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Tracking meta-dynamic recrystallization in a Ni-based superalloy using time- re-
solved synchrotron X-ray diffraction
LOVISA ÅKESSON
Department of Physics
Chalmers University of Technology

Abstract
The drive towards more sustainable aviation has gained traction as the global avi-
ation industry expands alongside increasing demands to reduce carbon emissions.
This drive has pushed research in materials science aimed at developing alloys ca-
pable of withstanding high operating temperatures while maintaining metallurgical
stability. The nickel-based superalloy Haynes 282 has emerged as a promising ma-
terial for use in aero-engine applications. Recrystallization plays a critical role in
determining the final microstructure and, consequently, the mechanical properties of
metallic materials. This project aims to develop computational methods for study-
ing the dynamics of meta-dynamic recrystallization in Haynes 282, to gain a deeper
understanding of how the recrystallization process evolves.

The superalloy samples were first deformed at elevated temperatures. Right after
the deformation stopped, in situ synchrotron X-ray diffraction (XRD) measurements
were performed while maintaining the constant deformation temperature. Diffrac-
tion patterns were recorded as a function of time. A method was developed to
separate the signal into contributions from the deformed and recrystallized grains.
This enabled the calculation of the recrystallized fraction, and the tracking of recrys-
tallized grain evolution over time. These analyses were applied to samples deformed
at different temperatures. For the sample deformed at 1100 °C, the recrystallized
fraction increased rapidly, from an initial average of approximately 5 % to 90 %
within 120 seconds. Higher deformation temperatures resulted in faster recrystal-
lization kinetics and higher final fractions. The progression of new grains and their
size distribution was also studied, showing an increase in both the number of grains
and their average size over time.

The results were compared to previous experimental measurements of Haynes 282,
where electron backscatter diffraction was used to quantify the recrystallization
and grain growth. The findings of this project align with conclusions previously
drawn. The methodology developed in this work demonstrates that time-resolved
synchrotron XRD data can be used to effectively study recrystallization, enabling
high temporal resolution and potentially greater sensitivity to small grains.

Keywords: dynamic recrystallization, meta-dynamic recrystallization, Ni-base su-
peralloys, synchrotron, XRD

v





Acknowledgements
Throughout this work, I have had the honour of learning, exploring my own ideas,
being challenged, and having fun, all while continuously being supported. I would
like to express my deepest gratitude to my supervisor, Prof. Magnus Hörnqvist
Colliander, for making this possible. It has been a true pleasure to learn from you
and work with you, and I sincerely hope our paths will cross again in the future.

I am also grateful to my friends and family for their interest in the project and
for their continuos support. Thank you as well to the new friends I have made along
the way. I would like to thank Chalmers University of Technology for the knowledge,
inspiration, and countless opportunities offered throughout my Bachelor’s and Mas-
ter’s studies, and for being my second home during these years. Finally, I gratefully
acknowledge the financial support from Jernkontoret and the Neutron and X-ray
Science for Industrial Technology Transitions, which supported this research.

Lovisa Åkesson, Gothenburg, May 2025

vii





List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

cDRX continuous dynamic recrystallization

dDRX discontinuous dynamic recrystallization

DRV dynamic recovery

DRX dynamic recrystallization

EBSD electron backscatter diffraction

fcc face-centered cubic

fRX recrystallized fraction

FWHM full width at half maximum

gDRX geometric dynamic recrystallization

HAGB high angle grain boundaries

HT heat treatment

KDE kernel density estimation

LAGB low angle grain boundaries

mDRX meta-dynamic recrystallization

pDRX post-dynamic recrystallization

RX recrystallization

SEM scanning electron microscopy

γSFE stacking fault energy

TMP thermomechanical processing

XRD X-ray diffraction
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1
Introduction

As the global aviation industry continues to grow, there is increasing pressure to
develop aircraft that not only meet higher performance standards but that also re-
duces their environmental impact. In 2022, emissions from the aviation industry
accounted for between3:8 to 4 % of the total green house gas emissions from the
European Union [1]. The drive for developing more sustainable aviation is essen-
tial to addressing global challenges such as fuel consumption and carbon emissions.
Enhancing the performance of aircraft engines is a promising approach to achieve
these goals. The e�ciency of an engine's core is largely dependent on the maximum
operating temperature, which is controlled by the metallurgical stability of the ma-
terials used in the hot sections of the engine [2].

Nickel-based superalloys are a class of metals able to operate at temperatures near
their melting point, o�ering a balance between high-temperature resistance and
mechanical performance [3]. In addition, these alloys stand out because of their
long fatigue life and their resistance to oxidation and corrosion. One such Ni-based
superalloy engineered for high-temperature structural applications is Haynes 282,
speci�cally developed with properties that make it a suitable material for critical
gas turbine applications [4].

Because of their high mechanical strength, superalloys need be formed into their
�nal shape at high temperatures. During hot deformation, these alloys develop a
microstructure with a high dislocation density, which results in increased internal
energy and mechanical strength, but reduced ductility and thermal stability. Such
deformed structures can also exhibit a decreased creep resistance due to the created
dislocations that act as fast di�usion pathways. To achieve the desired mechanical
properties, it is often necessary to restore a more stable microstructure, usually with
equiaxed grains, through recrystallization. In this process, deformed grains are re-
placed with new, strain-free grains. The grain size resulting from recrystallization
is particular critical, as smaller grains generally enhance strength and resistance to
crack initiation, but larger grains may provide better resistance to creep and crack
propagation.

In typical thermomechanical processing (TMP) of superalloys, dynamic recrystal-
lization (DRX) occurs during the deformation, and meta-dynamic recrystallization
(mDRX) often follows during the cooling phase post the deformation, especially in
large components where cooling is slower. As a result, the �nal microstructure of
these alloys is usually recrystallized. However, once the recrystallization is com-
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1. Introduction

plete, the grains can only evolve further by increasing in size. If the recrystallized
grains are too large, they cannot be made smaller again without another full pro-
cessing cycle. Therefore, understanding the kinetics of recrystallization is essential
for controlling the grain size and optimizing the material performance.

1.1 Previous Experimental Work

Eriksson et al. [5] has previously studied the process of recrystallization in Haynes
282. In their work, di�erent samples were deformed and held at the deformation
temperature for di�erent time ranges, before being quenched. The alloy samples
were then sectioned along the compression direction, and a scanning electron micro-
scope (SEM) was used to perform electron backscatter di�raction (EBSD) analysis
of each sectioned sample. The classi�cation of deformed and recrystallized grains
was made based on variations of crystallographic orientations within each grain,
which is related to the dislocation density. In this way, information about thef RX

and grain size evolution of the recrystallized grains was obtained. Thisex situ
method allowed for single time-instances during the recrystallization process to be
studied. However, questions about if the quenching or sample-to-sample variations
can have a�ected the microstructure studied remain. In addition to this, �nding a
technique which captures the dynamics of the microstructural evolution with higher
temporal resolution and with higher sensitivity to smaller grains is needed, to help
explain the results obtained from the EBSD measurements and to gain an even
deeper understanding of the recrystallization process.

1.2 Aim of the Project

To overcome the limitations of ex situ methods, in situ techniques such as syn-
chrotron based X-ray di�raction (XRD) can be used. This method enables non-
destructive, time-resolved measurements of a single sample throughout the recrys-
tallization process. The di�racted signal from such measurement contains informa-
tion about the whole sample volume analysed, including contributions from both
the deformed and the recrystallized grains. One challenge with these measurements
remains: there is currently no established method for separating and quantifying
the respective contributions from the deformed and recrystallized grains. There is
therefore a need for developing a robust and general method which enables such
separation, thereby allowing for more detailed insights into the dynamics of recrys-
tallization.

The aim of this thesis is to track mDRX in the Ni-based superalloy Haynes 282, by
developing computational methods for processing time-resolved synchrotron XRD
data. Previously collectedin situ synchrotron data from high temperature defor-
mation experiments will be used for developing these methods. The programming
language Python will be used for processing and analysing the obtained di�rac-
tograms. Using the developed methods, key parameters such as the recrystallized
fraction, the number of recrystallized grains, and the grain size evolution are aimed
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1. Introduction

to be evaluated over time. This project further aims to apply these methods to
samples deformed at di�erent temperatures, to analyse the in�uence of temperature
on the recrystallization kinetics. Lastly, the project aims to evaluate the obtained
results in a comparison with the EBSD measurements previously performed of the
superalloy by Eriksson et al. [5]. In this way, this project aims to evaluate the use of
in situ synchrotron XRD measurements for studying recrystallization in and beyond
superalloys.
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2
Theoretical Background

This chapter covers the underlying theory of the material and methods studied. It
starts with an introduction to thermochemical processing of superalloys. Descrip-
tions of XRD and in situ synchrotron measurements are then covered.

2.1 Theromechanical processing of superalloys

Ni-based superalloys are among the most commonly used materials in turbo engines.
These stand out from other metallic alloys because of their high creep strength
and oxidation resistance, enabling Ni-based superalloys to be used at over70% of
their melting temperature [6]. In addition to their high temperature performance,
Ni-based superalloys typically exhibit low to medium stacking fault energy (
 SF E ),
which in�uences their deformation behaviour. Haynes 282 is a wrought Ni-based su-
peralloy, designed to possess a combination of excellent weldability and high creep
resistance, making it a suitable material for high temperature structural applications
such as aero and industrial gas turbine engines [4].

Ni-based superalloys are commonly shaped using TMP, through either a sequen-
tial or simultaneous combination of plastic deformations and thermal processes [7].
Examples of TMP include forging and hot rolling, where the alloy is subjected to
high forces during elevated temperatures. Plastic deformation during TMP occurs
through the nucleation and propagation of line defects in the crystals. These defects
are called dislocations, and propagate on speci�c atomic planes. As the deformation
progresses, the number of dislocations accumulates in the structure. The increased
dislocation density makes the material harder but less ductile, and the associated in-
creased stored energy makes the microstructure less thermally stable. During TMP,
the distribution of temperature and plastic deformation is typically not uniform, and
so the resulting dislocation density varies in the deformed material. After TMP, the
material can be exposed to heat treatment (HT), to further re�ne the microstructure.

The main phase of the Haynes 282 superalloy is the austenitic
 phase, charac-
terized by a face-centered cubic (fcc) crystal lattice, and a
 0-phase is used as a
strengthening precipitate [7]. Primary carbides, usually in the form of intragranular
phases, nucleate during solidi�cation of the alloy, and secondary carbides, usually
intergranular phases, nucleate during HT. The
 0 phase of Haynes 282 has a melt-
ing temperature below the temperature used for TMP. In this report, data from
TMP experiments will be analysed, meaning that the microstructure studied is of
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2. Theoretical Background

the primary 
 phase. The HT can thereafter be used to precipitate the secondary
strengthening phase, as well as to nucleate the secondary intergranular carbides used
for preventing grain boundary sliding to improve creep resistance. The �nal HT can
thus be designed to tailor the microstructure of the alloy to best suit the area of
application.

2.2 Recovery and recrystallization

The increase in interface and dislocation density during the TMP makes the material
less thermodynamically stable [8]. To reduce the free energy in the material, ther-
mally activated processes can be initiated either during or after the deformation to
remove the defects. Two such processes occurring during TMP are dynamic recov-
ery (DRV) and DRX. Their static counterparts are what cause the microstructure
reconstitution post TMP. During recovery, the moving dislocations can rearrange
into lower energy structures such as low angle grain boundaries (LAGB), and they
can also annihilate with other dislocations, e�ectively cancelling out their contri-
bution to the stored energy. The rate of recovery is material speci�c and depends
on factors such as
 SF E . Materials with low 
 SF E tend to resist recovery, as this
process requires dislocations to change slip planes, a mechanism known as cross-slip.
A low 
 SF E increases the energy barrier for cross-slip, making it more di�cult for
dislocations to rearrange and annihilate. As a result, dislocations are instead more
likely to form stacking faults or deformation twins. When recovery is hindered in
this way, the accumulated dislocation density may instead lead to the onset of re-
crystallization.

The process of recrystallization has been de�ned as "the formation of a new grain
structure in a deformed material by the formation and migration of high angle grain
boundaries (HAGB) driven by the stored energy of deformation" [9]. The nucleation
of new grains is governed by the reduction in stored energy in the material, and the
grain growth by reduction in energy related to the grain boundaries. The point of
nucleation and growth of the new grains during deformation can either be clearly
distinguishable, referred to as discontinuous dynamic recrystallization (dDRX), or
it can occur uniformly through the material with no clear stages of nucleation and
growth, called continuous dynamic recrystallization (cDRX). Materials with low

 SF E generally exhibit dDRX. If the material does not recrystallize fully during
the deformation, it can continue on afterwards, if the material is kept at a tem-
perature above the recrystallization temperature. The general term for this type
of recrystallization occurring after deformation is mDRX (sometimes also referred
to as post-dynamic recrystallization (pDRX)). During mDRX, recrystallized grains
nucleated during the deformation can continue to grow in size. Previous experi-
ments on Ni-based superalloys have shown that nucleation of new grains can also
occur post deformation, usually following an incubation time ranging from several
seconds to minutes [10][11][12].

Figure 2.1 shows EBSD images of di�erent stages during a mDRX process [5]. These
samples were �rst deformed to a strain of0:2 at a temperature of1080°C. After the
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