are shown on the left for comparison.
The three selected cases are characterised in the following sections. The
diffraction intensity subfigures in Fig. 6(a) and (b-c) are chosen to show
the most evidence of these microstructural phenomena, although these
gaps are not symmetric to the centre as shown in Fig. 2(a). The corre-
sponding AT plots of the (111) rings are provided in Supplementary
Fig. 4.

3.3.1. E1: Tensile deformation at 1100 ◦C and 3 s-1

During low strain rate tensile deformation at 1100 ◦C, 3 s-1, as shown
in Fig. 6(a), we can identify five key stages. In stage 1, the existence of a
spotty pattern before deformation starts reveals that rapid grain growth
has occurred during heating, and the grain size estimated from the
diffraction rings can increase from 120 to 150 µm. It has been observed
in previous studies that in spite of a steep heating rate, the grain size
grows from the initial 10 μm (which results in complete and continuous
diffraction rings) at room temperature by nearly 8–10 times at high
temperature in Fe base alloy systems [46,47]. Thus the initially com-
plete Deby-Scherrer rings are replaced with a few diffraction spots after
heating.

In stage 2, at the beginning of deformation (between 0.00 and 0.02
s), diffraction spots appear in several time steps, and during the process,
the spotty reflections appear and disappear and increase in number from
~20 to ~40. It is difficult to track these spots as there is no gradual
change in location along the ring azimuth for a given spot, this could be
due to the grains rotating into and out of the diffracting condition.

During stage 3, the diffraction spots start widening and blurring
along the azimuth (around 0.025 s). This is caused by the formation of
dislocations within the grains, thus dividing the grains into subgrains,
and increasing mosaicity and variety in orientations. This process con-
tinues generating progressively high-angle grain boundaries which
refine the microstructure. Eventually, the reflections merge to form full
rings, indicating a reduction in grain size. Several diagonal progressions
of intensity profiles, particularly around 60◦ azimuth (marked with a
yellow dashed circle), indicate grain rotation which usually involves slip
[20]. The rotation of grains towards the load direction is, however,
obscured by the white areas marked with orange blocks which corre-
spond to detector gaps.

In stage 4, the deforming material remains in a steady state with
mostly homogeneous intensity distribution along the azimuth until 0.13
s, matching the macro-strain plateau as seen in Fig. 6 on the left. Dark
“islands” appear and disappear during this state at around 30◦ and 130 ◦,
in regions marked with D and the red dashed circles. This is a typical
observation during DRX [15,16], where such islands are grains with
high-angle grain boundaries, nucleating at locations of high dislocation
density. These grains subsequently grow and then are refined again by
the formation of new dislocations and subgrains. The relatively low
strain rate gives the material enough time to form larger grains before
decomposing again. Recrystallisation progresses discontinuously across
the entire volume, and intermittently in different locations. Firstly,
recrystallisation is observed at around 135◦ after 0.02 s for experiment
E1. Dislocations continue to build, and a second recrystallisation activity
occurs at ~127◦, then the dislocation activity increases again there
whilst a third recrystallisation occurs at ~140◦, and so forth, as indi-
cated by the red dashed circles in Fig. 6(a). The material hence hardens
in some orientations and softens in other orientations at the same time. A
curved dark arc is observed at around 160◦ with periodically increasing

Table 1
Critical strains and stresses for initiation of DRX in 44MnSiV6 during tensile
deformation at 1100 ◦C and 1300 ◦C, and during shear deformation at 1330 ◦C
(strains are rounded to two decimal places).

DRX initiation in 44MnSiV6 True Strain True Stress (MPa)

E1 0.04 47.6
E2 0.10 45.1
E3 0.17 31.5

K. Zhang et al.
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and decreasing intensity (right side of marker A), evidence for subse-
quent DRX steps with simultaneous rotation [20].

From 0.15 s, stage 5 starts; the changes observed here are associated
with necking in the specimen. Several vertical lines appear in the AT plot
at the top of Fig. 6(a), initiated by grain growth during cooling and
indicating recovery. This new grain formation during cooling appears at
angles which are entirely different to the undeformed state. This phe-
nomenon of new grain formation could be due to the further dynamic
recrystallisation during culminating deformation. The specimen fails at
0.23 s and is finally cooled down to room temperature.

3.3.2. E2: Tensile deformation at 1300 ◦C and 9 s-1

Similar stages are observed in the faster, higher temperature tensile
experiment in E2, Fig 6(b). Firstly, massive coarsening is observed

during heating which leads to the formation of spotty patterns from
complete Deby-Scherrer rings. Many of these spots vanish and appear
during the beginning of deformation between 0.00 s and 0.01 s, their
number increases from ~8 to ~25, which is most likely due to recrys-
tallisation early on even though the density of dislocation is expected to
be low.

At about 0.01 s after applying the stress, the diffraction spots start to
blur due to increasing mosaicity. The steady-state phase here is rela-
tively shorter than in the case of E1 and the recrystallization is not
complete, as discussed in Section 3.3. Several small dark DRX islands are
observed up to 0.05 s, in regions marked with D. Due to the higher strain
rate, relatively less time is available for nucleation, hence the incom-
plete recrystallisation. It is worth noting that grain rotation, as indicated
by diagonal streaks during DRX and necking, is directed towards three

Fig. 4. Evolution of diffraction patterns before (a), during (b-e) and after (f) tensile deformation of 44MnSiV6 microalloyed steel during E2 (1300 ◦C and at a strain
rate of 9 s-1). The sample deformation is clearly identifiable from the increase in grip position (red line) from 0 s to 0.08 s. The measured temperature is shown as a
black line, smoothed using a FFT filter to eliminate high-frequency fluctuations from the controls. The engineering stress is shown as a blue line. Localised necking of
the specimen occurs in the last third of the deformation, highlighted in green. (See Supplementary animation 1.).

Fig. 5. (a) Evolution of the diffracted intensities with time before, during and after tensile deformation of 44MnSiV6 at 1300 ◦C, integrated azimuthally over 360◦ An
increase in intensity is evident at the onset of deformation, together with peak broadening. (b) The corresponding engineering stress and grip position with time.

K. Zhang et al.
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points on the azimuth. Grains rotate predominantly toward the load
direction at 90◦, creating a “funnel” shape and appear to agglomerate in
a dark patch on the AT plot, which is not observed around 30◦ and 150◦.
The microstructure analysis of the specimens in the deformed and un-
deformed zones is conducted with EBSD and SEM (see Supplementary
Fig. 5–7). The fracture surface analysis of the specimens is shown in
Supplementary Fig. 8.

3.3.3. E3: Shear deformation at 1330 ◦C and 9 s-1

The AT plot from the shear deformation experiment at 1330 ◦C
shows the same stages, however, with the final funnel-like shape
appearing at 120◦ (Fig. 6(c)), unlike in E2 where it appeared at 90◦. The
number of diffraction spots increases from initially single digits to
approximately 23, as the shear deformation begins at 0.00 s. Darker
regions appear during steady-state phases from 0.01 s to 0.06 s and they
progress across an incline, indicating rotation of grains in the diffracting
volume by about 55◦ around the sample axis. Some of these may align
favourably for slip, hence the significantly lower stresses required for
plastic deformation. This may also have induced DRX driving force and
faster DRX kinetics than during uniaxial deformation [48]. Although a
DRX island might potentially be located near 170◦, to the bottom left of
marker D, the intense rotation exacerbates the identification of recrys-
tallization features.

Through the deformation stages discussed above, the microstructure
still develops with grains nucleating along a specific sample axis, which
is evident from the coarsening of grains that leads to the formation of a
dark funnel shape in the AT plot in the last phase after 0.07 s. The
appearance of this funnel shape in E2 is along the higher azimuth, 115◦,

as opposed to 90◦ in the case of E2.

3.4. Texture evolution

The formation of preferred orientations is investigated by observing
the evolution of (111) and (200) rings during heating and deformation,
whilst the BCC α-Fe (110) and (200) rings are at around 500 ◦C and are
discussed to highlight the texture formed after phase transformation.
Note that the pole figures were reconstructed based on limited infor-
mation from the diffraction patterns obtained during high-speed defor-
mation. There was no scope to rotate the sample in the very short
deformation window that was available due to highly rapid micro-
structure change. Hence, these orientation diagrams are only provided
for gaining qualitative insights into the crystal orientations before,
during and after the deformation process.

Fig. 7 shows pole figures obtained during E2 (a-c) and E3 (d-e)
respectively from the heating phase before deformation (a, d), during
deformation (b, e) and during cooling after deformation (c, f). The
loading direction is vertical, as indicated by the black arrows.

During heating, the crystals are randomly orientated and this
transforms into a distinct fibre texture during deformation, as high-
intensity double bars in 60◦ steps perpendicular to the vertical load di-
rection in tension (Fig. 7(b)). Such fibres are typical of FCC systems
during deformation [49]. Under shear conditions, double bars emerge
for the (111) plane and a single bar for the (200) plane, while the pole
axis is tilted from the vertical load axis by approximately 23◦ (Fig. 7(e)).
This is likely a result of more new grains nucleating with preferential
orientations due to the DRX during the shear process. After deformation

Fig. 6. Diffraction intensity evolution of the (200) ring along 180◦ of the azimuth over time during (a) the tensile deformation at 1100 ◦C and 3 s-1, E1, (b) the tensile
deformation at 1300 ◦C and 9 s-1, E2, (c) the shear deformation at 1330 ◦C and 9 s-1, E3. Time progresses from bottom to top in each plot whilst a darker colour
indicates a higher intensity. Regions with DRX-‘islands’ are annotated with (D), arcs with varying intensity as (A). The white blocks remain from gaps in the detector,
as seen in Fig. 4(a-f), and are marked with orange blocks for clarity. The change of macro-stress (blue) and position (red) during each experiment are shown on the
left for comparison.
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and cooling to temperatures below the γ-α phase transition, the orien-
tation appears to be random in the resulting α-Fe structure.

3.5. Lattice strains and evolution of peak widths

Fourier functions were fitted to the (111) and (200) diffraction rings,
since the reflections at higher diffraction angles, e.g., the (311) spotty
ring, could not be fitted reliably due to low signal-to-noise ratio [50].
The far-field stress-strain response, the evolution of d spacing for (111)
and the corresponding evolution of relative peak widths for (111) and
(200) are shown in Fig. 8. The onset times of DRX, as determined
analytically from the stress-strain curves in Section 3.3, are indicated as
vertical dashed lines.

Fig. 8(a, b, c) shows for explication the macro-stress measured by the
ETMT in all three experiments over time in blue, with the actuator po-
sition in black. The corresponding lattice strain in the (111) plane along
the loading and transverse axis is shown in Fig. 8(d, e and f) respectively.
The lattice strains were determined by obtaining d spacing from the
Fourier function fit and the d-spacings just before deformation were used
to calculate the strains. The elastic lattice strains measured on the (111)
peak are coloured red in the tensile direction, whilst the strains in the
transverse direction are blue. The uncertainties are associated with the
spottiness of collected diffraction patterns and estimated from azimuth
angles, as detailed in reference [25,51].

The evolution of lattice strains and relative changes in full-width half
maximum (FWHM) during deformation in E1, E2 and E3 are shown in
Fig. 8. The macroscopic stress and relative cross-head displacement as a
function of time for E1 are shown in Fig. 8(a). The corresponding lattice
strains (for (111), Fig. 8(d)) and the change in dislocation density is

observed by monitoring relative change in FWHM for (111) and (200)
crystallographic plane, shown in Fig. 8(g). The lattice strains along
loading axis (North-South in a diffraction ring) and along transverse axis
(East-West in the diffraction ring) are obtained by averaging over a 5◦

azimuth. The strains along the transverse direction are found to be
compressive throughout the deformation during E1 and in the loading
direction they are tensile over the entire deformation. In the transverse
direction, the strain initially observed during far-field elastic strain is
− 0.004 which recovers to − 0.001 during plastic deformation. However,
no such large strain reversals are observed along the loading direction,
they remain tensile throughout the deformation, Fig. 8(d). There is a
step drop of 0.001 observed at ≈0.025 s during the deformation which
coincides with the start of DRX (as depicted by vertical dashed line). This
clearly indicates that the load partitioning along the loading direction
plays a significant role during deformation in E1. This step drop in strain
along (111) recovers gradually between 0.025 and 0.05 s during
deformation, increasing back to 0.005 and remaining at that level for the
rest of the deformation.

In the case of E2, (Fig. 8(b, e and h)), the (111) lattice strains
replicate the arc-shaped macro-stress curve in the transverse direction.
The maximum strain observed in this case is of the same level as in E1
but there are no sharp changes, rather a shallow wave-like increase in
strain is seen with a maxima at 0.04 s and then a plateau during necking
up until failure. In the transverse direction, the changes observed are
very subtle and shallow from the start of plastic deformation. The strains
in this case are compressive initially like in E1, but reaching only up to
− 0.001 followed by a gradual rise to tensile 0.001 at the start of DRX
and then dropping back to − 0.001 over time as the deformation pro-
gresses and remains at that level during necking until failure.

Fig. 7. Pole figures (top) before, (middle) during and (bottom) after the (a-c) tensile and (d-e) shear deformation experiments on 44MnSiV6 at 1300 ◦C and 1330 ◦C,
respectively. The load direction is vertical (black arrows). The initially untextured samples show preferred orientations during deformation, which dissipate again
during cooling and the γ-α phase transition.
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The relative change in FWHM is crucial in understanding the evo-
lution and role of dislocations during deformation. In the case of E1
(Fig. 8(g)), the dislocation density accumulated on the (200) plane
seems to be much higher than in the (111) plane. At the start of plastic
deformation, the relative peak widths (or dislocation density) increase
for both planes, followed by plateauing with the start of DRX. The higher
temperature in the case of E2 seems to increase the dislocation nucle-
ation and activity, as evident from the relative FWHM in Fig. 8(h), for
both (200) and (111) the FWHM are higher than in E1. Like in the case of
E1, the dislocation density on (200) is higher than in (111) all
throughout the deformation. There is a gradual increase in dislocation
density along (200) in E2 followed by a further increase and then pla-
teauing during the necking stage. There is a maxima in relative FWHM
observed for (111) just before the start of DRX then a drop, minima of
which coincides with the estimated DRX. The dislocation density in-
creases further with deformation and then plateaus during the final
stage of deformation.

These observations of lattice strains and dislocation activity indicate
that during high-temperature high strain rate tensile deformation, the
DRX is either triggered by load partitioning on specific FCC crystallo-
graphic planes or its initiation is associated with nucleation and activity
of dislocations on specific crystallographic planes.

In Fig. 8(c, f and i), during high-temperature shear deformation, E3,
the strain on (111) planes show similar trends as those observed in E1
and E2. That is, the (111) plane along the transverse axis is in
compression throughout and along the loading direction they are in
tension throughout. Just before the start of DRX, the (111) lattice strain
along the loading direction peaks at about 0.004 and about − 0.035
along the transverse direction. After DRX, there is a shallow step and a
gradual reversal in strains, reaching about the same strain along the
transverse direction and about − 0.002 along the loading direction. The
relative change in FWHM is different in shear mode than those observed
in tensile mode. The dislocation density increase and changes in defor-
mation show similar trends on both planes, and the peak density
observed is of the same level as those observed in (111) in E1 and E2.
Keeping this difference in dislocation activity in tension and shear at
1300 ◦C in view, we explore the lattice strains along the loading direc-
tion as a function of far-field stress, Fig. 9. The diffraction elastic con-
stants for (111) and (200) along tension are found to be ~9 and ~6 GPa
respectively. The strains during E2 (Fig. 9(a)) are in tension for (111)
and compression for (200), the drop in strain on (200) at 30 MPa co-
incides with the macroscopic yielding, which indicates that the load
partitioning on (200) for triggering plastic deformation. This is also the
case during shear mode in E3 where the load partitioning on (200) is

Fig. 8. (a-c) Macro-stress from ETMT, the strain is estimated from crosshead displacement. (d-f) Elastic lattice strains determined from the (111) diffraction peak
(middle) in load direction (red) and transverse direction (blue), and (g-i) the relative peak width of the (111) and (200) peaks during deformation on 44MnSiV6 in (a,
d, g) tension at 1100 ◦C and 3 s-1, E1, (b, e, h) tension at 1300 ◦C and 9 s-1, E2, (c, f, i) shear at 1330 ◦C and 9 s-1, E3. The error bars of only the first three data points in
(g, h, i) are shown to avoid confusion between overlapping data points. The points of DRX initiation derived from the stress-strain data are drawn as vertical dashed
lines. The time during which the specimens deformed by localised necking is indicated in green.
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associated with yielding at 15 MPa. It also revealed that the lattice strain
on (200) at high temperature can behave differently from that at room
temperature with relatively much lower dislocation mobility [52].

These observations indicate that the dislocation activity and the load
partitioning on (200) are equally essential for dynamic recrystallisation
in tensile and shear deformation of Fe FCC crystals at temperatures
exceeding 1300 ◦C. On the contrary, at temperatures in the vicinity of
1100 ◦C, the partitioning of load along the loading direction in (111)
plays a key role.

4. Conclusions

Using in situ synchrotron X-ray powder diffraction experiments, the
deformation micro-mechanisms of a microalloyed steel were investi-
gated at high strain rates of 3 s-1 to 9 s-1 in tensile and shear mode at
1100 ◦C and 1330 ◦C, exceeding those of common forging regimes.
These investigations were carried out to explore the micromechanics of
deformation of Fe FCC phases in a near solidus high-strain rate (NSHSR)
processing regime which is being extensively explored for near net shape
bulk production in various industrial sectors.

It was found that the grains grow rapidly during heating leading to
the formation of large grains which undergo dynamic recrystallisation
(DRX) during deformation at high strains in both tensile and shear
modes. The critical conditions in which DRX occurs are extensively
examined by systematically observing the Debye-Scherrer patterns.
These events are correlated with the lattice strains, and dislocation
density on crystallographic planes, in particular (111) and (200). It has
been established that during high-temperature high strain rate tensile
deformation, the DRX is triggered by load partitioning on specific FCC
crystallographic planes, on (111) at 1100 ◦C. At 1300 ◦C, the plastic
deformation and DRX are directly associated with load partitioning and
dislocation density on the (200) crystallographic plane. The key stages
during deformation in all three experiments, such as yielding, plastic
deformation, dynamic recrystallisation and necking have been system-
atically correlated with the evolution of lattice strains and dislocation
activity. The broad perspectives presented here can be directly used in
refining some of the existing forging and high temperature high strain
rate deformation models for steels forged in the austenitic phase regime
and for other non ferrous FCC alloys. Moreover, the mechanisms
revealed here can contribute to enabling widespread industrial adap-
tation of this time- and resource-efficient technique and further
advancing forming techniques.
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[39] C. Chauvy, P. Barbéris, F. Montheillet, Dynamic recrystallization of Zircaloy-4
during working within the upper α-range, Mater. Sci. Forum. 467–470 (2004)
1151–1156, https://doi.org/10.4028/www.scientific.net/msf.467-470.1151.

[40] S.K. Pradhan, S. Mandal, C.N. Athreya, K.A. Babu, B. de Boer, V.S. Sarma, Influence
of processing parameters on dynamic recrystallization and the associated
annealing twin boundary evolution in a nickel base superalloy, Mater. Sci. Eng. A.
700 (2017) 49–58, https://doi.org/10.1016/j.msea.2017.05.109.

[41] G. Quan, Y. Tong, G. Luo, J. Zhou, A characterization for the flow behavior of
42CrMo steel, Comput. Mater. Sci. 50 (2010) 167–171, https://doi.org/10.1016/j.
commatsci.2010.07.021.

[42] M. Shaban, B. Eghbali, Determination of critical conditions for dynamic
recrystallization of a microalloyed steel, Mater. Sci. Eng. A. 527 (2010)
4320–4325, https://doi.org/10.1016/j.msea.2010.03.086.

[43] Y.Q. Cheng, H. Zhang, Z.H. Chen, K.F. Xian, Flow stress equation of AZ31
magnesium alloy sheet during warm tensile deformation, J. Mater. Process.
Technol. 208 (2008) 29–34, https://doi.org/10.1016/j.jmatprotec.2007.12.095.
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