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L A B U R P E N A

Fabrikazio-prozesuen gaur egungo joera, piezak fabrikatzeko egin beharreko urratsak
murriztea eta erabilitako lehengaiak gutxitzea du helburu. Horretarako, altzairua bezain
fusio-puntu altuko aleazioekin prozesu berri bat definitu da Near Solidus Forming (NSF),
prozesu erdi-solidoen baitan dagoena. Altzairuzko pieza konplexuak teknika honen bidez
fabrikatu dira, forja bidez lortzen diren antzeko propietate mekanikoak lortuz, behar-
rezko urratsak bakar batera eramatea lortuz eta beraz, energia eta lehengaien kontsumoa
murriztuz. Lan honetan, NSF prozesua industrian asko erabiltzen den AISI 316 altzairu-
arentzat aztertu da.

Arlo honetan egindako aurrerapenez gain, oraindik ez dira ezagutzen portaera ho-
nen arrazoiak, eta hau da lan honen zergatia. Lehenik eta behin, materiala termo-
mekanikoki karakterizatu da NSF prozesuaren adierazgarri diren baldintzetan. Anal-
isi honek altzairu herdoilgaitz austenitikoaren portaera solidus egoeratik gertu dauden
tenperaturetan aldatzen dela frogatu du. Solidus tenperatura DSC analisiaren bidez
zehaztu da, hau 1435◦C-koa izanik eta FactSage simulazioaren bidez lortutakoarekin
bat eginez. Adibidez, aktibazio-energia literaturan agertzen denaren gertu egon arren,
delta ferrita formazioaren ondorioz %20 altuagoa izango dela ezarri da, rekristalizazio
prozesua oztopatu dela adieraziz. Gainera, NSF baldintzak kontuan hartuta Hansel-
Spittel ekuazioaren bidez lortutako tentsio-deformazio portaera optimizatu da, iragarpe-
nen errorea erdira murriztuz. Era berean, rekristalizazioa gertatzen dela frogatu da,
ale-tamaina txikiagoko piezak lortzea ahalbidetuz, nahiz eta delta ferrita sortu. DSC
analisiek delta ferrita 1410◦C-tik aurrera agertzen dela jakinarazten duten arren, oreka-
baldintzarik gabe, delta ferrita 1300◦C-tik gora agertzen dela frogatu da. Honek, piezaren
propietate mekanikoetan eragiten du, mikrogogortasun neurketak frogatu duten bezala.

Prozesuaren simulazioari dagokionez, literaturan dauden legeak NSF baldintzetara
arte estrapolatzeak huts egiteko joera duela frogatu da, materialaren portaera aldatzen
baitoa solidus tenperaturara hurbiltzen den heinean. Espero zitekeenaren aurka rekristal-
izatutako aleen tamainak tenperaturarekin baldintza estandarretan (NSF) ia konstante
mantentzen direla ikusi da, delta ferritak nahiko denbora baitu austenita aleen muge-
tan metatzeko. Bukatzeko, altzairu herdoilgaitzezko pieza konplexuak fabrikatzeko NSF
prozesuaren gaitasuna aztertu da. Horretarako osagai jasotzaile bat fabrikatu da solidus
tenperaturatik gertu. Jakina denez delta ferrita kaltegarria izan daitekeela amaierako
piezaren propietateentzat, bi tenperatura ezberdin frogatu dira. Ondorioz, altzairu her-
doilgaitzezko piezak fabrikatzean nahi den amaierako mikroegitura lortzeko NSF proze-
sua erabiliz, tenperatura ez ezik, berotze abiadura ere faktore garrantzitsua dela egiaz-
tatu du ikerketa honek.
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A B S T R A C T

The current trend in manufacturing processes aims for the reduction of steps and the
decrease of raw material used. In order to achieve this with high melting point alloys such
as steels, a new process was defined under the umbrella of semi-solid called Near Solidus
Forming (NSF). Complex steel parts have been manufactured by using this technique,
obtaining similar mechanical properties to forged material, reducing the number of steps
to one and decreasing both energy and raw material consumption. In this work, the
process was analysed for AISI 316 a widely used steel in industry.

Despite the advances made in this field, the reasons which explain the behaviour
are still unknown, thus defining the scope of this work. First, the material was ther-
momechanically characterized under the conditions representative of the NSF process
as a noticeable gap was observed in the literature, proving that material behaviour of
austenitic stainless steel changes at temperatures close to the solidus. The solidus temper-
ature was determined using DSC analysis to be 1435◦C, the results being in agreement
with those reported through FactSage simulation. For instance, although the activation
energy was close to the one reported in the literature, it was set to be around 20% higher
due to delta ferrite formation, meaning that recrystallization was hampered. In addition,
flow stress behaviour according to the Hansel-Spittel equation was optimized taking into
account NSF conditions, reducing error in the predictions by more than half.

Also, recrystallization was proven to occur allowing the obtention of parts with smaller
grain sizes despite delta ferrite formation. Although the DSC analysis reported that
delta ferrite tended to appear at temperatures around 1410◦C for this alloy, under no
equilibrium conditions, it was demonstrated that delta ferrite appeared at temperatures
over 1300◦C, influencing the mechanical properties as was proven through microhardness
measurements.

Regarding the simulation of the process, it was demonstrated that extrapolation
using the existing laws in the literature up to NSF conditions tended to fail as material
behaviour changes at temperatures close to the solidus. In contrast to what might have
been expected, recrystallized grain sizes remained almost constant with temperature
under commercial conditions, as delta ferrite had enough time to nucleate along austenite
grain boundaries.

Finally, the capacity for the NSF process in manufacturing complex stainless steel
parts was established by manufacturing a lifting gear component. However, delta ferrite
is known to be detrimental to the properties of the final part, that is why two different
temperatures were tested. It was demonstrated that not only the temperature but the
heating rate are also important factors in obtaining the desired microstructure in the
final part when manufacturing stainless steel parts using the NSF process.
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R E S U M E N

La tendencia actual en los procesos de fabricación busca reducir las etapas y la materia
prima utilizada. Para aleaciones de alto punto de fusión, como los aceros, se definió un
nuevo proceso denominado Near Solidus Forming (NSF). Mediante este proceso se han
fabricado piezas complejas de acero, obteniendo propiedades mecánicas similares a las
de la forja, en una sola etapa y disminuyendo tanto el consumo de enerǵıa como el de
materia prima. El material analizado ha sido un acero inoxidable austeńıtico, el AISI
316, de gran relevancia en la industria.

A pesar de los avances realizados en este campo, aún se desconocen las razones que
explican su comportamiento, definiendo aśı el alcance de este trabajo. En primer lu-
gar, se caracterizó termomecánicamente el material en las condiciones representativas
del proceso NSF, ya que se observó un gap en la bibliograf́ıa, demostrando que el com-
portamiento del material cambia a temperaturas próximas al solidus. La temperatura
de solidificación se determinó mediante análisis DSC, siendo 1435◦C, y los resultados
coinciden con los obtenidos mediante simulación en FactSage. Por ejemplo, aunque la
enerǵıa de activación era próxima a la indicada en la bibliograf́ıa, se obtuvo un valor
aproximadamente un 20% superior debido a la formación de ferrita delta, lo que significa
que la recristalización se vio dificultada. Además, se optimizó el comportamiento de la
ley de fluencia según la ecuación de Hansel-Spittel, teniendo en cuenta las condiciones
de NSF, reduciendo el error de predicción más de la mitad.

Asimismo, se comprobó que teńıa lugar la recristalización, lo que permite obtener
piezas con tamaños de grano pequeños a pesar de la formación de ferrita delta. Aunque
el análisis DSC reportó que la ferrita delta tend́ıa a aparecer a temperaturas en torno
a 1410◦C, en condiciones de no equilibrio, se demostró que la ferrita delta se forma a
temperaturas superiores a 1300◦C, influyendo en las propiedades mecánicas, como se
comprobó mediante medidas de microdureza.

En cuanto a la simulación del proceso, se demostró que la extrapolación utilizando
las leyes existentes en la bibliograf́ıa hasta las condiciones de NSF fallaba, ya que el
comportamiento del material cambia a temperaturas cercanas al solidus. A diferencia
con lo que cabŕıa esperar, los tamaños de grano recristalizados se mantuvieron casi
constantes con la temperatura a las condiciones comerciales (NSF), ya que la ferrita
delta tuvo tiempo suficiente para nuclearse a lo largo de los ĺımites de grano.

Por último, se demostró la capacidad del proceso NSF para fabricar un gancho ele-
vador con acero inoxidable. Sin embargo, la ferrita delta es perjudicial para las propiedades
mecánicas de la pieza final, por lo que se realizaron pruebas a dos temperaturas diferentes.
Se demostró que no sólo la temperatura, sino también la velocidad de calentamiento, son
factores importantes para obtener la microestructura deseada en la pieza final cuando
se fabrican piezas de acero inoxidable mediante el proceso NSF.
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G L O S S A RY

Tm Melting temperature (◦C)
σ True Stress (MPa)
σc Critical Stress (MPa)
σp Peak Stress (MPa)
σs Steady-State Stress (MPa)
ε True Strain
εc Critical Strain
εp Peak Strain
εs Steady-State Strain
ε̇ Strain rate (s−1)
Q Activation energy (J/mol)
R Gas constant (J/(mol·K))
α, β, b, n, A Material constants
D0 Initial grain size (µm)
dDRX Dynamic recrystallized grain size (µm)
k Avrami material constant
n

′ Avrami exponent
X Recrystallized volume fraction
θ Work hardening rate (MPa)
Tset Set temperature of the furnace (◦C)
Tth Thermocouple temperature (◦C)
t Time (s)
F Force (N)
h0 Initial height of the sample (mm)
d Compressive displacement (mm)
φ0 Initial diameter of the sample
η Triaxiality parameter
p Hydrostatic pressure (MPa)
q Equivalent stress (MPa)
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Z The Zener-Hollomon parameter
t50 The time for 50% softening (s)



A C R O N Y M S

NSF Near Solidus Forming
SSM Semisolid Metal
SSP Semisolid Forming Processes
PSCT Plane Strain Compression Test
RX Recrystallization
SRX Static Recrystallization
DRX Dynamic Recrystallization
dDRX Discontinuous Dynamic Recrystallization
cDRX Continuous Dynamic Recrystallization
MDRX Metadynamic Recrystallization
DRV Dynamic Recovery
SFE Stacking Fault Energy
DSC Differential Scanning Calorimetry
TDC Top Dead Centre
GRG Generalized Reduced Gradient
FEM Finite Element Method
SEM Scanning Electron Microscope
EBSD Electron Backscatter Diffraction
KAM Kernel Average Misorientation
XRF X-ray Fluorescence
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o Asturies. No olvidaré nunca la práctica de deporte regional (picar piedra) hasta en mi
boda.

Por supuesto, no me olvido de los momentos de ofi en Garaia y las largas y labo-
riosas tardes/noches de producción de piezas de NSF vestidos de astronauta. Aqúı, hacer
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Sajjad, que han hecho los d́ıas más sencillos por la ofi. Además, destacar el compañerismo
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1
I N T R O D U C T I O N

In many countries the industrial sector represents more than 50% of the primary energy
use and, likewise, more than 50% of CO2 emissions. Within the industrial sector, iron
and steel production represents one of the main sources of energy consumption (Price
et al., 2002).

As Figure 1.1 shows, the global tendency of steel demand is increasing day by day.
For instance, it was close to one billion tonnes in 2005 whereas in 2015 it increased to
1.5 billion tonnes (Nidheesh and Kumar, 2019).

Figure 1.1: Tendency on steel production between 2005 and 2015 (Nidheesh and Kumar, 2019)

Environmental sustainability of the primary industry is a global challenge. Never-
theless, mechanical industry is usually characterized by high energy consumption, high
waste rates, low production efficiencies and high level of emissions. For instance, pro-
cesses such as casting, forging and heat treatments represent around 60-80% of all the
energy consumption (Shan et al., 2012). In addition, flash and poor surface finishing re-
quire a final machining operation which increases product waste. Machining operations
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represent, every year, 100 million tonnes of wasted metal which translates to 250 billion
dollars (Shan et al., 2012).

Moreover, to try to reduce global emissions, other materials like light metals or com-
posites are used in aerospace, military applications and in the automotive industry. For
instance, new materials could improve the performance of aircraft and aircraft engines
by 70% and their weight could be reduced by up to 80% (Shan et al., 2012).

In this aspect, it is noted that manufacturing processes are responsible for high levels
of energy consumption, so addressing this problem should be a priority. Also, material
waste is another relevant issue to be looked into.

In this sense, Semi-Solid Forming Processes (SSP) could be a possible choice to solve
or, at least, reduce these problems. SSP represents a family of innovative techniques
in which liquid and solid material coexist. This implies that this option falls between
traditional casting and forging processes (Kirkwood, 1994). As a consequence, after the
application of a shear stress to the semi-solid state particles lower process loads are
employed. These techniques allow complex-shape parts to be manufactured in one step
by reducing energy costs and minimizing raw material consumption (Lozares et al., 2020).

1.1 motivation

Consequently, in recent decades researchers from Mondragon University have studied the
semi-solid process. The first attempts were carried out considering thixoforming, with
a special focus on aluminium alloys (Azpilgain et al., 2006; Blanco et al., 2010) due to
their low melting point and their relevance to industry thanks to their low density.

Thixoforming routes were proven to be able to properly manufacture aluminium
parts. Following this research line Lozares et al., 2020 proposed a novel process under
the umbrella of semi-solid called Near Solidus Forming (NSF) which is carried out at high
temperatures close to the solidus. The main aim of this process is to obtain parts assuring
as forged mechanical properties while saving energy and reducing the raw material. In
addition, it was proven to be a real competitor to traditional hot forging, demonstrated
great potential to reduce manufacturing costs. NSF provides the possibility of achieving
complex geometries in a single step even with austenitic stainless steel. Among all stain-
less steels, austenitic stainless steel represents more than 65% (Koç, Mahabunphachai,
and Billur, 2011).

The first attempt to analyse NSF was made by Plata, 2018. He studied possible
phenomena which could explain NSF behaviour. The incipient melting phenomenon
was studied to analyse the generation of liquid during deformation. Moreover, through
compression and tensile tests a softening effect was noted which could allow the grain
decohesion. This could be explained by the presence of sulphur which forms MnS sul-
phides. After the analysis, it was established that sulphur content and incipient melting
could influence steel deformation without being the principal reason.
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In spite of the great potential shown by NSF there is still a clear lack of knowledge
about how or why the NSF process works. To fill this gap, NSF studies should be focused
more deeply on the material being deformed, analysing different possibilities such as mi-
crostructural changes, material behaviour and recrystallization. Therefore, it is necessary
to carry out a comprehensive study of the material in terms of microstructure and flow
behaviour. As the materials used in previous investigations had microstructural changes
induced during the process, they were difficult to analyse. The heating and cooling of
the initial billet may cause phase changes which do not facilitate the understanding of
the process.

Thus, the present study shows an in depth analysis of the material behaviour of
austenitic stainless steel subjected to extreme hot working conditions representative of
the NSF process. In addition, possible restoration mechanisms such as recrystallization
were analysed as they could have a relevant influence on the microstructure of the manu-
facturing part and, thus, on the mechanical properties of this part. This scientific knowl-
edge has been employed to predict the mentioned microstructure in a real industrial part
of austenitic stainless steel manufactured following the NSF route.

1.2 structure of the document

This document is organized as follows:

• Chapter 2-Literature review
A summary and critical analysis of the main research work from a general point of
view is set out, including the discussion of these references and the identification
of the research opportunities. These research opportunities define the objectives.

• Chapter 3-Objectives
The general aim is summarized in this chapter together with all the research objec-
tives addressed during this research work

• Chapter 4-Methodology
Different experimental devices were employed to carry out this research. For in-
stance, thermomechanical characterization was done through dilatometer and Glee-
ble tests, together with a DSC characterization and furnace trials. The NSF cell is
also explained and the preliminary numerical analysis is shown.

• Chapter 5-Thermomechanical behaviour of AISI 316
First, DSC analysis is used to determine the solidus temperature. Then, the influ-
ence of temperatures, strain rates and heating profile is analysed in order to provide
a more in-depth knowledge of the material behaviour and to optimize Hansel-Spittel
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law to increase the accuracy on the predictions. Finally, flow stress curves are em-
ployed to determine the onset for DRX initiation, results validated in the following
chapter.

• Chapter 6-Recrystallization analysis
The material was firstly thermo-physically characterized to measure grain growth
kinetics. Then, the possible transition between DRX and MDRX regimes was stud-
ied. The analytical measurements were validated by using optical microscope and
Electron Backscatter Diffraction (EBSD). Recrystallized grain sizes were measured
and compared with literature results, proving the necessity of characterizing the
material under these conditions.

• Chapter 7-Lifting gear component analysis
The capability of the NSF process of manufacturing stainless steel parts was deeply
analysed from experimental results (loads, material filling into the dies) to mi-
crostructural observations, together with numerical simulations.

• Chapter 8-Conclusions
The conclusions of this study are summarized in this chapter.

• Chapter 9-Future lines
New questions arisen after all the research work, that is why this chapter summa-
rizes some perspectives for further research.

• Chapter 10-Possibilities of the NSF process
The possibilities of the NSF process to manufacture other complex geometries with
stainless steel and bimetal parts were analysed.

The document structure is summarized in Figure 1.2.
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Figure 1.2: Dissertation structure





2
L I T E R AT U R E R E V I E W

Hot processes are usually divided into two main groups, hot forging-like processes or
casting-like processes. Hot forging is commonly chosen in order to ensure good mechani-
cal properties whereas casting-like processes are capable of manufacturing more complex
parts.

Near Solidus Forging (NSF) is a novel process under the umbrella of semi-solid pro-
cesses which works at temperatures near the solidus obtaining properties similar to those
obtained in hot forging. However, in spite of the great potential of this novel process, it is
necessary to understand the reasons why this process works. The NSF process was able
to take the advantages from the above mentioned techniques as was proven by Lozares
et al., 2020 and Plata et al., 2020.

Therefore, during this chapter, hot forging and semi-solid processes have been anal-
ysed highlighting the differences between these traditional processes and the novel NSF
process. These differences open a gap to research because of the extreme conditions
under which the material is subjected during this process.

First, it would be of great interest to understand the material behaviour under these
extreme conditions. Although material behaviour is one of the most widely studied issues
related to forming processes, the conditions usually reached in the literature are still far
from those.

Then, due to the high temperature and strain at which the material is exposed, differ-
ent restoration processes could take place such as dynamic recovery or recrystallization.
Among all, recrystallization would be the desired one as it allows microstructures with
small grain sizes to be obtained. This is assumed to be beneficial for the mechanical
properties of the final part. Therefore, an in depth analysis of recrystallization processes
was carried out.

Finally, as it was mentioned in Chapter 1, austenitic stainless steel is of great interest
to be studied not only for its industrial relevance but also for the absence of phase
changes which could facilitate the analysis. Nevertheless, although there is a vast amount
of research studying flow behaviour under hot working conditions for this family of
materials, there is a lack of studies focused on the extreme conditions under which the
NSF process works.

2.1 the nsf process

The Near Solidus Forming process is a new manufacturing technique which presents
some characteristics in common with the hot forming processes. For instance, depending

7
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on process temperature, different forming processes can be defined. Cold forming works
between room temperature and 0.25Tm (Tm being the melting temperature) the forma-
bility usually being low and, thus, the forces needed higher, manufacturing small parts.
Warm forming is carried out at temperatures between 0.25 to 0.6 times Tm, manufactur-
ing final parts which do not exceed 50 kg. Then, hot forming works at temperatures in
the range of 0.6 to 0.87Tm (Douglas and Kuhlmann, 2000), requiring low forming forces
and allowing heavy final parts to be obtained (Mohanty, 2017). The typical temperatures
used in hot forming for the different alloys are shown in Table 2.1 and the forgeability
of different alloys is also shown in Figure 2.1. However, the NSF process works at very
high temperatures (around 0.95 times the solidus temperature as stated Lozares et al.,
2020).

Figure 2.1: Forgeability and forces for different materials (Adapted from Bell et al., 2019)

Table 2.1: Temperature range for metals and alloys in hot forming (Rathi and Jakhade, 2014)

Metal or alloy Temperature Range (◦C)
Aluminium alloys 400-550
Magnesium alloys 250-350

Copper alloys 600-900
Carbon and low-alloy steels 850-1150
Martensitic stainless steels 1100-1250
Austenitic stainless steels 1100-1250

Titanium alloys 700-950
Iron-base superalloys 1050-1180

Cobalt-base superalloys 1180-1250
Nickel-base superalloys 1050-1200
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Lozares et al., 2020 designed the equipment to carry out NSF tests (see Figure 2.2). In
addition, they demonstrated the capacity for the process in manufacturing steel compo-
nents (high-melting point alloys). This process, in comparison with hot forging, presents
different advantages such as the decrease of the amount of material wasted and a reduc-
tion in energy consumption as summarizes Table 2.2.

Figure 2.2: (a) NSF cell (b) NSF tooling designed for high-melting-point alloys (Lozares et al.,
2020)

Table 2.2: Comparison between traditional hot forging and the novel NSF process for two different
industrial components (Adapted from Lozares et al., 2020)

Component Process Steps Press Capacity (t) Peak Force (t) Material (kg)
C.1 HF 3 + 1 2500 1200 3.5
C.1 NSF 1 400 300 2.8
C.2 HF 3 + 1 3500 2100 3
C.2 NSF 1 400 280 2.4

A complex geometry was manufactured to demonstrate the capacity for the process.
NSF only needed a single step to manufacture it whereas three steps were necessary in
traditional hot forging as well as one flash removal operation (see Figure 2.3).

However, in spite of all the progress made in the past and all the advantages shown
by the NSF process, different gaps have been identified (Plata, 2018). The material
behaviour under the extreme conditions employed in the process is still far to be perfectly
understood as it will be further analysed in this chapter. In addition, although the process
has been proven to successfully work with high melting point alloys as steels, there is
not a clear optimum window. To define it, it will be necessary to take into account
not only filling capability (mechanical issues) but also how material behaves under NSF
conditions in terms of microstructural issues.

On this basis, the heating process is key to ensure process performance. It can be
done by gas, electrical or induction and is an important parameter to be controlled as it
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Figure 2.3: (a) classical hot forging (b) NSF process in the case of a H spindle geometry (Lozares
et al., 2020)

can cause defects such as overheating or burning during the forging process (Douglas and
Kuhlmann, 2000; Nisbett, 2005). Temperature increase results in a decrease in strength
and the load required to deform the material, while ductility increases. However, at high
temperatures grain size tends to increase causing a decrease in mechanical properties.
This behaviour is known as overheating (see Figure 2.4) and it should be controlled to
increase die life (Douglas and Kuhlmann, 2000).

Another typical defect in hot forging is burning. It is characterized by a substantial
growth in grain size and grain boundary oxidation. This damage is total and permanent,
the steels losing their ductility during deformation (Nisbett, 2005).

Figure 2.4: Overheated steel (Adapted from Tsun, 1953)

Other relevant consideration lie in die design to improve the quality of the final
part. An inappropriate geometry or a badly positioned billet (Hawryluk and Jakubik,
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2016) could lead to high production costs due to the presence of flash and other defects
generated, such as underfills or folds (as shown in Figure 2.5).

Figure 2.5: Speed distribution and defects (Adapted from Gao et al., 2019)

To overcome the generation of these defects, NSF has been proven to be a potential
technique when the optimum process parameters are chosen for each material as stated
by Plata et al., 2020. An example of a complex geometry manufactured through NSF
without observable defects is shown in Figure 2.6.

Figure 2.6: Examples of NSF components: (a) Cup part completely filled, (b) Slice of the part
(Adapted from Plata et al., 2020)

To conclude, it is worth noting that a reduction in energy consumption, manufac-
turing cost and raw material wasted was achieved. It was demonstrated that NSF is
capable of producing complex geometries in a single step, demonstrating its great po-
tential. In addition, the forces needed were substantially lower than in traditional hot
forging. Nevertheless, despite the great potential shown by the process, further research
is needed to understand why and how the process works. That is why, first an overview
about semisolid and hot forging processes was carried out as their were proven to show
similarities with the NSF process.
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2.2 semi-solid

As has been previously stated, the idea of NSF was born from semisolid studies. That
is why, this behaviour was deeply analysed in the past as a possible reason to explain
why NSF process works. Therefore, even if Plata, 2018 concluded that metal alloys
behave closer to a solid way, it would be necessary to analyse this process to completely
understand the reasons which lead the NSF process to work.

The beginning of semi-solid metal forming was studied by Spencer, Mehrabian, and
Flemings, 1972. They studied semi-solid behaviour carrying out viscosity experiments
related to hot tearing in Sn- Pb alloys. The material behaved as a liquid when shear
forces were applied and, after enough time, it thickened again (Fan, 2002). Figure 2.7
describes these flow characteristics.

Figure 2.7: Schematic model describing the fast and slow processes in a semi-solid material after
shear rate up and down jumps (Adapted from Plata, 2018)

There are two types of semi-solid metal forming processes called rheo-routes and thixo-
routes. Rheo-routes involve the preparation of material from liquid phase (Flemings,
Riek, and Young, 1976; Flemings, 1991 and Nafisi and Ghomashchi, 2016). This requires
a non-dendritic SSM slurry. Then, metal alloys are stirred during solidification and are
transferred to the die. This process requires specific equipment to cool and stir at the
same time which results in a high cost. In the case of thixo-routes, a three-step process is
needed to work, involving material preparation with equiaxed or globular microstructure,
reheating the material to temperatures between solidus and liquidus and final forming
(Nafisi and Ghomashchi, 2016).

Depending on the liquid fraction, semi-solid metal forming processes can be classified
into casting and forging. When the liquid fraction is approximately 50%, the process is
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close to casting, but if the liquid fraction is lower, the process is close to forging. The
high liquid content could result in porosity due to turbulent mould filling (Becker et al.,
2010). In Figure 2.8 different types of semisolid processes, depending on the component’s
geometrical complexity, are shown.

Figure 2.8: Different types of SSM processes (Adapted from Hirt and Kopp, 2009)

During the first stages of the semi-solid forming, only low melting point alloys were
studied. In the middle of 1990s, thixoforming became the focus of research after demon-
strating the feasibility of manufacturing steels. Kapranos, Kirkwood, and Sellars, 1993
and Hirt and Kopp, 2009 developed thixoforged parts with a complex geometry using
steel, in the first attempt with high solid fraction. These high melting point alloys pre-
sented difficulties due to the high temperature range, such as appropriate tools, the
heating technology and the process control (Hirt and Kopp, 2009). However, it was at-
tractive due to the low forging force involved, the complex shapes with less forming
steps in production or manufacturing components with less porosity (Omar et al., 2005).
Different research into mechanical properties and heat treatments concluded that thixo-
forged cog wheels made from a M2-tool steel had better mechanical properties than
the same material from traditional routes (Kapranos, Kirkwood, and Sellars, 1993 and
Puettgen et al., 2007).
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Semi-solid forming, as stated above, has several advantages over traditional forming
processes such as its performance and mechanical properties. However, it should be
noticed that there are some processing parameters that must be controlled to reduce or
eliminate defects in the final component.

For instance, for high liquid content, the effect of piston velocity leads to the produc-
tion of turbulent flow because of high speed. Turbulent flow results in porosity formation.
Piston speed could be decreased to avoid this type of defect (Moradi et al., 2009). How-
ever, Cho and Kang, 2000 observed internal defects in semi-solid processes which may
have an effect on mechanical properties, such as porosity in the case of lower die temper-
atures. These problems may be solved by using higher injection speeds (Cho and Kang,
2001).

Another parameter which may impact the final part is the die temperature. Moradi
et al., 2009 characterized the microstructure of thixoformed specimens with low and high
die temperatures. A low die temperature leads to porosity and microscopic cracks due
to a high thermal gradient between the billet and the die (see Figure 2.9). Nevertheless,
in contrast to the low die temperature, by using a high die temperature the slurry moves
more easily but porosity still exists in all the parts (see Figure 2.10).

Figure 2.9: Microstructures at low die temperature (Adapted from Moradi et al., 2009)

Figure 2.10: Microstructures at high die temperature (Adapted from Moradi et al., 2009)
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Moreover, Li et al., 2017 also analysed the influence of die temperature. Cold shut is
another defect related to metal flow problems. This defect is located on the surface in
casting when the die temperature is low, so the material solidification is not completed
(see Figure 2.11). Curle, Wilkins, and Govender, 2011 studied cold shuts in rheocasted
callipers, determining that by adjusting the injection piston speed at the start, cold shuts
could be eliminated.

Figure 2.11: Cold shuts (Adapted from Janudom et al., 2010)

Furthermore, Chen, Du, and Cheng, 2012 studied the presence of segregation and
porosities in thixoformed samples. Solidification shrinkage and tensile deformation may
cause different microporosities and microcracks in regions 2 and 4 (see Figure 2.12-b and
d). However, microcracks may be filled using liquid metal (Chen, Du, and Cheng, 2012).

Figure 2.12: Microstructure of: (a) Region 1 (b) Region 2 (c) Region 3 (d) Region 4 (Adapted
from Chen, Du, and Cheng, 2012)

On the other hand, for high solid fractions, process which may be closer to the NSF
process as stated by Plata, 2018, cracking was observed (Kareh et al., 2017). For example,
according to Nagira et al., 2014, when the solid fraction increases a decrease in the liquid
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pressure occurs as it seems to be difficult for liquid to flow, explaining the cracking. In
the particular case of high solid fractions during shear deformation, the grain boundaries
are not coalesced and the absence of grain-grain cohesion causes the presence of liquid
films as Figure 2.13 shows.

Figure 2.13: Radiographs of the shear-induced dilatation (Adapted from Kareh et al., 2017)

Thus, although more similarities could be expected between semisolid processes and
the novel NSF process, it was demonstrated by Plata, 2018 that, because of the absence
of liquid under these conditions, the material behaviour could not be approximated to a
semisolid one. That is why, more similarities were found with hot die forging as stated
in previous section.

2.3 hot forging

Among all the forming processes, the main similarities of NSF were found with closed
die hot forging, although this is carried out at temperatures up to 0.75Tm. According to
Biswal and Tripathy, 2021, even under these conditions it is difficult to quantitatively
explain the phenomena behind this process. With closed die hot forging, it is possible
to manufacture complex parts with good dimensional accuracy, reducing material waste
and the force needed. These advantages are also taken by the NSF process (Lozares
et al., 2020; Slater et al., 2020), reducing the steps needed to manufacture the part and
obtaining good mechanical properties.

2.3.1 Material characterization: flow behaviour

As mentioned above, the viability of the NSF process has been demonstrated in manu-
facturing steel components (Lozares et al., 2020). However, a more in depth study into
the material behaviour is necessary to understand it.

During the NSF process, the material is subjected to high temperature, strain and
strain rate. Hardening and softening during deformation due to temperature, strain
or strain rate are the mechanisms which determine the quality of the forged product
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(Chadha, Shahriari, and Jahazi, 2018). Flow stresses at room temperature are highly
dependent on temperature and strain rate whereas at high temperatures the behaviour
becomes more complex and possible couplings between temperature, strain and strain
rate effects may appear. In hot compression, materials which has strain hardening at
low values become softer at strains higher than the peak value (Razali, Irani, and Joun,
2019).

The typical flow stress curve for steel at high temperature is shown in Figure 2.14.
Three distinct stages consisting of strain hardening until the peak value, followed by a
softening and, finally, a steady-state is observed. This peak is usually observable at low
strain rates whereas at high strain rates it could not appear.

Figure 2.14: Typical flow behaviour of steel at high temperatures: σc (critical stress), σp (peak
stress), σs (steady-state), εc (critical strain), εp (peak strain), εs (steady-state strain)
(Adapted from Poliak and Jonas, 2003a)

For instance, Sun, Zhao, and Wu, 2017 investigated the effect of strain rate on the
work-hardening rate using a high-Mn steel. Figure 2.15 shows how strain rate plays an
important role in the work-hardening rate. In addition, Gronostajski et al., 2017 analysed
the effect of strain rate on the strength and plasticity of different steels. The strength
increases with the strain rate.

Another example is the research developed by Bayramin, Şimşir, and Efe, 2017. These
authors studied the flow behaviour of a dual-phase steel under different conditions with
strain rates between 0.0001 and 1 s−1 and temperatures from 100 to 400◦C. Pandre
et al., 2019 investigated this steel under the same conditions, and they showed how
the flow stress decreases when the temperature increases. Under the conditions anal-
ysed, the strain hardening effect is seen, which is followed by necking and failure at low
temperatures.

Based on the analysis carried out at high temperatures, steels show a typical be-
haviour composed by an initial zone of hardening (strain hardening) until the peak
strain value, especially at low strain rates. After this zone, a slight softening was ob-
served maybe due to dynamic recrystallization process. In addition, a notable thermal
softening was observed at temperatures higher than 400◦C (see Figure 2.16).
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Figure 2.15: Work hardening rate-true strain curves at different strain rates (Adapted from Sun,
Zhao, and Wu, 2017)

Figure 2.16: True stress-strain curves. Upper image: strain rate of 0.0001 s−1 Lower image: strain
rate of 0.01 s−1. (a) 400◦C (b) 300◦C (c) 100◦C (d) Room temperature (e) 200◦C
(Adapted from Pandre et al., 2019)

However, a clear lack of knowledge was found as the conditions tested in literature
are usually far from those reached in the NSF process, in general, the materials being
characterized up to 1200◦C. That is why, it is necessary to understand the material
behaviour under more extreme conditions in order to test the possibility of extrapolating
the information available.
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2.3.2 Material characterization configurations

To characterize the material behaviour under close to forging process conditions, ther-
momechanical tests can be carried out. There are dissimilar ways to characterize the
material behaviour, from uniaxial and biaxial tensile tests to compression tests (includ-
ing plane strain). Firstly, due to the simplicity, the uniaxial tensile test is commonly
used at low strain and strain rates. However, as the aim is to be as close as possible to
NSF conditions, uniaxial tensile tests are not considered to be a possible option as the
strains reached are notably lower than those observed in the NSF process as has been
observed in the numerical simulations (Plata et al., 2020). Therefore, hot compression
tests are preferred instead of high temperature tension tests (Anoop et al., 2020).

In terms of compression tests, the plane strain compression test (PSCT) is usually
used to study flat rolling due to the stress-strain mode. In addition, PSCT is also used
to determine mechanical properties and analyse the microstructure (Slater, Tamanna,
and Davis, 2021). Plane strain compression tests have several advantages in comparison
with other types of deformation modes. For instance, the material could be deformed
to higher strains at high strain rates, facilitating the study of microstructural evolution.
They usually involve plastic strain between 1 and 3 and strain rates from 10−2 to 100
s−1 (Drozd et al., 2011). One of the main problems of PSCT is the lack of uniformity in
the flow material due to rigid specimen ends, that is why the curves could be influenced
by the sample and the punch geometry (Aksenov, 2009). Based on this brief analysis,
PCST appears as a promising approach to characterize material behaviour under close
to NSF conditions. However, traditional plane strain compression tests tend to have non
uniformity in the strain distribution, as stated by Tamanna, Slater, and Davis, 2022.
An example of this mode of deformation can be seen in Figure 2.17. To overcome these
limitations, a modified PSCT with 20 mm-wide anvils has been proposed to provide
much greater strain uniformity and a large area suitable for microstructural analysis
(Tamanna, Slater, and Davis, 2022).

Figure 2.17: (a) Plane strain sample (b) Deformed plane strain sample (c) Location of EBSD
maps (Adapted from Sun et al., 2010)
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Similarly, uniaxial compression tests are widely used to characterize material be-
haviour at high temperatures. In this kind of test, cylindrical samples are used and they
allow to cover a wide range of temperatures, strain and strain rates, similar to those
reached with PSCT. Nevertheless, barrelling effect is one of the main issues, causing the
sample to expand in the out of plane direction. Therefore, these tests, after applying the
proper correction of the stress-strain curve, can be used to analyse material behaviour
but they may not be the best option to analyse microstructural issues due to these in-
homogeneities in the strain field (Slater, Tamanna, and Davis, 2021; Tamanna, Slater,
and Davis, 2022), as can be seen in Figure 2.18.

Figure 2.18: Strain fields: (a) Plane strain (b) Uniaxial compression tests (Adapted from Slater,
Tamanna, and Davis, 2021)

To determine true stress-strain data from hot compression it is necessary to do some
corrections as zero offset, machine compliance, increase in testpiece breadth and friction
(which can be reduced using graphite, glass or Teflon) (Loveday et al., 2002).

To sum up, it is worth mentioning that the aim of the section was to briefly summarize
the principal configurations commonly employed in material characterization. Based on
the literature review it can be concluded that hot uniaxial compression is useful to study
material behaviour from a macroscopic point of view based on flow stress-strain data,
whereas for microstructural characterization the modified PSCT appears as a potential
solution.
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2.3.3 Material behaviour modelling

The flow behaviour of metals could be modelled by using different equations (Lin, Chen,
and Zhong, 2008; Mandal et al., 2009; Lei et al., 2019). For instance, Hansel-Spittel law
is typically used to simulate forging processes (see Equation (1)).

σ = A0e
m1T εm2 ε̇m3e

m4
ε (1 + ε)m5T em7εε̇Tm8Tm9 (1)

where A0 is a material constant, σ is stress, ε is strain, ε̇ is strain rate and T is de-
formation temperature. The variables m1 and m9 describe the material sensitivity to
temperature, m5 defines the coupling between temperature and strain, m8 represents
the coupling between temperature and strain rate, m2,m4 and m7 define the material
sensitivity to strain and m3 is the material sensitivity to strain rate. Constants m8 and
m9 are usually taken as zero.

Figure 2.19 shows an example of the comparison between experimental (red curve)
and the numerical one predicted using the Hansel-Spittel law (blue one).

Figure 2.19: Force (tonnes) vs time at 0.25 s−1: (a) Gleeble test (b) Simulation with Hansel
Spittel Constitutive Model (Adapted from Chadha, Shahriari, and Jahazi, 2018)
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Also, flow stress could be approximated through the hyperbolic law according to Ar-
rhenius equation (see Equation (2)) using the Zener Hollomon parameter (see Equation
(3)). This parameter shows the effect of temperature and strain rate on deformation.

ε̇ = AiF (σ) exp
(

− Q

RT

)
(2)

Z = ε̇ exp
(
Q

RT

)
(3)

where Q is the activation energy (J/mol), R is gas constant (J/(mol · K)), T is the
absolute temperature (K) and ε̇ is strain rate. α,β, b, n, Ai are material constants
where α = β / b.

The Arrehnius equation (see Equation (2)) can be written as Equation (4), (5) and
(6). The parameter F (σ) depends on the stress regime Equation (4) being valid for all
σ, Equation (5) for ασ < 0.8 (low stress) and Equation (6) for ασ > 1.2 (high stress).

ε̇ = A3[sinh(ασ)]n exp
(

− Q

RT

)
(4)

ε̇ = A1σ
b exp

(
− Q

RT

)
(5)

ε̇ = A2 exp(βσ) exp
(

− Q

RT

)
(6)

To determine all the material parameters the following procedure can be used. Firstly,
taking the logarithm of both sides of Equation (4), (5) and (6), the following Equations
can be obtained (7), (8) and (9). Secondly, α, β and b can be determined using Equation
(8) and (9). Then, n can be calculated at a specific temperature taking into account
Equation (7).

ln ε̇ = lnA3 −Q/RT + n ln[sinh(ασp)] (7)

ln ε̇ = lnA1 + b ln σp −Q/RT (8)
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ln ε̇ = lnA2 + βσp −Q/RT (9)

Finally, the activation energy can be determined for a particular strain rate plotting
ln[sinh(ασ)] versus 1/T using Equation (7). Thus, Q is calculated as the average value
at different strain rates. For a more in depth explanation, see Wang et al., 2016a.

Other laws could be mentioned, one of the most commonly used laws is the one pro-
posed by Johnson-Cook (Johnson and Cook, 1983). The law takes into account strain and
strain rate hardening and thermal softening. However, Johnson-Cook does not consider
the coupling between strain, strain rate and temperature, couplings which are taken into
account in Hansel-Spittel equation. That is why, Calamaz, Coupard, and Girot, 2008 pro-
posed a correction to Johnson-Cook model adding a new term with the coupling between
temperature and strain effect.

The laws previously presented are usually based on empirical data. In order to improve
the accuracy of the predictions, Zerilli and Armstrong, 1987 developed a dislocation
based constitutive law. The model considers strain hardening, temperature softening,
strain rate hardening and coupling effects.

It is worth highlighting that Hansel-Spittel equation is widely used as it includes not
only the effect of temperature, strain and strain-rate, but also different possible couplings
and it is of great interest to be studied as it is used in numerical software such as Forge
NXT®.

2.4 recrystallization and recovery

Manufacturing of steel requires having good mechanical properties. To attain that objec-
tive, hot-deformation processes are a relevant tool to improve the microstructure thus
enhancing these mechanical properties. Therefore, recrystallization is a relevant way to
refine the microstructure resulting in good mechanical properties during industrial pro-
cesses (Shaban and Eghbali, 2010).

Hardening (dislocation storage) and softening (dislocation elimination) mechanisms
could operate together in hot forming processes (López and Rodriguez-Ibabe, 2012). Re-
crystallization, recovery and grain growth take place due to temperature, strain rate
and strain produced during deformation. It is widely known that at temperatures higher
than 0.5 times melting temperature (in Kelvin), dissimilar processes due to plastic de-
formation occur such as dynamic recovery and recrystallization.

As López and Rodriguez-Ibabe, 2012 stated, recrystallization is a process in which
the formation and migration of high-angle grain boundaries, driven by the stored defor-
mation energy, occurs. Recrystallization can be classified in three major groups: static
(SRX), dynamic (DRX) and metadynamic (MDRX) depending on the conditions under
which the process occurs.
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It is worth mentioning that there are two types of DRX, discontinuous (dDRX) and
continuous DRX (cDRX) (see Table 2.3, being SFE stacking fault energy). The main
difference between those processes is the conditions under which they occur (Babu et al.,
2021). At the beginning, the grains formed by dDRX present curved boundaries and dis-
location substructures. Moreover, the new grains appear along the boundaries as Figure
2.20 shows, whereas cDRX grains are developed due to the increase in sub-boundary
misorientation as a result of continuous accumulation of the dislocations introduced by
the deformation (see Figure 2.21) (Sakai et al., 2014). Another typical characteristic
of cDRX is the large strains at which is developed. dDRX causes new grains during
deformation which results in softening and a reduction in the hardening rate.

Table 2.3: Characteristics of discontinuous and continuous dynamic recrystallization (Adapted
from Sakai et al., 2014)

Types of DRX dDRX cDRX
Strain Strain lower than 1 Strain higher than 3
T/Tm Above 0.5 0-1
SFE Low and medium Low to high

Critical strain Depending on temperature
and strain rate

Not dependent on temperature
or strain rate

Figure 2.20: An example of dDRX using pure Cu (a) growing grains at 623 K under deformation
conditions (b) the typical necklace microstructure during compression at 573 K
(Adapted from Sakai et al., 2014)



2.4 recrystallization and recovery 25

Figure 2.21: An example of cDRX using aluminium alloy deformed continually by ECAP under
(a) 1 (b) 2 (c) 3 of strain (Adapted from Sakai et al., 2014)

Then, another deformation behaviour under high temperature conditions is DRV,
which is defined by a continuous increase in flow stresses during plastic working. Then,
the rate of strain hardening decreases with deformation and approaches zero, leading
to a steady state (Sakai et al., 2014). Materials can be classified under DRV or dDRX
mechanisms according to their stacking fault energy. For example, austenitic Fe and their
alloys are low to medium SFE whereas aluminium or ferritic iron are high SFE. There are
some materials such as aluminium alloys in which work hardening and dynamic recovery
(DRV) can stabilize the flow curve generating a plateau. Nevertheless, in other materials,
for example, the austenite phase of steels, the low kinetics of DRV make it impossible
to stabilize the curve just taking into account DRV (Mirzadeh et al., 2011). As a result,
the existence of such plateau could be an indicator of recrystallization (mainly DRX). It
has been recognized that DRX is one of the most important softening mechanisms in hot
deformation, having effects on the microstructure, grain size and flow stress (Mirzadeh,
Najafizadeh, and Moazeny, 2009).

According to different researchers (Sellars and McTegart, 1966; McQueen, Wong, and
Jonas, 1967) hot working can be considered as a thermally activated process which can
be modelled based on strain rate equations. True stress-true strain data are obtained
through hot compression tests using a thermo-mechanical simulator. From this data,
DRX behaviour could be observed as a peak value and a posteriori steady state stress (see
Figure 2.14). When the strain rate is fixed, the peak stresses decrease when temperature
increases (see Figure 2.22). In addition, maintaining a constant temperature, flow stresses
increase as the strain rate increases.

As shown in Figure 2.14, DRX starts when strain is higher than critical strain εc.
It is worth highlighting that the critical strain in dDRX is dependent on temperature,
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Figure 2.22: Stress-Strain curves at: (a) 0.1 s−1 (b) 0.5 s−1. (a) 900◦C (b) 950◦C (c) 1000◦C (d)
1050◦C (e) 1100◦C (f) 1150◦C (g) 1200◦C (h) 1250◦C (Adapted from Wang et al.,
2016a)

strain rate and the initial grain size (see Figure 2.23). Furthermore, the critical strain
in the case of dDRX decreases with the increment of temperature and the decreasing of
the strain rate. Grains could nucleate in triple points and grain boundaries (Kim and
Yoo, 2001).

Figure 2.23: Stress-Strain curves at 1173 K and 1.4e-3 using 0.06C-1.43Mn steel (a) 375 (b) 270
(c) 150 (d) 90 (e) 60 µm (Adapted from Sakai et al., 2014)
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2.4.1 Effect of different parameters on recrystallization

El Wahabi et al., 2005 analysed the influence of initial grain size on dynamic recrystal-
lization using two different AISI 304. The main difference between them was the carbon
content. To attain this aim, these researchers carried out tests using different initial
grain sizes at dissimilar temperatures between 850 and 1100◦C under low strain rate
conditions (0.001 s−1) as Figure 2.24 shows.

Figure 2.24: Stress-Strain curves at (a) material with ultra-high purity (b) material with high
purity (Adapted from El Wahabi et al., 2005)

The flow curve (Figure 2.24a) exhibits at 1000 and 1050◦C the same steady state
whereas the dDRX initiation of both materials started later in the case of large ini-
tial grain size. It is worth mentioning that this behaviour gives more time for recovery
processes to take place. Thus, when dDRX occurs, dynamic recovery could achieve an
advanced stage. Consequently, this effect is observed in both materials with large initial
grain sizes due to the low fraction of grain boundaries. In Figure 2.25 the initial grain
size for both materials depending on temperature is shown. One of the alloys exhibits
no differences between two initial grain sizes whereas the other one shows a variation in
the case of the larger initial grain size.
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Figure 2.25: Recrystallized grain sizes versus temperature (Adapted from El Wahabi et al., 2005)

Another parameter which could have an effect on dynamic recrystallization is the
strain rate. It is widely reported that high strain rate could improve DRX kinetics
(Wang et al., 2021). Babu et al., 2018 studied dDRX using super-304H austenitic stainless
steel under dissimilar conditions of temperature and strain rate. They observed that the
microstructure at high temperature and strain rate (1373 K and 10 s−1) was different
in comparison with those obtained at the same temperature and different strain rate
(0.1 s−1) (see Figure 2.26). On this basis, high strain rates are assumed to be related
with higher DRX kinetics at high temperature which result in an easy formation of more
number of nuclei.

Figure 2.26: Microstructures of super-304H austenitic stainless steel (a) 1373 K and 0.1 s−1 (b)
1373 K and 10 s−1 (Adapted from Babu et al., 2018)

Finally, it is widely reported that temperature has an important influence on DRX
mechanism. Hu et al., 2021 carried out compression tests under dissimilar conditions of
temperature and strain rate (900-1200◦C and 0.01-10 s−1) using super-austenitic stainless
steel. They observed a decrease in the peak stress with the increase of temperature and
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the decrease of strain rate (see Figure 2.27). High thermal energy associated with high
temperature facilitates dislocations and grain boundaries movement. On this basis, at
high temperatures, DRX is enhanced thanks to this higher thermal energy.

Figure 2.27: Flow stress curves of superaustenitic stainless steel (a) 0.01 s−1 (b) 0.1 s−1 (Adapted
from Hu et al., 2021)

Among all the restoration processes analysed, recrystallization could play a relevant
role in the NSF process as it occurs at high temperatures and strain rates, conditions
which are representative of the NSF process. Despite this process is widely studied in
the literature, no research work was found covering these extreme conditions.

2.4.2 Recrystallization kinetics

As DRX could have a considerable influence on flow stress under hot working conditions,
the prediction of its kinetics is of great interest, not only for modelling purposes but also
for industrial hot working processes.
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One of the main characteristics of the flow stress curves is the peak strain. That is,
the strain at which the flow stress curve reaches the maximum stress. Here, it is worth
mentioning that the presence of a peak could be a sign of recrystallization but it could
also occur for conditions under which this peak is not observable.

When the peak can be easily measured, it is usually modelled according to Equation
(10). Peak strain is easier to be experimentally measured than the critical one, that
is why these two parameters are commonly related according to Equation (11). It is
worth noting that k1 is generally between 0.5-0.6 for microalloyed and stainless steels
(Marchattiwar et al., 2013; Nkhoma, Siyasiya, and Stumpf, 2014; Wang et al., 2016a).

εp = Ap ·Dm
0 ·Zp (10)

εc = k1εp (11)

where m,p and Ap are material parameters and D0 is the initial grain size (López and
Rodriguez-Ibabe, 2012).

The kinetics of dynamic recrystallization can be represented by the Avrami equation
(see Equation (12)).

X = 1 − exp
(
−k (ε− εc)

n′)
(12)

where k is the Avrami material constant, and n′ is the Avrami exponent, being 2 for
dissimilar steels according to different authors (Marchattiwar et al., 2013; Dupin, Yana,
and Yanag., 2014).

There are two ways to define the critical strain at which DRX starts, by microstruc-
tural observations (metallography) and by the analysis of the flow stress curves. However,
the first analysis is very time-consuming because of the high amount of samples needed
to analyse and the difficulty in the preparation. Also, some materials have phase changes
that could increase this difficulty.

To overcome these limitations, several researchers defined mathematical relations
to predict the initiation of DRX (Shaban and Eghbali, 2010). For instance, McQueen,
Wong, and Jonas, 1967 proposed the initiation of DRX using the changing in the slope of
the strain hardening rate versus flow stress curves (Ryan and McQueen, 1990a) whereas
Poliak and Jonas, 2003a suggested the critical stress at which DRX starts as the inflection
point in the strain hardening versus stress curve (Jonas and Poliak, 2003). This second
method, according to Jafari and Najafizadeh, 2008, to avoid (or at least, reduce) the
error in the differentiation, would require modelling as a 9th order polynomial the region
of plastic deformation including the peak stress. Also, Najafizadeh and Jonas, 2006
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developed a method based on the previous one (Poliak and Jonas method). To develop
this approach, a third−order equation is needed to fit the strain hardening rate versus
flow stress curves in which the critical stress is the relation between b1/3a where a and
b1 are two of the four coefficients in the fitting equation (see Equation (13)).

θ = aσ3 + b1σ
2 + cσ+ d (13)

As was mentioned above, the presence of a peak in the flow stress curves is supposed
to be a sign of dynamic recrystallization. However, it could be possible to have DRX
without the presence of this peak. Different authors such as Lan, Zhou, and Misra, 2019
classified the flow stress-strain curves in two main groups: with and without the peak.

For example, in the first case, the peaks occurred under high temperature, low strain
rate combinations whereas this flat top behaviour without a peak is related to low
temperatures or high strain rates, leading to the assumption that this behaviour could be
considered as dynamic recovery (Taylor and Hodgson, 2011). Nevertheless, metallurgical
observations have shown the evidence of recrystallization (Taylor and Hodgson, 2011).

Ryan and McQueen, 1990b determined the critical strain using work hardening rate(
θ = δσ

δε

)
versus stress as it is shown in Figure 2.28. The reason for using this method lies

in the fact that DRX has an observable effect on the shape of the flow curve and, thus,
on the associated hardening rates. Moreover, DRX generates new unstrained grains and
this can be determined by considering possible changes in the shape of the flow curves
(see Figure 2.28).

Figure 2.28: Work-hardening versus Stress: (a) No DRX (b) Critical Stress (Adapted from Taylor
and Hodgson, 2011)

Several researchers studied this phenomenon through thermomechanical tests. Sha-
ban and Eghbali, 2010 investigated the initiation of DRX under dissimilar compression
conditions in a microalloyed steel. To attain this aim, each sample was heated up to
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1200◦C and then, the material was cooled to 900◦C, 1000◦C and 1100◦C. At each tem-
perature, the material was deformed at 0.01, 0.1 and 1 s−1 as Figure 2.29 shows.

Figure 2.29: Thermomechanical processes using a microalloyed steel (Adapted from Shaban and
Eghbali, 2010)

The strain-stress curves showed an increase in the working hardening rate due to
the increase of strain rate as Figure 2.30 shows. Moreover, it can be seen that the peak
stress and peak strain are dependent on strain rate. For example, at the lowest strain
rate no peak was observed at 900◦C whereas at the other two temperatures a clear peak
appeared.

Figure 2.30: True stress-true strain curves under dissimilar conditions (Adapted from Shaban and
Eghbali, 2010)
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Therefore, dissimilar parameters could be obtained by using work-hardening curves
even though a peak is not observed: critical stress and strain, peak stress and strain and
steady-state stress and strain. Firstly, from the work hardening rate versus stress plot,
the critical stress is defined as the point at which the curve has a deviation, in other
words, is a reduction of the flow stress. Then, the peak stress is the value at which the
work hardening rate is equal to zero. Finally, the steady-state stress could be determined
by the extrapolation of the lower linear segment to θ=0 (Ryan and McQueen, 1990b).
Each characteristic point could be seen in Figure 2.31.

Figure 2.31: Critical, Peak and Saturation Stress. (a) 1200◦C (b) 1100◦C (c) 1000◦C (d) 900◦C
(Adapted from Ryan and McQueen, 1990b)

Also, the method proposed by Jonas and Poliak, 2003 could be used (Poliak and
Jonas, 2003a; Lan, Zhou, and Misra, 2019). This method is based on fitting a third-
order polynomial up to the peak value as Equation (13) shows. That is why this method
should be employed when the presence of a peak is clear and could lead to wrong values
in the cases in which this peak is not appreciable.

The effect of temperature in critical and peak stress can be seen in Figure 2.32. Both
curves are the result of testing the material at 0.1 s−1. Concerning the temperature, the
material was tested at 1000◦C (see upper side) and at 1050◦C (the other one). The main
difference between them is the reduction observed in the peak and critical stress due to
the thermal softening effect.

Nevertheless, these analyses are generally developed at temperatures between 900
and 1200◦C, at strain up to 1 and strain rates from 0.001 to 10 s−1. These conditions,
although they make the analysis easier, are usually not able to reproduce industrial
conditions as, for example, those reached in the NSF process (Lozares et al., 2020).



34 literature review

Figure 2.32: Work hardening rate versus Stress: (a) 1000◦C 0.1 s−1 (b) 1050◦C 0.1 s−1 (Adapted
from Lan, Zhou, and Misra, 2019)

It is worth noting that under NSF conditions, under which strain and temperature
are notably high, dynamic recrystallization would be expected. Therefore, among all
the possible recrystallization processes, dynamic recrystallization is expected to be the
main factor affecting NSF, although MDRX could occur if there is not enough time for
recrystallization to occur following DRX mechanism.

2.5 critical analysis and research opportunities

Based on the analysis of the literature, the following research opportunities, addressed
during this research work, can be summarized. It is worth highlighting that these research
gaps cover all the information with regard to the literature review included not only in
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this chapter but also in the rest of the document but they have been included here to
give a clear overview about the topics addressed during this work:

• NSF has emerged as a promising hot working process to manufacture complex steel
parts, reducing the steps needed by manufacturing the part at temperatures close
to the solidus. However, although the process showed remarkable results, there is a
clear lack of knowledge aiming to explain the reasons which lie this process to work.
In principle, at these high temperatures, the final microstructure would be expected
to have high grain sizes with poor mechanical properties but this assumption was
proven to be not valid in previous works.

• To understand material behaviour, thermomechanical tests are the most widely
used tool in order to understand how temperature, strain and strain rate may have
an effect on the equivalent stress. Among all the possibilities, material behaviour
is usually characterized through uniaxial compression tests. Nevertheless, this test
configuration could lead to a non-uniform strain field. That is why, plane strain
compression appears also as a possible and very useful tool to characterize the
material, together with the fact that it generates more uniform strain, making it
more accurate the microstructural analysis.

• According to the literature reviewed, regardless of the compression mode employed
in the characterization, extreme conditions reached in the NSF process are usually
not analysed in the literature. For instance, the highest temperature found in the
literature was 1250◦C, which is far from those reported for the NSF process. This
issue influences also the accuracy of the predictions through numerical simulations,
making extrapolation necessary. Therefore, this opens a clear gap to be filled as
it is needed to understand material behaviour under these extreme conditions in
order to know what is happening during the NSF process.

• During hot working conditions, different restoration processes, mainly recovery or
recrystallization, may occur. As stated above, recrystallization tends to occur in
steels when subjected to hot working conditions. Nevertheless, no research work was
found analysing the recrystallization phenomenon under the extreme conditions
reached during the NSF process. This restoration mechanism could explain the
potential observed for the NSF process, as smaller grain sizes than the initial ones
are obtained, which would result in better mechanical properties.

• In addition, prediction of final recrystallized grain sizes would also be of great rele-
vance to understand the material behaviour of the final part. However, no agreement
was found between researchers with regard to the laws to model recrystallized grain
sizes, together with the fact that the majority of the trials were carried out under
conditions far from those representative of the NSF process, makes it necessary to
determine the grain size evolution subjected to these extreme conditions.





3
O B J E C T I V E S

The main objective of this research work was to characterize the material’s behaviour
under the conditions reached during the NSF process (temperature, strain and strain
rate) using AISI 316 in order to understand why this process works and optimise it.

To attain this aim, the following research objectives were defined:

1. Characterize the flow behaviour under extreme hot working conditions represen-
tative of the NSF process, in order to understand the material behaviour and to
optimize the flow stress law to increase the accuracy of the predictions through
numerical simulations.

2. Determine analytically the onset for dynamic recrystallization (DRX) initiation
under the mentioned extreme conditions representative of the NSF process, taking
into account the influence of temperature, strain rate and heating profile.

3. Metallurgical validation through optical and EBSD measurements of the analytical
calculus of the onset for DRX, proving that this restoration process could take place
under NSF conditions. Also, the study of the possible presence of post-dynamic
recrystallization (or metadynamic, MDRX) to be able to model the recrystallized
grain size of the manufactured part.

4. Analyse grain growth kinetics of a sample subjected to the heating profile repre-
sentative of the NSF process to understand the microstructural behaviour of the
material before being deformed.

5. Proving the capacity for the NSF process of manufacturing austenitic stainless steel
parts, analysing the material flow behaviour through numerical simulations and the
final microstructure along the manufactured part.

37





4
M E T H O D O L O G Y

To attain the objectives mentioned in Chapter 3 different experimental devices were
needed, first, to characterize the material behaviour under NSF conditions. That is why,
the main aim of this chapter is to give an in-depth explanation of all of them used to
develop this work.

In addition, an overview of the material to be used during these experimental tests is
also given, together with the explanation of the NSF cell used in the industrial validation.
This validation was accompanied with numerical simulations using Forge NXT® as it is
a widely used software to simulate forming processes.

4.1 experimental devices for thermomechanical characterization

4.1.1 Differential Scanning Calorimetry

This section covers the DSC analysis to determine the temperature working window at
which the NSF process works. DSC is a method of thermal analysis in which the sample
and the reference sample are heating up to a controlled temperature (Höhne, Hemminger,
and Flammersheim, 2013). Also, it has the capacity for measuring heat capacity and
thermal conductivity. Moreover, DSC is a sensitive technique for determining the phase
transition temperatures, solidification onset, activation energy for the grain growth or
precipitation (Klančnik, Medved, and Mrvar, 2010).

The thermal characterization was carried out in DSC NIETZCH STA 449 F3 Jupiter®
(see Figure 4.1). This equipment uses samples around 50 mg which are heated up at
10◦C/min rate to achieve a temperature 30◦C higher than the theoretical liquidus. As a
result, the heat flux versus time or temperature is obtained. The main characteristics of
this curve are:

• The changes of slope, jumps and peaks are the thermal events

• The peak area is the enthalpy variation of the transformation

• The specific heat is calculated from the baseline

• Solidus-liquidus interval could be determined

To obtain the values of interest, the method of partial areas was employed (see Figure
4.2). According to the equilibrium phase diagram, the differences on solid composition
change to maintain the equilibrium as the temperature is increased. This makes it difficult

39
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Figure 4.1: DSC equipment

to obtain exact values from the mentioned method. In addition, the melting heat, which
means the energy needed to change from solid to liquid, is function of the composition
as it depends on atoms distribution.

Figure 4.2: (a) Melting peak features (b) Determination of the liquid fraction (Adapted from
Lecomte-Beckers et al., 2007)

On this basis, especially when the alloy to be characterized notably differs from
the solvent metal, this method reports substantial error as the melting heat is much
more different than the latent heat of this solvent metal. Therefore, the partial areas
method considers the material as a unique system which is heated in an homogenous
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way, not considering, for instance, segregation phenomena although this could lead to
modifications in the melting behaviour.

In general, the first drop in the curve is assumed to be related to melting initiation.
However, it is difficult to establish the equipment resolution as this drop may be related
to the detection of a certain amount of liquid. In addition, it is difficult to ensure the
accurate values of solidus and liquidus temperatures as they are widely dependent on
the area calculation which could be influenced by the personal appreciation of the end
user. Another relevant aspect to be taken into account lies in the fact that the technique
is based on equilibrium conditions. Thus, it employs heating rates from 5 to 20◦C/min,
values notable lower in comparison to those used under real industry conditions.

Although this technique presents some drawbacks (partial areas method assumes
the material as a unique system that melts homogeneously, it is hard to estimate the
equipment resolution) it is still the best option to estimate the solidus and liquidus
temperatures. It was established by Lozares et al., 2020 that the working temperature
of the NSF process should be between 0.9 and 0.95 times the solidus. Therefore, it easily
gives a great reference point to the NSF process. In addition, this technique allows the
existence of phase changes during heating to be determined.

4.1.2 Furnace trials

Together with the determination of the solidus temperature it is also necessary to have
an accurate control of the heating during the process. This heating determines not only
the performance of the test, if the billet is not properly heated the process fails; but also
the microstructure of the part which, in the end, defines the final properties of the part.

On this basis, the heating of a billet was characterized using a high temperature muffle
furnace equal to the one employed to carry out the NSF parts. This furnace could reach
1600◦C using direct resistance heating. To ensure that the sample was at the desired
temperature, the heating was calibrated using a S-type thermocouple positioned in the
middle of a billet. The sample for the calibration consisted of a cylindrical billet with 65
mm in diameter and 92 mm in height. These dimensions are representative of a typical
sample used in the NSF process. The discrepancies between the set temperature and the
thermocouple measurements were 50◦C at low temperatures and 6◦C at high ones. The
calibration can be seen in Figure 4.3.

Then, after the calibration, the real heating profile (from now called commercial
heating profile) followed by the sample prior to the NSF test was also determined. To
define it, a S-type thermocouple was placed in the middle of the billet and the sample
was heated up from room temperature to the NSF temperature which was defined using
the DSC.

Also, to properly understand material behaviour and the NSF process, it is necessary
to have a proper control of the grain sizes. For the analysis of the initial grain sizes under
commercial heating conditions, different cylindrical shape samples were used with 10 mm
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Figure 4.3: Calibration of high temperature muffle furnace

in diameter and in height. These dimensions were low enough to ensure the complete
heating of the sample. The material used was the same as for the calibration.

In addition, two dissimilar holding times were selected, being 7 min and 17 min,
to understand grain growth kinetics. This last value was based on the time needed to
heat the billet in the NSF test. It is worth mentioning that the effect of opening the
oven causes an increment of 40◦C which delays 2 min to reach the set-temperature. To
measure the grain sizes after heating, the samples were quenched using cold water.

Finally, the samples were mounted in a resin and polished up to mirror finishing.
Then, they were electro-etched with Oxalic acid to reveal the microstructure. It is worth
noting that other reagents as Kallings or Alcohol+HCl+Fe3Cl, among others, were also
tested not achieving the desired results. The grain sizes were measured using the inter-
cept method which consists of drawing a random straight line. Then, the number of
intersections are counted. The average grain size is determined by dividing this number
by the line length (see Figure 4.4).

4.1.3 Thermomechanical characterization

This section summarizes the thermomechanical compression tests carried out to char-
acterize material behaviour, consisting of plane strain and uniaxial compression tests,
both deformation modes appearing during the NSF process. These tests are widely used
to determine material properties under extreme working conditions. In addition, they
are also of great interest to study recrystallization behaviour from an analytical point of
view.
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Figure 4.4: An example of the intersection method used to determine the grain sizes

Uniaxial compression tests were mainly used to determine the hot deformation con-
stitutive parameters. Also, the flow curves obtained were used to characterize recrystal-
lization behaviour whereas plane strain compression tests were carried out to validate
from a microstructural point of view the analytical results.

4.1.3.1 Gleeble

Different tests using two deformations modes (plane strain and uniaxial compression
tests) were carried out using the HDS-V40 thermomechanical Gleeble equipment of the
Advanced Steel Research Centre of the University of Warwick (see Figure 4.5). This
Gleeble has a loading capacity of 40-ton and it can achieve 1.7 m/s of stroke rate. The
heating system is by Joule effect.

Plane strain compression tests are a widely used method to understand material
behaviour under high conditions of strain rates and temperatures facilitating the study
of microstructural evolution (Slater, Tamanna, and Davis, 2021). The dimensions used
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Figure 4.5: Gleeble HDS-V40 thermomechanical equipment

in these tests are shown in Figure 4.6. For the uniaxial compression tests, the samples
used were 22.5 mm in height and 15 mm in diameter.

Figure 4.6: Plane strain compression samples (a) w=20 mm h=10 mm b=20 mm (b) After
deformation

The samples were placed between two anvils that allowed the passage of electrical
current which means the maintenance of the temperature during the tests. The heating
system of this Gleeble uses a closed loop to control the temperature. To attain this aim,
to do each test the temperature was controlled based on pyrometer measurement.
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To carry out the experimental plan is necessary to select temperature, strain rate and
heating rate. As mentioned above, the temperature range selected was from the typical
range analysed in the literature to the temperatures used in the NSF process whereas
for the strain rate the value was chosen according to those obtained in simulations to
be representative of the NSF process. Finally, two different heating rates were chosen,
one called fast (600◦C/min) and the other one commercial with the aim to be as close
as possible to the real heating conditions observed during the NSF process (see Figure
4.7 and Figure 4.8). It is worth mentioning that the commercial heating profile is an
approximation of the real one observed when heating the billet into the muffle furnace
(the real heating profile can be seen in Section 7.1).

The fast heating profile consisted of heating up the sample previously to the NSF
temperature at 600◦C/min. The aim of heating up the samples to that temperature is
to homogenize the microstructure, that is to have the same initial grain sizes, similar
to those used in the NSF process. Then the temperature was kept constant during five
minutes to ensure the dissolution of precipitates. Finally, the sample was cooled down
to the desire temperature at 600◦C/min.

Figure 4.7: Fast heating profile using the Gleeble

The procedure followed using the commercial heating rate is the same as the previous
one, changing the time at which the sample was kept at the desired temperature being
one minute rather than five minutes.
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Figure 4.8: Commercial tests heating profile using the Gleeble

4.1.3.2 Dilatometer

Compression tests were also done using the dilatometer 805 equipment of the Mondragon
University to characterize material behaviour (see Figure 4.9). These trials were comple-
mentary to those carried out with the Gleeble.

Figure 4.9: Dilatometer 805 equipment

This equipment presents the following technical specifications: 0.2-ton as maximum
load and 0.2 mm/s as maximum stroke rate. Also, the heating system is based on induc-
tive heating with constant sinus frequency. The maximum temperature available in this
machine is 1700◦C, the heating being controlled through a R-type thermocouple welded
to the specimen.

The samples consisted of cylindrical ones with 5 mm in diameter and 10 mm in height
(see Figure 4.10). They were placed between two anvils and heated based on the principle
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Figure 4.10: Dilatomer samples before and after deformation

mentioned above. The tests were done in a vacuum chamber with inert gas. It is worth
mentioning that all the samples were quenched with air to freeze the microstructure.
The heating rate was faster than in the Gleeble and consisted of 3600◦C/min and the
holding time was chosen as two minutes (see Figure 4.11).

The true stress against true strain curve were obtained thanks to the force and ram
displacement data acquired from the both thermomechanical simulators. The true strain
is calculated using Equation (14).

ε = ln
(
h0 − d

h0

)
(14)

where h0 is the initial height of the sample and d is the compressive displacement.

Figure 4.11: Heating profile using the dilatometer
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The true stress is calculated considering the sample deformation. Assuming a constant
volume of the sample and negligible barrelling, true stress can be determined according
to Equation (15).

σ =
F

π
φ2

i
4

(15)

where the equivalent diameter of the sample at each step is as follows:

φ2
i =

φ2
0h0

(h0 − d)
(16)

where φ0 is the initial diameter of the sample and F is the force.

4.2 material: aisi 316

Austenitic stainless steels present difficulties to be manufactured in comparison with
other conventional steels. For instance, a 10% upset reduction in AISI 304 at 1100◦C
needs two times the force of AISI 1020 or 1.6 times the force of 4340 steel (Balachandran
and Balasubramanian, 2013). Stainless steels are highly alloyed and have higher strength
than conventional steels which hampers the forging process. Finally, austenitic stainless
steels could present delta ferrite which adversely influences the forgeability. That is why
a new process to manufacture stainless steel is of great interest for industry and, with the
NSF process, complex parts could be obtained reducing the amount of material needed
and the force required to deform the sample.

The relevance of this material to industry is not unimportant as it is widely used
due to its corrosion resistance and also its formability, its strength and its properties
at extreme temperatures. The formability of stainless steels under NSF conditions is
expected to increase, therefore making complex designs of functional and cost-effective
products in stainless steels seems feasible.

Phase changes both during deformation or quenching could take place in different
alloys hampering the analysis. In this sense, austenitic stainless steels could be a possible
option to avoid phase changes during the NSF process. Despite this selection, the high
strain (see Plata et al., 2020) at which the billet is subjected during the process may
cause changes in the material’s behaviour due to recrystallization. In addition, it is
not possible to harden austenitic stainless steel by heat treatment, that is why grain
refinement is a key aspect in its mechanical properties.

On this basis, for this work AISI 316 samples were taken from rolled bars supplied
by Acerinox. The chemical composition of the material is shown in Table 4.1.
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Table 4.1: Chemical composition of AISI 316

Cr 16.5-18.5 %
Ni 10-13 %
Mn ≤ 2 %
Mo 2-2.5 %
Si ≤ 1 %
N 0.11 %
P 0.045 %
C ≤ 0.07 %
S 0.03 %

The microstructure of the as-received bar was analysed in two directions (longitudinal
and radial) and it was observed to be homogeneous. The etch process was carried out
according to the procedure explained above. The microstructure consisted of austenite
grains with manganese sulphides appearing as black marks. The initial grain size was 15
microns (see Figure 4.12).

Figure 4.12: Initial microstructure of AISI 316. Scale bar: 100 µm

Therefore, among all the possible materials, austenitic stainless steels are widely used
in industry although they are more difficult to be manufactured in comparison to other
steels. Thus, a new manufacturing route as the use of NSF would be of great interest for
industrial purposes. In addition, in order to understand the process, austenitic stainless
steel does not have phase changes during heating, which may facilitate the analysis.
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4.3 nsf cell

Lozares et al., 2020 designed and manufactured the tooling for NSF of high-melting-point
alloys. In Figure 4.13, the NSF cell and the tooling are shown.

Figure 4.13: (a) NSF cell (b) Tooling for high-melting-point alloys (Lozares et al., 2020)

The press used in the cell is a Fagor servo-mechanical press whose capacity is 400
tonnes. The servo-mechanical press offers benefits such as higher productivity, high prod-
uct precision and better reliability than a mechanical press. Moreover, the press employed
has a flexible ram movement which permits a wide range of working cycles, this being
one of the main characteristics of this type of presses. The deformation stage starts with
the punch being moved from the top dead centre to the bottom one. It is worth mention-
ing that the maximum load is only attained in the final position, at which the punch is
held for five seconds compressing the material. Table 4.2 shows the press characteristics.

With respect to the tooling, it is composed of an upper and lower die holder connected
by four hydraulic cylinders which enable the die to open and close. In addition, other four
hydraulic cylinders are located in the upper die holder to prevent die separation during
the process. To verify the cylinder movement at the same speed and time, different flow
dividers were installed. The tool is shown in Figure 4.14.
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Table 4.2: Characteristics of the servo-motor-driven mechanical press

Servo motor driven mechanical press SDM2-400-2400-1200
Press capacity (kN) 4000 at 20 mm from the Bottom Dead Center
Number of points 2

Working torque max /nominal (Nm) 5500/3000
Max stroke (mm) 400

Max ram speed (mm/s) 800
Die height (mm) 1000 to 1200 (stroke 400 mm)

Table size (mm x mm) 2400 x 1200
Max cadence (spm) 100

Die cushion capacity (kN) 400
Die cushion stroke (mm) 100

Motor power max/nominal (kW) 450/250

Figure 4.14: Design of tooling for high-melting-point alloys (Lozares et al., 2020)

For the process, the dies are preheated to 270◦C with oil flow through the tempering
channels. Then, to establish a thermal shock barrier in both dies and punch, a long-
lasting ceramic varnish with lubricant was used (CeraSpray®).

One of the main factors is the heating of the billet to a temperature near the solidus.
To achieve this aim, a high temperature muffle furnace was used, being 1600◦C the
maximum achievable temperature. Temperature calibration of the furnace was done in
order to control the billet temperature during heating (see Section 4.1.2). Figure 4.15
depicts an example of the cycle used in the press.
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Figure 4.15: Design of tooling for high-melting-point alloys (Lozares et al., 2020)

As was mentioned above, the billet used during the process is heated up in a muffle
furnace, following the heating profile explained in Section 4.1.2. The billet could be
slightly cool down when it is transported from the furnace to the press.

Finally, in order to eject the component, the clamping system retraction and die
opening are manually initiated once the deformation has finished and the ram is at the
TDC. After the dies are separated, a pneumatic ejection system is manually activated.
Then, an operator is responsible for removing the component from the press and cleaning
the dies to start a new cycle (Plata, 2018).

4.4 initial numerical analyses

Numerical software such as Forge NXT® is a good tool to carry out a preliminary
estimation of the expected conditions during the manufacturing process. On this basis,
a lifting gear component (hook geometry) was chosen. The main aim of choosing the
hook geometry was to have at the same time a real geometry used in the industry which
allow grain sizes evolution along the part to be studied as a function of the strain reached.
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Forge NXT® uses continuous remeshing and adaptive meshing because of the severe
conditions expected during the process. The quality of the mesh is important to obtain
accurate results. Consequently, the software applies spatial triangulation, that is, meshes
are composed of 3D tetrahedra. The minimum element size in the simulation was set to
1 mm.

Furthermore, these FEM models were developed using AISI 316 from the database.
The thermal conductivity, specific heat and emissivity of these materials were taken by
default from Forge NXT® database.

The temperature of the dies was 270◦C and the billet temperature was set to 1370◦C
according to Lozares et al., 2020. Lozares et al., 2020 established the working tempera-
ture to be between 0.9 and 0.95 the solidus temperature. The thermomechanical model
implemented in Forge NXT® is the Hansel-Spittel law which represents the dependency
of the material flow stress on strain, strain rate and temperature.

4.4.1 Results and discussion

The aim of this preliminary analysis is to test the capacity for the NSF process to man-
ufacture stainless steel parts and to determine the expected conditions to define the
process window to characterize material behaviour. In addition, the load mode of the
whole process was also numerically analysed taking into account the triaxiality param-
eter, to prove the assumption that plane strain and uniaxial compression mainly take
place during the process. Figure 4.16 shows the strain map in which two different zones
were identified: the surface and the bulk.

Figure 4.16: Strain fields at (a) surface (b) bulk
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As mentioned above, it will be necessary to define the strain rate of the NSF process
to characterize the material behaviour under these conditions. It can be seen in Figure
4.17 the strain rate map of the process.

Figure 4.17: Strain rate fields

To define a representative value of strain rate to carry out the thermomechanical
characterization properly, an histogram was taken from the simulation demonstrating
that the vast majority of the elements were subjected to a strain rate of around ten (see
Figure 4.18). That is why, 10 s−1 was taken as an average value for the thermomechanical
characterization.

Figure 4.18: Strain rate histogram according to Forge NXT®
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Another important aspect to be considered is the load mode during the process. As
NSF is a complex process, the billet is subjected to different load modes. In addition, the
knowledge of the load mode is relevant in order to choose how to do the characterization
tests shown in Section 4.1.3.1. To characterize the load mode, triaxiality is widely used.

Triaxiality represents the ratio between the hydrostatic pressure and the equivalent
stress. Thus, the triaxiality parameter (η) was calculated using Equation (17) where p is
the hydrostatic pressure and q the equivalent stress. To determine these two parameters,
Equation (18) and (19) were used. According to the literature, triaxiality is zero in shear
mode, -1/3 in compression mode and -0.6 in plane strain mode (Bai and Wierzbicki,
2008).

To achieve this aim, a MATLAB subroutine was developed in order to determine the
load modes during deformation. The stress tensor was obtained from Forge NXT® to
develop this calculation.

η =
−p
q

(17)

p = −1
3 tr([σ]) = −1

3 (σ1 + σ2 + σ3) (18)

q =

√
1
2
[
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2
]

(19)

As Figure 4.19 shows, at the beginning of deformation (25% of the process), the load
mode is basically pure compression and some parts with stress triaxiality associated to
plane strain are also observed. Then, in the middle of the process, shear mode also could
appear in some parts of the hook but compression remains the principal load mode.
Once the deformation has advanced considerably (75%), the triaxiality varies along the
part between 0 and -0.6. Finally, at the end of deformation, the principal load mode is
compression again.

It is worth mentioning that this premilinary analysis was carried out using the ther-
momechanical flow behaviour according to Forge NXT® which needs from extrapolation
to go to NSF conditions. They reported that high strains would be expected during the
NSF process, together with strain rates around 10 s−1. In addition, the triaxiality anal-
ysis showed that uniaxial compression and plane strain deformation modes were widely
common along the part, making it necessary to characterize the material under both
modes.
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Figure 4.19: Triaxiality results at different steps during deformation
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As has been mentioned in the literature, NSF is a novel manufacturing process which
works at very high temperatures close to the solidus. However, material behaviour under
these conditions is quite complex and its study is not widespread in the literature.

Samantaray et al., 2011a analysed flow curves of 304 (as-cast) and 304 stainless steel
under different conditions of strain rates and high temperatures from 800 to 1200◦C.
As Figure 5.1 shows, both stainless steels showed thermal softening and strain rate
hardening.

Figure 5.1: True stress- True strain curves of austenitic stainless steel at temperatures between
1073 and 1273 K and strain rates of (a) 1 and (b) 0.001 s−1 (Adapted from Samantaray
et al., 2011a)

In addition, studying the curves of work hardening rate and temperature (see Figure
5.2) it was observed how strain hardening decreased when temperature increases. This
behaviour was noted in other FCC materials (Lennon and Ramesh, 2004).

57
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Figure 5.2: Work hardening rate (θ) vs T at 1 s−1 (Adapted from Samantaray et al., 2011a)

Dehghan-Manshadi, Barnett, and Hodgson, 2008a carried out research into hot defor-
mation with austenitic stainless steel (AISI 304). The samples were deformed at tempera-
tures from 600 to 1200◦C and at low strain rates. At temperatures higher than 850◦C and
a constant strain rate of 0.01 s−1, curves have a typical dynamic recrystallization shape
while at temperatures lower than 850◦C this behaviour was not evident. In contrast, at
700◦C the curve shows a steady state without a peak value which could imply dynamic
recovery. Finally, at 600◦C the stress increases with strain until fracture which indicates
continuous work hardening, probably without any kind of recovery or recrystallization.

Similar behaviour is shown at a constant temperature of 900◦C and at different strain
rates. The typical peak stress followed by a steady state is shown at lower strain rates
which implies DRX. Strain rate hardening was also observed (see Figure 5.3).

Furthermore, Samantaray et al., 2011b studied flow behaviour using AISI 316 (see Fig-
ure 5.4). In this case, the test conditions are at different temperatures and at two strain
rates (0.1 and 1 s−1). These curves show thermal softening and strain rate hardening.

As has been shown, hot deformation for an austenitic stainless steel is usually accom-
panied by recovery and recrystallization, especially at high temperatures. That is why
Hansel-Spittel (Gronostajski et al., 2017) proposed a flow stress law considering strain,
strain rate and temperature as shown in Equation (1).
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Figure 5.3: Flow curves at different strain rates and a constant temperature of 900◦C (Adapted
from Dehghan-Manshadi, Barnett, and Hodgson, 2008a)

Figure 5.4: Flow curves of AISI 316 at 0.1 s−1 and 1 s−1: (a) 1073 K (b) 1173 K (c) 1273 K
(Adapted from Samantaray et al., 2011b)
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This law has been implemented in Forge NXT® and that is why there is a special
focus on the use of this law in stainless steel. For instance, Kang et al., 2017 carried out
a comprehensive study on flow behaviour of 304 stainless steel at temperatures between
800 and 1200◦C and at different strain rates. They fitted the data to the above-mentioned
equation concluding the following:

• The parameter A0 is temperature dependent and oscillates between 1100 and 2700
MPa

• The parameter m2 and m4 decreases with temperature and its value is from 0.55
to 0.80 for the first one and 0.007 to 0.008 for the second one

• The parameter m3 increases with temperature changing between 0.02 and 0.12

• The parameter m7 decreases with temperature, its value being between -2.1 and
-0.9

• m1, m5, m8 and m9 are taken as zero

Kajberg and Sundin, 2013 studied flow behaviour of AISI 316 using a high-temperature
Split Hopkinson pressure bar at temperatures from 900 to 1200◦C and two different strain
rates. They used a simple model based on Equation (1) in which m5,m7,m8 and m9 were
neglected. The following values were obtained:

• A0 has a value of 4320 MPa

• m1 is taken as -0.00182

• m2 is equal to 0.27

• m3 has a value of 0.0485

Regarding Forge NXT® simulation software it is possible to see how the flow be-
haviour of AISI 304 is not yet included in the software whereas for 316 the following
values were employed in the range of 800-1200◦C and 0.01-500 s−1.

• A0 value is equal to 4320 MPa

• m1 is taken as -0.00305

• m2 has a value of 0.10835

• m3 is equal to 0.08647

• m4 is taken as -0.0127

• m5,m7,m8 and m9 are equal to zero
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However, although these values were obtained for strain rates of up to 500 s−1, the
maximum temperature was 1200◦C, making it necessary to extrapolate to reproduce NSF
conditions. For similar conditions, Paquette et al., 2021 gave the following parameters:

• A has a value of 4660 MPa

• m1 is taken as -0.00311

• m2 is equal to -0.09996

• m3 has a value of 0.09794

• m4 is -0.06481

There are different techniques and laws used to model the flow behaviour of metals.
However, the validity of the material law is limited to the range in which the material
has been tested. As has been shown, even for similar materials (austenitic stainless steel)
and using the same law, the material parameters are totally different. Thus, in order to
study the material behaviour under NSF conditions it is necessary to carry out material
characterization to have a proper law to reproduce the material behaviour.

On this basis, first, a thermal characterization of the material was carried out to
accurately determine its solidus temperature through the DSC (see Section 4.1.1), also
analysing all possible phase transformations.

Then, a thermomechanical characterization was carried out using two different ther-
momechanical simulators (Gleeble and dilatometer as explained in Section 4.1.3) and
two dissimilar configurations (plane strain and uniaxial compression). The effect of the
heating rate on material behaviour was also studied as it is a relevant aspect for the
process and it is usually neglected in the literature.

Thanks to this thermomechanical analysis, the flow stress behaviour of the material
was characterized covering the range of the NSF conditions. These extreme temperatures
were not analysed in the literature, and extrapolations were proven to report inaccurate
predictions under these conditions.

Finally, the possibility of having recrystallization was analytically studied using the
stress-strain curves, and analysing the effect of relevant input parameters such as tem-
perature, strain rate or heating rate.

Modelling of DRX consists of determining different parameters such as activation
energy (Q), critical strain, recrystallized grain size or recrystallized fraction, among
others. The study of DRX for AISI 316 is extensive in the literature and some examples
are summarized here.

As mentioned in Section 2.3.1, Q for dynamic recrystallization could be obtained fit-
ting Equation (7) for the material tested under the experimental conditions, i.e. different
researchers defined the value of the activation energy of AISI 316 around 400 kJ mol−1

(Kim, Lee, and Jang, 2003; Liu et al., 2013; Dupin, Yana, and Yanag., 2014; Suker et al.,
2017).
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Kim, Lee, and Jang, 2003 proposed a model based on torsion tests under dissim-
ilar conditions of temperature and strain rates. The temperature range at which the
tests were carried out was from 1000 to 1200◦C and the strain rate from 0.05 to 5 s−1.
These researchers defined Equation (20) and (21) for the critical strain and the dynamic
recrystallized grain size.

εc = 0.0227Z0.057 (20)

dDRX = 4644Z−0.123 (21)

Jafari, Najafizadeh, and Rasti, 2007 developed a dynamic recrystallization model
through compression tests under different temperature conditions (950-1100◦C) and
strain rates between 0.01 to 1 s−1. According to these results, critical strain and re-
crystallized grain size equations were obtained (Equation (22) and (23)).

εc = 0.0033Z0.127 (22)

dDRX = 230Z−0.097 (23)

Other studies such as the one done by Liu et al., 2013 proposed another model taking
into account results from compression Gleeble tests. These tests were carried out in
the range of temperatures from 900 to 1200◦C and from 0.001 to 10 s−1 of strain rate.
This research work did not include an equation for the critical strain maybe due to the
difficulties of determining it at high strain rates, without the presence of a peak in the
flow stress curve. The recrystallized grain size equation is shown in Equation (24).

dDRX = 1.01 · 105Z−0.24 (24)

Dupin, Yana, and Yanag., 2014 carried out single compression tests in the temper-
ature range of 950-1150◦C and from 0.01 to 20 s−1 of strain rate. Thus, Equation (25)
shows the critical strain equation and Equation (26) represents the recrystallized grain
size.

εc = 0.019Z0.09 (25)
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dDRX = 27000ε̇−0.2 exp
(−13000

T

)
(26)

Other researchers such as Zhang et al., 2015 studied AISI 316 using single compression
tests under different conditions of temperature (900-1200◦C) and strain rate (0.1-10 s−1).
This investigation developed the relationship between critical stress and Z and, also,
dDRX and Z.

σc = 15.9 ln(Z) − 495 (27)

dDRX = 1.3 · 104Z−0.22 (28)

Wang et al., 2016b developed another model based on compression tests at tempera-
tures from 900 to 1250◦C and at strain rates between 0.01 to 1 s−1. The critical strain
model was not included, these researchers used by default the relationship between the
critical and peak strain (see Equation (11)). Moreover, the recrystallized grain size is
modelled obtaining Equation (29).

dDRX = 20975.492Z−0.19324 (29)

Summarizing, Table 5.1 embraces the conditions mainly analysed in the literature
with regard to recrystallization modelling and the different DRX grain size laws, proving
that no agreement was found between researchers.

Table 5.1: Summary of the main conditions employed in literature to characterize DRX kinetics
in AISI 316

Ref. T(◦C) ε̇(s−1)
Kim, Lee, and Jang, 2003 1000-1200 0.05-5

Liu et al., 2013 900-1200 0.001-10
Dupin, Yana, and Yanag., 2014 950-1150 0.01-20

Jafari, Najafizadeh, and Rasti, 2007 950-1100 0.01-1
Zhang et al., 2015 900-1200 0.1-10
Wang et al., 2016b 900-1250 0.01-1

To conclude, it was demonstrated that austenitic stainless steel is known for dynamic
recrystallization to occur, especially when the process is carried out at high temper-
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atures and when high strains are achieved. These conditions are typical in the NSF
process as was proven in Section 4.4. However, the parameters to model DRX behaviour
differ among the researchers as they are highly dependent on the initial microstructure,
material properties or testing conditions. That is why, it is necessary to determine the
recrystallization behaviour of the material under NSF conditions in order to have reliable
models.

5.1 differential scanning calorimetry

As mentioned above, the main aim of this DSC analysis was to determine the material
solidus temperature and to analyse possible phase changes during heating. According to
literature review, the solidus temperature is around 1420◦C. The experimental sequence
consisted of a cycle which was composed of different segments. First, to heat a sample
of 50 mg at a rate of 10◦C/min up to 1450◦C in order to melt it, followed by a slow
cooling at the same rate. A more detailed explanation of the methodology can be seen
in Section 4.1.1.

The first heating segment showed a linear trend without the presence of phase changes.
This first analysis showed that AISI 316 could be a potential choice to study the phenom-
ena which explain NSF process avoiding the intrinsic difficulties of having phase changes.
This statement could be extrapolated to any other austenitic stainless steel. Finally, as
Figure 5.5 shows, the solidus temperature was 1435◦C. In addition, at around 1400◦C
a slight variation was observed in the graph which could be related to the appearance
of delta ferrite as it is a common phase in this alloy. It is worth mentioning that this
analysis was carried out under equilibrium conditions.

Figure 5.5: Solidus temperature of AISI 316
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Moreover, a simulation was launched using FactSage. The results are shown in Fig-
ure 5.6. As can be seen, the results are in agreement with the experimental ones, both
reporting the same solidus temperature. However, with regard to the delta ferrite, slight
discrepancies were observed as, according to simulation, delta ferrite tends to appear
around 1320◦C. These results are of great relevance in order to define the working tem-
perature range.

Figure 5.6: Phase diagram of AISI 316 using Factsage

These results are of special interest as they allow the temperature of the NSF process
to be determined. According to Lozares et al., 2020, the process temperature ought to be
around 0.95 the solidus temperature. Under these conditions, Plata, 2018 demonstrated
that NSF worked for different steel grades. On this basis, taking into account the knowl-
edge acquired from previous experiences and the results obtained, the optimum process
temperature should be 1370◦C.

5.2 thermomechanical analysis

The main aim of this section is to analyse the material behaviour of the AISI 316 from
the typical temperature range which appears in the literature to that found in the NSF
process. Uniaxial compression tests were chosen to carry it out. Although plane strain
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compression tests were also done as was explained in Section 4.1.3, these tests were
used to carry out the microstructural analysis due to the fact that the plastic strain
was demonstrated by Slater, Tamanna, and Davis, 2021 to be more uniform along the
sample.

Uniaxial compression tests are widely used to determine material properties under
extreme working conditions. In addition, these tests are also of great interest when
studying recrystallization behaviour from an analytical point of view. That is why, these
tests were done in parallel with the plane strain ones in order to complement the results.
Therefore, these tests were mainly used to determine the hot deformation constitutive
parameters. Also, the flow curves obtained were used to characterize recrystallization
behaviour in uniaxial compression and the microstructures were taken to validate the
analytical results. It is worth mentioning that all these tests were done up to a strain of
1.

For the dilatometer (see Section 4.1.3.2), the tests were done in a vacuum chamber
with inert gas. It is worth mentioning that all the samples were quenched with air to
freeze the microstructure. As Section 5.1 shows, the NSF temperature was 1370◦C, that
is why all the samples were heated up to that temperature to have the same initial grain
sizes at the beginning of the test. In terms of heating rate and holding time, the tests
were organised as follows (see Figure 5.7):

• 3600◦C/min up to 1370◦C and 2 min of holding time.

• Then, 3600◦C/min up to the desired temperature: 1100, 1200, 1250, 1300 and
1370◦C.

• After the trial, the sample was quenched in air at 12000◦C/min.

Figure 5.7: Heating profile using the dilatometer: (II) from 1100 to 1370◦C
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As mentioned above, the main aim of doing these tests was to analyse the flow
behaviour under the typical temperature conditions which appear in the literature and
the NSF temperatures (see Figure 5.7).

To determine the material parameters (see Equation (4), (5) and (6) in Chapter 2)
different temperatures and strain rates were selected. The temperature range chosen was
between 1100 and 1370◦C, previously heated up to 1370◦C to achieve the same initial
grain sizes used during the NSF process. Moreover, the strain rates selected were 0.1,
1 and 10 s−1 in order to cover up to the strain rate observed during the process and
to ensure recrystallization (it is assumed that at lower strain rates the critical strain
for recrystallization would be lower) providing enough points to determine material
behaviour. It should be highlighted that no research was found in the literature covering
these extreme conditions.

Also, with the aim of being as close as possible to the real heating conditions observed
during the NSF process, different tests (commercial tests) were carried out with the
following heating profile (see Figure 5.8). The commercial tests were carried out using
the Gleeble as these conditions were not possible to achieve with the dilatometer as, due
to the slow heating rate, the sample spent too much time subjected to high temperatures
which caused the thermocouple to fail because of the lack of welding generating high
temperature peaks resulting in a partial melting of the sample. For these trials, the strain
rate was 10 s−1 according to the FEM results showed in Section 4.4.

Figure 5.8: Commercial tests heating profile using the Gleeble: (III) from 1200◦C to 1370◦C

In terms of heating rate and holding time, the commercial tests were organised as
follows:

• From 25◦C to 1200◦C: 130◦C/min
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• From 1200◦C to 1370◦C: 12◦C/min

• Time maintenance: 1 min. As the heating rate is lower in comparison with the one
previously explained, one minute was assumed to be enough to ensure dissolution
of precipitates.

• From 1370◦C to the desired temperature (1200◦C, 1250◦C, 1275◦C, 1300◦C, 1330◦C
and 1370◦C): 96◦C/min

5.2.1 Flow stress behaviour: results

The objective of this section is to analyse the influence of the temperature, strain and
heating rate on the flow behaviour of AISI 316.

Influence of temperature and strain rate

The stress-strain curves from the dilatometer for AISI 316 at the range of tempera-
tures analysed are shown in Figure 5.9 and Figure 5.10 for the whole set of strain rates
analysed.

Figure 5.9: Flow stress curves in the dilatometer: (a) 0.1 s−1 (b) 1 s−1

Regardless of the strain rate a clear thermal softening effect was observed in the
whole range of temperatures. Therefore, if it would be possible to ensure good mechani-
cal properties thanks to recrystallization processes, high temperatures could be a good
option to carry out NSF tests making the deformation process easier.

With regard to the strain rate, it can be observed in Figure 5.9 and Figure 5.10, that,
regardless of the temperature, there is clear strain rate hardening. This means that the
material is more difficult to deform when the strain rate is higher. This issue should be
taken into account in the NSF process as strain rates associated with this manufacturing
process tend to be high.
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Figure 5.10: Flow stress curves at 10 s−1 in the dilatometer: 1100◦C (blue), 1200◦C (red), 1300◦C
(yellow) and 1370◦C (purple)

Nevertheless, one of the main reasons that the forging industry avoids high temper-
atures is because of the formation of delta ferrite, which could be detrimental for the
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process. At these high temperatures delta ferrite formation was observed (see Figure
5.5).

Influence of heating profile

Heating up the billet is one of the main stages related to the NSF process. Therefore, the
aim of this section is to briefly analyse the effect that heating rate could have on material
flow behaviour and, thus, on process performance. To achieve this aim, the commercial
tests were carried out in the Gleeble machine and these results were compared with those
obtained from the dilatometer (see Figure 5.11).

Figure 5.11: Comparison between flow stress curves: (a) Dilatometer (b) Gleeble
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As can be seen, the same trend was obtained, as expected, using both machines. In
general, the results were in the same order of magnitude but under all the conditions
tested, higher stresses were observed when using the dilatometer. This behaviour is
assumed to be due to the influence of the heating rate.

5.2.2 Flow stress behaviour: discussion

To analyse the thermal softening effect more deeply, peak values of stress were compared
at different temperatures for the dissimilar strain rates. As can be seen in Figure 5.12, the
thermal softening rate is similar for each strain rate. Therefore, this thermal softening
is assumed to be related to microstructural issues instead of mechanical ones.

Figure 5.12: Peak stress under dissimilar strain rate conditions: 0.1 s−1 (dot), 1 s−1 (star) and 10
s−1 (cross)

However, although the trends reported for the different strain rates were similar, all
of them showed a change in the trend when the temperature was closer to the NSF
conditions. This was highlighted in Figure 5.12. This effect is assumed to be due to
the formation of delta ferrite during the heating which could not be totally diluted
after the cooling, as was observed in the DSC analysis that delta ferrite tended to
appear around the NSF working temperature under equilibrium conditions. Therefore,
although the heating up to 1370◦C aimed to homogenize the initial microstructure, delta
ferrite formation could have an impact on the flow behaviour. This will be analysed and
discussed more in depth in Chapter 6.

Nevertheless, apart from the possible differences in a delta ferrite fraction at the
beginning, this phase could nucleate easier depending on the working conditions. For
instance, Venugopal, Mannan, and Prasad, 1996 or Soleymani, Ojo, and Richards, 2015
stated that higher strain rates and temperatures might result in the formation of a higher
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amount of delta ferrite. This may explain the aforementioned change in trend. To corrob-
orate this assumption, as no literature data was found at these extreme temperatures,
different microstructures were taken from the centre of the deformed sample which were
quenched in air as stated in Section 4.1.3.2. The microstructures obtained are shown
in Figure 5.13 in which the delta ferrite phase is highlighted with a red arrow and the
austenite grains with a blue arrow.

Figure 5.13: (a) 1100◦C (b) 1200◦C (c) 1300◦C (d) 1370◦C. Scale bar: 100µm

It is worth mentioning that Figure 5.13 shows the results for a strain rate of 10 s−1

which were the conditions which reported a more pronounced change between the two
slopes differentiated (see Figure 5.12). As can be seen, especially for the tests at 1370◦C,
a high amount of delta ferrite was observed (see Figure 5.14), justifying the obtained
results.

Again, analysing more in depth the effect of the strain rate, the values of the peak
stress were plot against strain rate for the different temperatures (see Figure 5.15). As
can be seen, the same behaviour was observed for all the temperatures. However, the
strain rate effect, as expected, was not linear, being more pronounced at lower strain
rates. This drastic change observed between 0.1 and 10 s−1 is assumed to be due to
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Figure 5.14: Delta ferrite phase. Scale bar: 10µm

the higher amount of delta ferrite formed at high strain rates as stated by Venugopal,
Mannan, and Prasad, 1996 and observed in Figure 5.13.

Figure 5.15: Peak stress at: 1100◦C (dot), 1200◦C (star), 1300◦C (cross) and 1370◦C (circle)

With regard to the heating profile, the one followed in the dilatometer, as was ex-
plained in Section 4.1.3.2, is much faster (around thirty times) than the one used in
the Gleeble. Thus, the sample was more time subjected to high temperatures in the
Gleeble test and the initial microstructure is assumed to present higher grain sizes with
a high amount of delta ferrite thanks to having more time for nucleation and growing.
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For instance, Figure 5.16 shows the microstructure at 1370◦C for both cases measured
with the optical microscope according to the methodology explained in Section 4.1.2. As
can be observed, the grain sizes were 45 µm for the dilatometer case and 55 µm for the
Gleeble test, being the delta ferrite highlighted with a red arrow in Figure 5.16.

Figure 5.16: Initial microstructure at 1100◦C: (a) Dilatometer (b) Gleeble

According to Guo et al., 2012 and Liu, Li, and Dang, 2013, based on the discrepancies
observed in the microstructure, no remarkable differences would be expected on the flow
stress behaviour. In general, taking peak stresses as reference, the deviations were in the
range from 10 to 15%, being lower for the Gleeble test. This reduction is associated with
having higher initial grain sizes but just the slight differences on the initial grain sizes
could not explain such variations. As these differences were slightly higher than the ones
reported by Guo et al., 2012 it could be expected that another effect apart from the
differences on the grain size is playing a role.

As can be observed in Figure 5.16, together with the differences on grain size, the sam-
ple heated up at the slowest heating rate also presented high amount of delta ferrite on
the austenite grain boundaries. This phase could also have an influence on the softening
seen, that is why the microstructure of the deformed samples was again analysed, as can
be seen in Figure 5.17, in which delta ferrite phase is highlighted with a red arrow being
on the left the dilatometer microstructures and on the right the Gleeble ones, proving
that Gleeble microstructure presented higher amount of delta ferrite.
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Figure 5.17: (a) 1200◦C (b) 1300◦C (c) 1370◦C. Scale bar: 100µm

As can be observed, for all the conditions carried out in the Gleeble, higher amount of
delta ferrite was obtained which could be associated with a reduction in the flow stress.
These results are in agreement with those reported by Park et al., 2013.

5.3 material behaviour modelling

It would be of great interest to characterize material flow behaviour under extreme
conditions reached during the NSF process as was observed based on the literature
review that the commonly tested conditions are still far from those expected in the NSF
process as was stated in Section 4.4.
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5.3.1 Hansel-Spittel law under NSF conditions

As can be seen at the beginning of this chapter, the values of the material constants
notably differ among researchers. To characterize the material behaviour it is necessary
to have results of flow stress under different conditions of strain rate and temperature.
On this basis, the dilatometer results were employed both to compare the predictions
with the experimental results and to optimize Hansel-Spittel parameters up to NSF
conditions. The predicted results using the parameters aforementioned were compared
with the experimental ones as Figure 5.18 shows.

Figure 5.18: Flow stress curves: (a) Dilatometer compression test (b) Hansel-Spittel predictions
with Forge NXT® parameters
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In general, no agreement was found between experimental and predicted values.
Therefore, it seems clear the necessity of characterizing material behaviour at these
temperatures, not widely analysed in the literature.

Thus, the dilatometer tests were used to model the dependence of stress with strain,
strain rate and temperature under these conditions. The results were fitted using Gen-
eralized Reduced Gradient (GRG) method for non-linear problems (Romeo, 2019).

For each condition, the experimental results were compared with those predicted using
the parameters proposed in Forge NXT®, and the absolute errors in the predictions were
calculated. After doing so, the objective function was defined as the sum of the prediction
errors for each condition, aiming to minimise it.

After adding the necessary constraints, the solver was launched varying all possible
material constants included in Equation (1). In order to ensure the reliability of the
results, the material parameters proposed in Forge NXT® software were used as seed for
the algorithm.

Once the algorithm finished, the following material parameters were reported:

• A= 4321 MPa

• m1= -0.003004

• m2= 0.1

• m3= 0.16157

• m4= -0.01

5.3.1.1 Hansel-Spittel law under NSF conditions: discussion

Although the variations could seem low, they resulted in a reduction in the total error by
more than half, which would result in a notable increase in the accuracy of the predictions
as can be seen in Figure 5.19. It is easy to see that the predictions reported in Figure
5.19 are clearly more accurate than those shown in Figure 5.18 for all the conditions
tested, especially at higher strain rates.

Analysing more in depth the results, it can be seen that the variations for low strain
rates, and more specifically for 0.1 s−1, the increase on the accuracy is not so much
pronounced whereas at 1 and 10 s−1 the errors were notably reduced.

The accuracy of the proposed method was validated comparing the experimental
results obtained at 1250◦C and 10 s−1, as this condition was not included in the opti-
mization algorithm. In Figure 5.20, the results obtained using the calculated material
parameter are shown compared with those predicted using Forge NXT® parameters,
Faini, Attanasio, and Ceretti, 2018 and Paquette et al., 2021, for the same steel grade.
As can be seen, the prediction with the values taken from the literature and also with
the values employed by Forge NXT® were notably inaccurate. Thanks to the proposed
optimization the prediction error was reduced by more than half.
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Figure 5.19: Flow stress curves: (a) Compression test (b) Model prediction

Although the results obtained in this section are promising and can improve the ac-
curacy on the predictions using FEM software, it is worth mentioning that the model
proposed just considers the effect of strain, strain rate and temperature, being not able
to properly reproduce the shape of the stress-strain curve due to the effect of recrystal-
lization during deformation. That is why, in the following section, the recrystallization
phenomenon will be deeply analysed.
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Figure 5.20: Flow stress curves: (a) Compression test (b) Model prediction (c) Paquette et al.,
2021 prediction (d) Forge NXT® database (e) Faini, Attanasio, and Ceretti, 2018
prediction

5.3.2 Constitutive equation for recrystallization analysis of AISI 316

Constitutive equation, as the one explained in previous section, is typically used to
describe the relation of plastic stress with thermodynamic parameters such as strain,
temperature and strain rate. However, these equations are usually not able to reproduce
material behaviour subjected to recrystallization processes.

Therefore, a recrystallization analysis was carried out for AISI 316 at high temper-
atures representative of the NSF process and over a wide range of strain rates. These
conditions are not widely analysed in the literature although they are of great interest
to many mechanical process. The results related to the dilatometer tests were used to
carry out the analysis (see Figure 5.9 and Figure 5.10 in Section 5.2.1).

Constitutive equation was modelled according to Sellars and Tegart, 1966 as a hy-
perbolic sine function. However, to describe this behaviour different equations were used
(Equation (4), (5) and (6)) covering all possible regimes of plastic stress, as was explained
in Section 2.3.3.

The analysis was made taking logarithms from both sides of Equation (4), (5) and (6).
In order to estimate the values of β and b, Equations (7) and (8) were used for plotting
ln σp-ln ε̇ and σp-ln ε̇. The values of b and β were determined by the average value of
the slopes being 6.3272 and 0.0702, respectively (see Figure 5.21). Likewise, α=β/b was
0.011.
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Figure 5.21: (a) ln σp vs ln ε̇ and σp vs ln ε̇ to obtain b and β

To obtain the value of the stress exponent n, Equation (9) was used, plotting ln ε̇-
ln[sinh(ασp)] taking into account the value of α. After linear regression fitting, n was
determined to be 4.52 (see Figure 5.22).

Likewise, for each strain rate, the activation energy Q was determined using Equa-
tion (9), plotting ln[sinh(ασp)-1/T . Linear fitting was used to determine the average,
obtaining 480 kJ/mol as Q (see Figure 5.23).

Table 5.2 shows a summary of the values calculated.

Table 5.2: A summary of the characteristic constants

b β α n Q (kJ/mol)
6.3272 0.0702 0.011 4.52 480
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Figure 5.22: ln ε̇ vs ln[sinh(ασp)] to obtain n

Figure 5.23: ln[sinh(ασp) vs 1/T to obtain Q

5.3.2.1 Constitutive equation for recrystallization analysis of AISI 316: discussion

As was mentioned above, the determination of the activation energy for dynamic recrys-
tallization is of wide relevance to be able to model it analytically. This value, although it
has been obtained for conditions not reported in literature, is in agreement with different
researchers such as Kim, Lee, and Jang, 2003; Liu et al., 2013; Dupin, Yana, and Yanag.,
2014 and Suker et al., 2017, being always around 400 kJ/mol.



82 thermomechanical behaviour of aisi 316

Nevertheless, it is worth mentioning that the obtained value was slightly higher than
those reported in the literature, around 20% higher. According to Nkhoma, Siyasiya,
and Stumpf, 2014 the hot working conditions should not have an effect on activation
energy. Therefore, the observed differences may be explained by alloying elements and
possible formation of new phases during heating and deformation. For instance, Bao et
al., 2011 stated that higher amount of alloying elements would result in higher activation
energies. In this line, McQueen et al., 1995 demonstrated that stainless steels with high
amount of delta ferrite, tended to have higher activation energies, that is, delta ferrite
hampers dynamic recrystallization to take place. On this basis, the obtained result is in
concordance with all the statements found in the literature as was demonstrated that,
due to the preheating at 1370◦C, high amount of delta ferrite would be expected specially
under the most extreme conditions.

With regard to α, β and n, these values are reported in literature to be apparent
material parameters (Mirzadeh et al., 2011; Mirzadeh, Cabrera, and Najafizadeh, 2011).
Therefore, no special variation in comparison to the values shown in the literature would
be expected. For instance, these values are in agreement with those obtained for similar
steel grades but under different conditions (Nkhoma, Siyasiya, and Stumpf, 2014; Wang
et al., 2016a).

It should be mentioned that, although the values were obtained as an average to
cover the whole range of conditions, a slight change in trend was observed between 1200
and 1300◦C in the graph related to b, n and β (see Figure 5.21 and Figure 5.22). This
change is in agreement with the alterations in microstructure reported in Section 5.2.1,
proving that the presence of delta ferrite influences not only the flow behaviour but also
the recrystallization behaviour.

5.4 determination of the critical strain and stress

Based on the flow stress curves showed in Section 5.2.1, it is possible to analytically
determine whether recrystallization has taken place during the deformation process or
not. The flow curves shown in Figure 5.11 had a peak value which is supposed to be
a sign of dynamic recrystallization. In order to determine the presence of recrystalliza-
tion, the method proposed by Poliak and Jonas (Poliak and Jonas, 2003a; Poliak and
Jonas, 2003b), which assumed that the initiation of recrystallization takes place when
an inflection point is observed in the work hardening, was used.

5.4.1 Determination of the critical strain and stress: results

The stress-strain curves were fitted to a seventh order polynomial. It was observed that
this order was accurate enough to fit the stress-strain with no remarkable deviations
(the coefficient of determination was always higher than 0.998). This approach made
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the future differentiation needed easier than employing a ninth order polynomial, as is
usually reported in the literature.

Then, this function was differentiated to obtain the work hardening rate (θ = dσ
dε ),

which was plotted against flow stress. This function was, then, differentiated twice and
equalled to zero to determine the aforementioned inflection point. Figure 5.24 shows two
dissimilar curves under the same conditions but different heating profiles.

Figure 5.24: Work hardening curve showing the presence of DRX at 1300◦C: (a) Dilatometer (b)
Gleeble (commercial trials)

Afterwards, the critical strain was determined for each condition. In Figure 5.25 the
critical strains versus the Zener-Hollomon parameter are shown. As has been previously
mentioned, Z can be calculated following Equation (3), as a function of absolute tem-
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perature and strain rate. In this case, as the strain rate was kept constant, a decreasing
trend in Z, is the result of increasing the temperature.

Figure 5.25: Critical strain as a function of Z for the two different configurations and, therefore,
heating rates

Carrying out a similar analysis with the critical stresses, the obtained results at a
strain rate of 10 s−1 with the different heating rates are shown in Figure 5.26.

The tests carried out in the dilatometer also permitted the analysis of the effect of
strain rate on the critical onset for DRX at temperatures close to the solidus and notably
higher than those reported in the literature. These results are summarized in Figure 5.27.

In this case, a clearly increasing trend was observed with the strain rate, especially
at low strain rates. As DRX is not an instantaneous phenomenon, it needs time to occur.
That is why, for higher strain rates the obtained critical strains also became higher.
Something similar was reported by Ghazani and Eghbali, 2018. Analysing the critical
stresses, an increasing trend was observed due to the strain rate hardening effect.

5.4.2 Determination of the critical strain and stress: discussion

As can be seen, for the dilatometer case at 10 s−1, the critical strain varied between
0.22 and 0.15 with a notable drop at the highest temperature while for the Gleeble case,
it varied between 0.22 and 0.18. In general, for both cases, the critical strain tended
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Figure 5.26: Critical stress as a function of Z for the two different configurations and, therefore,
heating rates

Figure 5.27: Critical strain as a function of strain rate for the dilatometer tests: (a) 1100◦C (b)
1200◦C (c) 1300◦C (d) 1370◦C
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to decrease with temperature. The slight variations observed, although they could be
considered negligible, are assumed to be due to the differences in the heating rate. These
results are in agreement with those reported by Taylor and Hodgson, 2011.

Therefore, it can be stated that, according to the analytical calculation, DRX is
expected to occur under these conditions. As can be observed, in contrast to what hap-
pened with the critical strain, temperature plays a relevant role in the critical stress. In
general, a clearly decreasing trend was observed with the increase in temperature, which
is attributed to the thermal softening effect. In addition, slight differences were observed
due to the heating rate, being lower than the values obtained with the Gleeble. This, as
has been discussed in Section 5.2.1, could be assumed to be due to the higher grain sizes
(see Figure 5.11).

It is worth mentioning that critical strain and stress are relevant parameters for
predicting the initiation of DRX. In general, in the cases in which a clear peak value
is observed, a relation could be established between critical and peak values giving a
general overview about DRX mechanisms. On this basis, for the conditions shown in
Figure 5.11, the ratios between critical and peak values were determined. The results
are shown in Figure 5.28.

Figure 5.28: Ratio between critical and peak: (a) Stresses (b) Strains for the dilatometer and
Gleeble tests

As can be seen, regardless of the conditions (strain rate and temperature) or the
heating rate and the test configuration, the values of the ratios remained constant, being
0.6 for the strains and 0.9 for the stresses. These results are in agreement with those
reported by Cho and Yoo, 2001a and Nkhoma, Siyasiya, and Stumpf, 2014, among others.

In addition, it is worth mentioning that, although all the experimental conditions
were fitted to a linear function, a change in the trend can be observed at lower values
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of ln(Z) which corresponds to higher temperatures. Therefore, it can be stated that
under NSF conditions, the recrystallization behaviour may change mainly due to the
formation of delta ferrite during the heating which then it is not dissolved at the testing
temperature. This change in trend is highlighted in Figure 5.28.

5.5 conclusions

Summarizing, the following conclusions can be stated:

• The DSC analysis carried out allows the solidus temperature of the sample to
be determined. This temperature was set to 1435◦C which is in accordance with
the literature. Therefore, this DSC analysis established the process temperature as
1370◦C as was stated in previous research that NSF works at temperatures close
to the solidus (between 0.9 and 0.95 times the solidus temperature as stated by
Lozares et al., 2020).

• DSC results were compared with those obtained through simulations with Fact-
Sage®, the simulations being in agreement with the experimental results for the
solidus temperature.

• AISI 316 flow behaviour was characterized under extreme conditions representative
of the NSF process. In general, a clear thermal softening and strain rate harden-
ing were observed in the range of temperatures analysed, showing the expected
trend found in the literature but with changes when moving up to temperatures
representative of the NSF process.

• The influence of the heating rate was also studied. Using the slowest heating rate
slightly higher grain sizes were observed, which could explain the slight softening.
Delta ferrite formation was seen on the austenite grain boundaries with the lowest
heating rate, which could also have an effect on the softening.

• It was proven that the flow stress parameters found in the literature or proposed by
the Forge NXT® software were not able to accurately reproduce material behaviour
under close to NSF conditions. On this basis, an optimization algorithm was carried
out in order to determine material constants representative of these conditions.
Thanks to this optimization, the prediction was reduced by more than half although
characterization of the recrystallization behaviour was still necessary to properly
reproduce material behaviour.

• Constitutive equation parameters were determined for AISI 316 under extreme
conditions to model the recrystallization behaviour. The obtained values were in the
range previously reported in the literature. Nevertheless, it should be highlighted
that the conditions tested are far from those studied in the literature and the slight



88 thermomechanical behaviour of aisi 316

discrepancies found between the obtained parameters and the typical ones showed
in the literature were proven to be due to the formation of delta ferrite under these
conditions which hamper recrystallization to occur.

• Among all the constitutive parameters, activation energy defines the difficulty for
DRX to take place. The obtained value was 480 kJ/mol, being around 20% higher
than the ones reported in the literature under totally different conditions, making
it more difficult recrystallization to occur. This higher activation energy is assumed
to be due to the amount of delta ferrite formed due to the slow heating rate used
and the high temperature reached. These conditions are not tested in the literature.

• The onset for DRX initiation was analytically determined to be around 0.2 under all
the conditions tested. In general, critical strain tended to decrease with temperature
but to increase with strain rate. For low values of ln(Z), that covers the conditions
representative of the NSF process, a change in trend was observed proving that
extrapolation to NSF conditions may fail due to the effect of delta ferrite formation.

• The range of conditions tested included extreme conditions representative of the
NSF process and not studied in the literature. The critical to peak strain and stress
ratios were calculated to be 0.6 and 0.9, respectively. These results are in the same
order of magnitude than those reported in the literature for different conditions.

Therefore, the comprehensive analysis carried out during this chapter about the ther-
momechanical behaviour of AISI 316 demonstrated that there is, in general, a change
in the trends when moving from 1200◦C (the maximum temperature commonly tested
in the literature) to more than 1300◦C (temperatures representative of the NSF pro-
cess) which makes it necessary to characterize the material under these conditions as
extrapolation based on the experimental data available may tend to fail. This change
on the behaviour was attributed to the formation of relatively a high amount of delta
ferrite which is not diluted after the cooling. It was proven the presence of delta ferrite
corroborating this assumption.



6
R E C RY S TA L L I Z AT I O N A N A LY S I S

Different restoration mechanisms take place during the forming process. To identify these
mechanisms the flow stress curves were used and they were validated using microstruc-
tural analysis. The objective of this study is to evaluate the hot working characteristics
of AISI 316 and to show whether recrystallization could occur within the NSF working
range.

Among all the possible mechanisms, recrystallization implies small grain sizes which
could be beneficial for the final part. Dynamic recrystallization is the most common
under the conditions reached in the process as it occurs at high strains and temperatures.
Nevertheless, postdynamic recrystallization could occur if the restoration process does
not finish and the final strain is higher than the critical one. Finally, if the strains were
not high enough, static recrystallization could occur. However, as the strains reached
during the process are high (in many cases higher than 1), static recrystallization was
not considered in the analysis.

The knowledge of the initial microstructure is essential to understand the behaviour
of an alloy subjected to a deformation process. In general, NSF is usually carried out at
temperatures near the solidus. This is based on the assumption that higher grain sizes
could be beneficial as softer alloys would be expected.

Dupin, Yana, and Yanag., 2014 noticed an increment in the recrystallization rate with
temperature, and a decrease when the strain rate increases. This was also observed by
Radionova et al., 2022. From medium to high strain rates, the DRX rate has a constant
value, while for lower strain rates it increases with temperature. They also observed that
the critical strain tended to decrease with an increase in temperature having the opposite
trend with the strain rate (see Figure 6.1).

Furthermore, Dehghan-Manshadi, Barnett, and Hodgson, 2008b studied dynamic re-
crystallization using AISI 304. As mentioned above, the typical DRX flow curves has a
single peak stress followed by a steady state stress. Figure 6.2 shows that samples de-
formed under high values of Zener-Hollomon parameter (Z) have microstructures finer
than with low values of Z. Moreover, they observed the beginning of DRX due to the
typical necklace structure as Figure 6.3 shows.

Metallurgy is a tough way to determine DRX initiation. Based on EBSD data KAM
parameter which is the Kernel Average Misorientation would be a good choice (Xu et al.,
2022). This parameter is established in the literature as a possible method to determine
whether the grain is recrystallized or deformed. It is known that recrystallized grains
have lower KAM values whereas higher KAM values are related to high density levels of
dislocation in the microstructure (Zohrevand et al., 2021).

89
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Figure 6.1: Dynamic recrystallization rate at different strain rates (Adapted from Dupin, Yana,
and Yanag., 2014)

Figure 6.2: DRX grain size vs Z (Adapted from Dehghan-Manshadi, Barnett, and Hodgson,
2008b)

Kumar et al., 2016 analysed DRX in an austenitic stainless steel 316L under dissimilar
hot working conditions. These researchers established that the grains were recrystallized
when the KAM parameter was lower whereas higher values were related to pancaked
grains (see Figure 6.4).

However, the use of EBSD analysis to determine DRX usually requires the quenching
of the sample. This could induce some phase transformations or changes in the physical
properties (Liss et al., 2009). In addition, this method is expensive and very time con-
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Figure 6.3: AISI 304 deformed at 900◦C and 0.01 s−1 (Adapted from Dehghan-Manshadi, Barnett,
and Hodgson, 2008b)

Figure 6.4: KAM images of AISI 316 at (a) 950◦C and 0.1 s−1 (b) 1050◦C and 0.1 s−1 (c) 1150◦C
and 0.1 s−1 (d) 950◦C and 10 s−1 (Adapted from Kumar et al., 2016)
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suming. That is why, it would be of great interest to have another experimental method
overcoming these limitations.

Also, metadynamic recrystallization is a process whose main characteristic is the
continued growth of nuclei formed due to DRX during prestraining Cho and Yoo, 2001b.
These researchers investigated MDRX using AISI 304 and they found that after 50%
softening there is no difference in the time. To predict the recrystallized volume fraction,
they used the Avrami equation with the value of 1.06 for the Avrami constant. Equation
30 determines the time for 50% softening.

t50 = 1.33 × 10−11ε̇−0.41D exp((230300J/mol)/RT ) (30)

In Chapter 5 it was established the relevance of having a proper knowledge of the
conditions needed to determine the onset for DRX initiation. Together with this, a
summary of different equations to model DRX grain sizes were also given. Table 6.1
summarizes different equations found in the literature for DRX grain sizes determination
showing no agreement between researchers with regard to grain sizes prediction. This
can be more clearly seem in Figure 6.5, especially at lower values of Z which are related
to high temperatures. As the majority of the laws were obtained at temperatures up to
1200◦C, they need to extrapolate to go to NSF conditions and it is in this range were more
discrepancies were found between researchers proving the necessity of characterizing, not
only analytically but also through microstructural analysis, the possible occurrence of
DRX under these extreme conditions.

Figure 6.5: Grain sizes extrapolation using different laws from literature
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Table 6.1: Summary of the main conditions employed with DRX grain sizes equations for AISI
316

Ref. T (◦C) ε̇
(
s−1) Grain sizes (µm)

Kim, Lee, and Jang, 2003 1000 − 1200 0.05 − 5 4644Z−0.123

Liu, Li, and Dang, 2013 900 − 1200 0.001 − 10 1.01e5Z−0.24

Dupin, Yana, and Yanag., 2014 950 − 1150 0.01 − 20 2.7e4ε−0.2 exp
(
−1.3e4
T

)
Jafari, Najafizadeh, and Rasti, 2007 950 − 1100 0.01 − 1 230Z−0.097

Zhang et al., 2015 900 − 1200 0.1 − 10 1.3e4Z−0.22

Wang et al., 2016b 900 − 1250 0.01 − 1 20975.5Z−0.19

Therefore, recrystallization is the only way to achieve free strain microstructures and
to obtain stainless steel parts with good mechanical properties and small grain sizes.
However, the majority of the studies found in the literature only reached up to 1200◦C
and no agreement was found between researchers as can be seen in Table 6.1. Thus,
this chapter covers a comprehensive microstructural analysis of AISI 316 to study the
possible occurrence of different restoration mechanisms under close to NSF conditions.

6.1 grain growth

Together with the DSC analysis carried out and explained in Section 5.1, grain growth
kinetics were studied to define the initial grain sizes at each temperature from the typical
range found in the literature to the NSF temperatures.

The initial microstructure of the sample is another relevant aspect to be considered
as it could play a role in material properties, thus affecting process performance. Also,
it could have an effect on recrystallization behaviour as grain boundaries may act as
nucleation locations. Therefore, it would be expected that higher grain sizes would result
in a small amount of grain boundaries delaying the onset of recrystallization. However,
in spite of this relevance few research works were found aiming to address this issue.

6.1.1 Grain growth: results

On this basis, grain sizes were measured according to the procedure mentioned above
(see Section 4.1.2). The results can be observed in Figure 6.6.

The variation of the grain sizes with temperature and time was analysed covering a
wide range of temperatures from the typical ones of forging to those representative of the
NSF process. It was observed that, for both time periods, after exceeding a temperature
of 1300◦C, the grain started to decrease which could be beneficial for the NSF process.
This trend is assumed to be due to delta ferrite formation.
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Figure 6.6: Grain growth kinetics for AISI 316

6.1.2 Grain growth: discussion

In Chapter 5 it was found that, under equilibrium conditions (that is based on DSC
analysis), delta ferrite tended to appear at very high temperatures. However, as stated
by Venugopal, Mannan, and Prasad, 1996 or Soleymani, Ojo, and Richards, 2015, this
phase could nucleate easier under non-equilibrium conditions. The microstructure of the
deformed samples was analysed in Section 5.2.1 but it would be of great interest to know
the possible presence of delta ferrite in the microstructure prior to deformation as can
be observed in Figure 6.6 a drastic change in the trend which can not be explained as
simply a consequence of the heating. Therefore, the microstructures of the quenched
specimens can be seen in Figure 6.7.

Based on Figure 6.7, it can be seen that, after seven minutes of holding time, the
amount of delta ferrite became more prominent at 1300◦C although some delta ferrite ap-
peared at 1275◦C. For 17 minutes, as there was much more time to nucleate, the amount
of delta ferrite became relevant around 1275◦C. At NSF temperatures, the difference in
delta ferrite can be seen in Figure 6.8. It is worth mentioning that the length of the scale
bar is different.

Microhardness could help to prove the formation of a higher amount of delta ferrite as
harder structures would be expected (Ghasemi, Beidokhti, and Fazel-Najafabadi, 2018).
In addition, the microhardness is assumed to increase with the holding time as a greater
amount of delta ferrite would be created (Ayers, 2012; Setyowati, Widodo, Hermanto,
et al., 2019). Microhardness measurements of the samples under all the conditions tested
can be seen in Figure 6.9-b.

As can be seen, a decreasing trend was obtained for both holding times up to a tem-
perature of around 1250◦C. This trend is in agreement with what could be expected
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Figure 6.7: Optical microstructures from 1250◦C to 1370◦C at two dissimilar holding times. Scale
bar: 500 µm
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Figure 6.8: (a) 7 min (b) 17 min of holding time. Scale bar: (a) 500µm (b) 500µm (c) 100µm (d)
20µm

based on grain size measurements. Over this temperature, a notable increase was ob-
served in the microhardness which can be correlated with the higher amount of delta
ferrite observed in the microstructure.

Delta ferrite not only influences the material properties (as was observed based on
microhardness measurements), but it also affects the grain growth kinetics. Grain size is
expected to increase with temperature and time following an Arrhenius type equation as
stated by different researchers (Huang et al., 2019; Stornelli et al., 2022). Nevertheless,
as can be seen in Figure 6.9-a, grain growth velocity tended to increase with temperature
again up to around 1250◦C. Moreover, it decreased with the holding time, in agreement
with what would be expected based on Arrhenius equation. In contrast, over this tem-
perature, grain growth velocity drastically decreased. This is assumed to be due to delta
ferrite formation. At higher temperatures and higher holding times, delta ferrite nucle-
ates easier and tends to precipitate to grain boundaries eliminating or, at least, reducing
the facility for the grains to grow. This effect is known as Zener pinning and it was stated
by different researchers that the higher the amount of delta ferrite, the lower the grain
sizes would be (Zhang, Terasaki, and Komizo, 2011; Fu et al., 2020). This statement is
in agreement with the experimental measurements shown in Figure 6.9.

Therefore, it can be concluded that the heating of the sample before the NSF process
could play a relevant role. Although higher grain sizes would be expected at these extreme
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Figure 6.9: (a) Grain growth velocity (b) Microhardness (c) Grain sizes

temperatures, it was observed that over a temperature close to 1250◦C, the grain sizes
decreased and the microhardness increased up to values quite close to those of the as-
received material. In addition, the formation of delta ferrite may be detrimental for the
material properties expected in the final part.

6.2 microstructural validation of the critical strain

Once the existence of recrystallization has been analytically proven in Chapter 5, a
microstructural analysis was carried out to verify the occurrence of recrystallization and
to determine the grain size after deformation.
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6.2.1 Microstructural validation of the critical strain: results

With this aim, plane strain compression tests were carried out as they are supposed to
generate more uniform strain profiles throughout the sample as was stated in Chapter 2.
The tests were stopped at two different strains one below the critical one (0.12) and the
other one higher than it (0.4). The temperatures tested were 1200◦C, 1250◦C, 1275◦C,
1300◦C, 1330◦C and 1370◦C at a strain rate of 10 s−1, following the commercial heating
profile (see Figure 5.8).

The microstructures obtained are shown in Figure 6.10. Based on previous results, a
non-recrystallized microstructure would be expected for the samples subjected to 0.12
of strain, while for the samples at 0.4, initial coarse grains were supposed to be replaced
by equiaxed grains, meaning that DRX occurred. This does not necessarily mean that
recrystallization had finished as new grains could still nucleate due to a phenomenon
called metadynamic recrystallization.

It is worth mentioning that these validation tests were carried out following the
commercial heating profile. Nevertheless, based on the results presented in the previous
section, recrystallized microstructures would be expected regardless of the heating profile.
With this aim, dissimilar tests were done at 1 of strain (to ensure that the critical strain
is exceeded) using the Gleeble and the dilatometer as mentioned in Section 5.2.1. For
the Gleeble case, the heating profile was the non-commercial one, as is explained in
Section 4.1.3.1. Figure 6.11 shows the EBSD microstructures obtained after deforming
the sample up to a strain of 1 and at a strain rate of 10 s−1.

The aim of Figure 6.11 is to show the possible influence of the heating profile on
DRX. As can be seen, as the strain was high enough to exceed the critical strain, the
majority of the samples showed a fully recrystallized microstructure. At 1100◦C, under
both conditions, Figure 6.11 shows a partially recrystallized microstructure. This result
is in agreement with the analytical calculation of the critical strain which reported that
recrystallization was more difficult when the temperature decreases.

6.2.2 Microstructural validation of the critical strain: discussion

As can be seen in Figure 6.10, all the hypotheses mentioned above were corroborated. In
general, deformed and coarse grain sizes were observed under all the conditions developed
at 0.12, being the grain sizes higher than those obtained at 0.4. In addition, together
with having smaller grain sizes at 0.4, an equiaxed microstructure was observed.

Therefore, the presence of dynamic recrystallization has been proven. However, once
the deformation had stopped, due to the high strain and temperatures, metallurgical
issues could still play a relevant role. Among all the possibilities, the most likely one
would be metadynamic (post-dynamic) recrystallization. The aim of this section is to
analyse the possible existence of this phenomenon.
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Figure 6.10: Microstructures at 0.12 and 0.4 of strain from 1275◦C to 1370◦C. Scale bar: 200 µm

To achieve this aim, different experimental tests were carried out under dissimilar con-
ditions to be compared with previous results. After the deformation, the sample was kept
at the testing temperature during a certain holding time to study the microstructural
evolution.

The holding time was calculated to obtain a 50% volume fraction of recrystallized
grains, this is called t50. At low strains, authors such as Dehghan-Manshadi, Barnett,
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Figure 6.11: EBSD microstructures at 1 of strain from 1100◦C to 1370◦C. Scale bar: 50 µm

and Hodgson, 2008b proved that these parameters could be modelled as a function of
strain, temperature and strain rate according to Equation (31).

t50 = 8 · 10−9ε−1.48Z−0.42 exp
(375000

RT

)
(31)
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Using Equation (31), for the different condition tested, the following holding times
were obtained (see Table 6.2).

Table 6.2: Holding times calculated for each temperature from 1200◦C to 1370◦C

T (◦C) 1200 1250 1275 1300 1330 1370
t (s) 110 70 57 46 33 26

As can be seen in Table 6.2, the holding time decreases when temperature increases.
At high temperatures, MDRX is more prone to occur as these events are governed by the
energy stored in the dislocations. Nevertheless, it is worth mentioning that, according
to the literature review (Dehghan-Manshadi, Barnett, and Hodgson, 2008b; Lin et al.,
2016), this phenomenon is assumed to be more affected by strain rate. That is why,
among all the strain rates tested, the highest one was chosen as it is representative of
the industrial process.

The conditions tested were 1200◦C, 1250◦C, 1275◦C, 1300◦C, 1330◦C and 1370◦C at
10 s−1. The heating profile chosen was the commercial one to be as close as possible to
the conditions reached during the NSF process. The tests were stopped at a strain of
0.4.

Therefore, following this experimental procedure, the tests were carried out and the
microstructures after deformation were analysed and compared with the previous ones
without the holding time. The results can be seen in Figure 6.12.

In general, no clear differences were observed between the microstructures with and
without the holding time. At temperatures higher than 1300◦C, it seems that the grains
could be smaller in the metadynamic cases. This is due to the fact that at these tempera-
tures delta ferrite enters a stable phase and, because of the holding time and its formation
during the heating and due to the deformation, it has enough time to precipitate to the
austenite grain boundaries, inhibiting the grain growth.

As these are the most interesting conditions with regard to the industrial process,
EBSD analyses were carried out to have higher accuracy and resolution to do the com-
parison. The results are shown in Figure 6.13.
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Figure 6.12: Optical microstructures at 0.4 of strain from 1200◦C to 1370◦C: (a) Quenched after
deformation (b) Sample kept at different holding times (see Table 6.2). Scale bar:
200 µm

Figure 6.13: EBSD analysis at 1330◦C and 1370◦C: (a) No holding time (b) Holding time (see
Table 6.2). Scale bar: 50 µm
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As can be observed, no clear differences were reported in the microstructures for the
samples with and without the holding time. Just slight variations seemed to appear with
regard to the grain sizes. KAM criterion showed the presence of recrystallized grains in
both cases and with similar recrystallized fractions. Low values of KAM are related to low
dislocation density, fact which could be assumed to be an indicator of recrystallization.

Using the intersection method, the grain sizes were measured aiming to corroborate
the previous assumptions. In Figure 6.14, the evolution of grain sizes against temperature
for both cases is shown.

Figure 6.14: Commercial tests: grain size evolution over temperature

Under all the conditions tested, the grain sizes tended to increase with the temper-
ature regardless of the holding time. Nevertheless, it should be highlighted that higher
grain sizes were observed for the conditions with holding time. This fact is assumed to be
due to this holding time. The sample is kept at high temperature during a certain time
and this time facilitates grain growth. Therefore, these findings contradict the assump-
tion that MDRX could play a role in the process, as higher grain sizes were obtained in
the samples with holding time while if MDRX would have occurred, the grains should
be lower.

6.3 recrystallization grain sizes

After proving the occurrence of recrystallization, the knowledge of the grain sizes is of
great interest to understand material properties and to develop robust models. Therefore,
grain sizes were measured following the procedure explained in Chapter 4 and compared
with those predicted by analytical equations reported in the literature, analysing both
the microstructures obtained for the samples which had followed the non-commercial
heating profile (called fast heating profile using the Gleeble, see Section 4.1.3.1) and
those which followed the commercial one analysed in the previous section.
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6.3.1 Recrystallization grain sizes: results

Examples of the microstructure of the fast heating profile are shown in Figure 6.15,
taken by optical and EBSD method and showing the presence of delta ferrite under
both conditions.

Figure 6.15: Microstructures with non-commercial heating profile at: (a) 1200◦C (b) 1350◦C

It is worth mentioning that the initial grain size at 1370◦C was 50 µm, measured
following the same procedure. Thus, the DRX grain sizes evolution can be seen in Figure
6.16. It should be highlighted that the grain sizes were measured only considering the
recrystallized ones, regardless of the DRX fraction. An increasing trend was observed
with temperature. In addition, it should be noted that the obtained values were notably
lower than the initial grain size which could be considered to be beneficial for the process.
It should be highlighted that the tests were stopped at a strain of 1.

In addition, an aspect which is usually not analysed in the literature is the influence
of the heating profile on RX performance. The grain sizes were measured using the same
procedure for the commercial heating profile and examples of the microstructures are
shown in Figure 6.17.
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Figure 6.16: Non-commercial tests: recrystallized grain size evolution over temperature

The DRX grain sizes evolution for the commercial tests can be seen in Figure 6.14.
In this case, the grain sizes remained almost constant regardless of the temperature. It is
worth mentioning that the temperatures analysed were those which could be representa-
tive of the process, that is, higher than 1200◦C. Although in this range of temperatures
no clear variation was observed, it can be stated that the final grain sizes would be
notably lower thanks to the recrystallization process as they were around 35 µm.

6.3.2 Recrystallization grain sizes: discussion

Apart from the experimental analysis done, it would be of great interest to be able to
model the DRX grain sizes. Therefore, the obtained experimental results were compared
with those predicted by the equations found in the literature (see Figure 6.5). The
conditions are summarized in Table 6.1. The comparison of the measured values with
the predictions can be seen in Figure 6.18.

As can be observed, no clear agreement was found between experimental and pre-
dicted results with none of the equations, especially at high temperatures, representa-
tive of the NSF process. These discrepancies are assumed to be due to the fact that the
conditions employed in the literature are far from those, making extrapolation necessary.

As in the previous case, following the same analysis carried out with the non-commercial
tests, the obtained experimental results for the commercial tests were compared with
those predicted according to the literature (see Figure 6.19).

Again, no clear agreement was found. It should be highlighted that in this case,
even the trend was not properly predicted. As mentioned above, these discrepancies are
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Figure 6.17: Microstructures with commercial heating profile at: (a) 1330◦C (b) 1370◦C. Scale
bar: 200 µm

assumed to be not only due to the necessity of extrapolation but also due to the effect
of delta ferrite distribution associated with this heating profile.

As was explained above, the commercial heating profile is notably slower than the
traditional ones used for material characterization using Gleeble which was called fast
heating rate. In spite of the differences on the heating profile, the initial grain sizes were
almost equal, being 55 µm for the commercial tests. Therefore, the influence of the initial
grain size is assumed to be negligible. The main discrepancies due to the differences on
the heating rate were observed in the distribution of the delta ferrite throughout the
sample. With the commercial heating profile, thanks to the higher heating time, the
delta ferrite had enough time to distribute along the austenite grain boundaries. The
differences on the amount of delta ferrite phase depending on the heating rate can be
clearly seen in Figure 6.20.
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Figure 6.18: DRX grain sizes predictions and comparison with the non-commercial results (fast
heating rate) at 10 s−1 and 1 of strain and at different temperatures

Figure 6.19: Commercial tests: DRX grain sizes predictions and comparison with the experimental
results at 10 s−1 and at different temperatures

Although with both heating rates no agreement was found because of the necessity
of extrapolation, there is a clear difference on the trend reported by the experimental
results when comparing Figure 6.18 and Figure 6.19. With the fast heating rate (non-
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Figure 6.20: AISI 316 at 1370◦C and 10 s−1 (a) Dilatometer heating rate (b) Commercial heating
rate. Scale bar: 200µm

commercial tests) the trend was in accordance with what it would be expected, that is,
an increase in the grain sizes (even though they are lower than the initial ones) with a
decrease in Z, in other words, with an increase in temperature. Nevertheless, this trend
was not observed in the samples subjected to the commercial heating rate.

As this commercial heating rate is notably slower than the other one, there is enough
time for delta ferrite to nucleate and precipitate in the austenite grain boundaries. This
issue is known to have a negative effect on dynamic recrystallization of austenite grains
(Mataya et al., 2003 and Dehghan-Manshadi and Hodgson, 2008). Therefore, after prov-
ing the occurrence of dynamic recrystallization in AISI 316 under extreme conditions
representative of the NSF process, the relevance of the heating profile was analysed and
it was found that it clearly affects on delta ferrite formation, leading to a change in the
trend in dynamic recrystallization grain sizes. It was also demonstrated that commonly
used laws found in the literature to predict DRX grain sizes are not capable of reproduc-
ing the expected grain sizes under these extreme conditions because of the necessity of
extrapolation as these temperatures have not been previously reported in the literature.

6.4 conclusions

To sum up, the following conclusions can be drawn:

• The variation of the grain sizes with temperature and time was analysed covering a
wide range of temperatures from the typical ones of forging to those representative
of the NSF process. It was observed that, for both times, after overpassing a temper-
ature of around 1275◦C, the grain started to decrease. This trend is assumed to be
due to delta ferrite formation. Delta ferrite was proven to influence microhardness,
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as it increased with the amount of delta ferrite, and grain growth velocity with the
opposite trend.

• The analytical results were experimentally validated through microstructural ob-
servations by carrying out tests stopping at 0.12 and 0.4 of strain. It was observed
that at 0.12 no recrystallization took place, obtaining coarse grains. In contrast, at
0.4 recrystallization occurred and smaller grain sizes were observed.

• The possible existence of metadynamic recrystallization was also studied, by com-
paring the tests stopped at 0.4 with those stopped also at 0.4 but keeping a certain
holding time to analyse grain size evolution. Higher grain sizes were observed due
to this holding time.

• With the non-commercial tests (fast heating rate), in general, recrystallization was
observed under all the conditions. However, at 1100◦C (temperature assumed to
be low for the NSF process), this recrystallization was not fully completed.

• Analysing the recrystallized grain sizes for the non-commercial case, although the
obtained grains were notably lower than the initial ones under all the conditions, the
value of the grain size tended to increase with temperature, following the expected
trend reported in the literature.

• The commercial case was analysed covering the range of conditions representative
of the NSF process, that is at temperatures higher than 1200◦C. Under all these
conditions recrystallization was observed as lower grain sizes were obtained.

• In the commercial case the grain sizes remained almost constant with the tempera-
ture, which is a trend in not agreement with what it could be expected. This issue
was proven to be due to the high amount of delta ferrite formed because of the
slowness of the heating. Delta ferrite influences recrystallization behaviour as has
been previously stated in the literature.





7
L I F T I N G G E A R C O M P O N E N T A N A LY S I S

In previous chapters, the potential of using stainless steel under NSF conditions has been
shown as recrystallization may take place, which would lead to small grain sizes even
when the material is deformed at very high temperatures close to the solidus.

However, all the previous results, although they were obtained under close to these
extreme conditions, are based on thermomechanical characterization set-ups whose con-
ditions could still be far from those observed in reality. Therefore, NSF trials are needed
to study the capacity for applying this process to austenitic stainless steel. This issue is
going to be studied throughout this chapter. In addition, the experimental study of the
hook geometry will be accompanied with numerical simulations to carry out a more in
depth analysis of the process.

The main aim of choosing the hook geometry was to have at the same time a real
geometry used in the industry which allows grain-size evolution throughout the part to
be studied as a function of the strain reached.

Therefore, apart from proving the capacity for NSF of manufacturing stainless steel
parts, the main aim of this chapter is to define an optimum process window for the
NSF process taking into account not only mechanical issues but also microstructural
aspects. Thus, based on the results from previous chapters it would be necessary to find
a compromise between the process temperature defined in previous works by Lozares
et al., 2020 and a proper microstructure with small grain sizes and reducing the amount
of delta ferrite.

7.1 lifting gear component: results

First, in terms of temperature, based on previous experiences recorded by Lozares et al.,
2020, the temperature chosen was 1370◦C as 0.95 times the solidus according to the
results shown in Section 5.1. Although it was observed in previous chapters that slow
heating rates lead to a higher amount of delta ferrite, the billet introduced in the muffle
furnace followed the commercial heating profile as can be seen in Figure 7.1. This was
the reason for testing the commercial heating profile during the characterization step
shown in Chapter 5 and 6. With the aim of optimising the process window, in Chapter
6 it was proven that, due to the slowness of the heating rate, delta ferrite had enough
time to nucleate and no remarkable difference was observed in terms of grain size with
temperature (see Figure 6.19). Therefore, 1330◦C was also tested aiming to reduce the
amount of delta ferrite.

111
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Figure 7.1: (a) Real heating profile of the billet (b) Real cooling profile of the billet

A numerical study of the capacity for the NSF process to be carried out was done
according to the numerical model explained in Section 4.4. It is worth mentioning that
the optimized flow stress law obtained in Section 5.3 was implemented aiming to obtain
the most accurate results possible. The main input parameters were the stroke and the
stroke rate in order to determine the expected load and the filling capability. That is
why, two different stroke rates (50% and 5% of maximum stroke rate) and three strokes
were analysed, being the maximum stroke rate 40 spm. The press velocity control is
explained in Garcia, Ortubay, and Azpilgain, 2006.

For the case of 5% of maximum stroke rate, Figure 7.2 illustrates the force required
to deform the billet, which was 1180 tonnes, for a stroke of 90 mm (the theoretical stroke
necessary to fill the cavity), 610 tonnes for 85 mm and 490 tonnes for 80 mm. As the
press used for experimental tests has a limit of 400 tonnes, even with the shortest stroke
(which does not completely fill the cavity) the tests could not be conducted.

Thus, the stroke rate was increased ten times. As Figure 7.3 shows, in terms of force,
with a stroke of 90 mm, 365 tonnes were needed while a stroke of 85 mm needed 170.6
tonnes and a stroke of 80 mm, 159 tonnes. Therefore, the experimental tests should be
carried out at least at 50% of stroke rate, as at lower stroke rates there could be enough
time for the sample to cool, leading to higher forces as was observed.

It is known that temperature plays an important role in recrystallization (see Chapter
6). Numerical simulations allow the effect of temperature on plastic strain to be studied.
Thus, different simulations were carried out by varying the temperature from 1370 to
800◦C. In these simulations, the force limit of the press was set to 400 tonnes in order
to be as close as possible to the real press explained in Section 4.3. Figure 7.4 depicts
the strain field obtained at each temperature analysed.
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Figure 7.2: (a) 5% of maximum stroke rate and 90 mm of stroke (b) 5% of maximum stroke rate
and 85 mm of stroke (c) 5% of maximum stroke rate and 80 mm of stroke

Figure 7.3: (a) 50% of maximum stroke rate and 90 mm of stroke (b) 50% of maximum stroke
rate and 85 mm of stroke (c) 50% of maximum stroke rate and 80 mm of stroke

As can be seen in Figure 7.4, no remarkable difference was observed between 1370 and
1260◦C and the only difference noticed was in the press force needed to fill the cavity. At
1000◦C the press force was not enough to deform the billet whereas at 800◦C the force
expected was observed to be more than double the limit. Therefore, when the cavity
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is completely filled, the strain field obtained is governed by the geometry. Regarding
recrystallization, in the zones where the plastic strain is higher than the critical one,
dynamic recrystallization would be expected.

Figure 7.4: Strain fields at (a) T=1370◦C (b) T=1340◦C (c) T=1320◦C (d) T=1300◦C (e)
T=1280◦C (f) T=1260◦C (g) T=1000◦C (h) T=800◦C

Based on these numerical results, different trials were carried out with 50% of the
stroke rate at 1330◦C and 1370◦C. For instance, the force recorded at 1370◦C is shown
in Figure 7.5.

Figure 7.5: Force recorded during hook test at 1370◦C
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The maximum value was around 100 tonnes higher than the theoretical maximum
achievable by the press (see Section 4.3). In comparison with the numerical result (see
Figure 7.3a), the experimental value was around 100 tonnes higher. In addition, although
the measured force was slightly higher than the maximum achievable by the press, it
was able to fill the cavity. No clear differences were observed at the two temperatures
tested, that is why just Figure 7.5 was included as an example.

Lastly, Figure 7.6 shows the experimental parts obtained under both conditions.
Therefore, the NSF process has been clearly demonstrated the capacity for manufac-
turing stainless steel parts. The aim of using this geometry is to analyse how the mi-
crostructure varies throughout the part under different conditions of strain and strain
rate to generate a more in depth knowledge about the reasons which lead this process
to work. A comprehensive microstructural analysis (grain-size determination) will be
carried out in the following section.

Figure 7.6: (a) 1330◦C (b) 1370◦C

7.2 lifting gear component: discussion

The aim of this section is to carry out a comprehensive study of microstructural evolution
due to the NSF process. The lifting gear component permits analysis of the influence
of plastic strain on the final microstructure by taking different samples throughout the
part. The strain distribution can be seen in Figure 7.4. The obtained grain sizes will be
compared with those measured in Chapter 6.

The experimental results were accompanied with numerical simulations. The main
aim of these simulations was, first, to estimate whether recrystallization could have
taken place or not (that is, if the plastic strain was higher than critical) and, second, to
estimate the temperature and strain rate throughout the part in order to analyse the
results. The values of strain rate and temperature were taken as an average value based
on the numerical fields at different zones of the part. These predictions were compared
with those measured in the experimental part.
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7.2.1 Experimental case I: 1370◦C

As has been previously mentioned, numerical simulations of the lifting gear component
were carried out in order to, at least, estimate whether recrystallization could occur
during the process or not. Therefore, Forge NXT® was used to estimate the differences
in temperature and strain rate throughout the part (see Figure 7.7) as grain sizes could
be notably influenced by process conditions.

Figure 7.7: Temperature and strain rate profiles for the test at 1370◦C

The conditions observed in the real part (according to numerical simulations) were
notably variable, which could lead to a variation in grain sizes. Table 7.1 summarizes
the conditions reached of strain rate and temperature in the different zones highlighted
in Figure 7.7. It is worth mentioning that, as this high variation was expected, for the
experimental characterization a strain rate of ten was chosen as an average value (see
Figure 4.18).
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Table 7.1: Strain rate and temperature in different zones throughout the part for the trial at
1370◦C according to Forge NXT® simulation

Zones 1 2 3 4 5 6
T (◦C) 1380 1370 1370 1350 1350 1370
ε̇ (s−1) 5 20 1 5 10 5

Therefore, different samples were taken from the bulk and analysed in the optical
microscope and by EBSD method (see Figure 7.8). The zones were chosen to be rep-
resentative of the whole part, covering a wide range of temperatures and strain rates
throughout the part as is shown in Table 7.1. For the sake of comparison, in Figure 7.8,
just one Gleeble condition was included (following the commercial heating profile, see
Section 4.1.3.1), as based on the results shown in Table 7.1 it was expected to be the
most representative one.

Applying the same method as the one explained in Section 4.1.1, the recrystallized
grain sizes were measured for each sample. In order to analyse the results globally, the
Zener-Hollomon parameter (Z), calculated based on numerical results, was determined
for each zone. It can be seen that the grain sizes tended to decrease for high values of
Z, the grain sizes being greater in the core. To analyse the effect of process conditions
on the mechanical properties of the final part, microhardness measurements were also
carried out.

Concerning microhardness analysis, a Vickers indenter was employed in the etched
sample with a load of 2 kg to ensure enough resolution and an average value. In Figure
7.9 the correlation between microhardness measurements and grain sizes can be seen.
The values of the microhardness tended to increase with the decrease of the grain size.
Therefore, thanks to the NSF process the part had a harder shield covering the internal
part, which was expected to be more ductile due to the greater grain sizes and the lower
microhardness.

Based on the conditions shown in Table 7.1 and also depicted in Figure 7.8, simi-
lar microstructures to those obtained during thermomechanical characterization at 10
s−1 would be expected (see Figure 4.18). First, it is worth highlighting that, the trend
followed by the experimental results considering the Zener-Hollomon parameter was
consistent. As can be seen, the main similarities were found between the external mi-
crostructures and those from the Gleeble whereas, in the core, notably greater grain sizes
were observed although the estimated conditions were supposed to be close to those of
the characterization. It should be highlighted that the material tends to be self-heated
due to the deformation process which could lead to higher temperatures than expected.
This issue, together with the fact that it is more difficult to exhaust the heat from the
core would result in greater grain sizes due to these higher temperatures, although grain
growth could be limited due to the formation of delta ferrite. This was observed to some
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extent in Figure 7.8 but the differences in the conditions were too low to support this
assumption.

In the external zones, although the sample is also self-heated, the temperature should
be lower as it is in direct contact with the cool dies, thus, lower grain sizes were mea-
sured. In addition, the external surface of the billet was heated faster, reaching the set
temperature before than in the core and thus not following the commercial heating pro-
file. On this basis, the simulation was carried out again modifying the thermal exchange
between the billet and the dies.

Figure 7.8: Comparison between microstructures of the final part and those obtained with the
thermomechanical characterization. Scale bar: 100µm. Temperature and strain rate
indicated in Zones 1 to 6 were taken from Forge NXT® (see Table 7.1)
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Figure 7.9: Microhardness variation throughout the part in comparison with grain sizes (trial at
1370◦C)

This decision was taken based on the fact that the thermal exchange between the
part at a very high temperature and the cool dies would be high, causing a notable
reduction of the temperature of the billet especially in the external part. In Figure 7.10,
the thermal profile of the bulk with the lowest and the highest value of the thermal
exchange are shown.

Figure 7.10: Temperature profile: (a) Low thermal exchange coefficient (b) High thermal exchange
coefficient

As can be seen, slight differences in temperature were reported in the zones 1, 2, 3
and 6. However, the zones 4 and 5 were cooled to around 1300◦C. For instance, the
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microstructures observed in zones 4 and 5 were similar to those observed in Figure 6.11
but between 1200 and 1300◦C, proving that other aspects such as the thermal exchange
could be playing a role, as these samples were heated following a faster heating rate than
the one used for the commercial case. The results are shown in Figure 7.11.

Figure 7.11: Comparison between microstructures of the final part at 1370◦C (zones 4 and 5)
and those obtained with the thermomechanical characterization following the fast
heating rate. Conditions after changing the thermal exchange. Scale bar: 100µm

As can be seen, the microstructures observed in the hook part were closer to those at
1200 and 1300◦C, probably being at an intermediate temperature. The value of 1300◦C
reported by the simulations should be taken with care as the real thermal exchange
between the dies and the part is not characterized. Therefore, it can be assumed, due
to the large difference in temperature between the part and the dies, that the sample
would tend to cool down faster than was estimated by the numerical simulation.

In addition, the final microstructure may be notably influenced by the formation
of delta ferrite which could affect grain growth and restoration mechanisms, and, thus,
the final mechanical properties of the part, as was deeply analysed in Chapter 6. For
instance, Figure 7.12 shows the optical microstructures at different zones of the hook,
showing the presence of delta ferrite in all the regions.
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Figure 7.12: Optical microstructures of the lifting gear component at 1370◦C. Scale bar: 200µm

7.2.2 Experimental case II: 1330◦C

It would be of great interest to optimize the process window aiming to obtain lower grain
sizes and to reduce the formation of delta ferrite. In Chapter 6 it was observed that the



122 lifting gear component analysis

higher the temperature and the holding time, the higher the amount of delta ferrite there
was. Therefore, it would be necessary to find a compromise between being close to the
solidus temperature as stated by Lozares et al., 2020 and reducing the amount of delta
ferrite in the final part which was proven to affect the mechanical properties (as was
analysed in Section 6.1). Therefore, a trial was carried out at 1330◦C as a lower delta
ferrite fraction was expected based on the results shown in Figure 6.7.

Table 7.2 summarizes the conditions reached of strain rate and temperature according
to the numerical simulations using the highest value of the thermal exchange, taking into
account the results shown in previous section.

Table 7.2: Strain rate and temperature in different zones throughout the part for the trial at
1330◦C according to Forge NXT® simulation

Zones 1 2 3 4 5 6
T (◦C) 1340 1300 1330 1280 1330 1280
ε̇ (s−1) 5 25 3 15 5 20

Different samples were analysed from the bulk using the optical microscope and the
EBSD method, measuring the grain sizes to be compared with those from the Gleeble
following the commercial heating profile in a first approach (see Figure 7.13). It should
be highlighted that the test in the Gleeble was carried out by preheating the sample up
to 1370◦C reproducing the commercial heating profile.

Based on the conditions shown in Table 7.2, similar microstructures to those from the
Gleeble (the commercial ones) at 10 s−1 would be expected, similar to that analysed in
the previous section. According to the simulation, under these conditions the strain rates
reached were slightly higher. Nevertheless, the average value of 10 s−1 is still represen-
tative. The main similarities between the Gleeble microstructure and the experimental
ones were found in the zones 1 and 2, and the differences in the grain sizes are assumed
to be due to a slight variation in the temperature and strain rate.

Smaller grain sizes were observed in the zones 4 and 5, similar to what was found
for the other hook. Therefore, microhardness measurements were also taken from the
etched samples. As can be seen in Figure 7.14, the values of the microhardness tended
to increase with the decrease of the grain size, leading to the same conclusion as in the
previous case. It can be seen in Figure 7.14 that the grain sizes followed the expected
trend, having higher grain sizes for the lower values of Z, although it is worth mentioning
that the value of Z was calculated based on the results reported by the simulation.

As mentioned above, zones 4 and 5 reported the smallest grain sizes not being in
agreement with those obtained from the thermomechanical characterization at 1330◦C.
In Figure 7.15, similar to what was shown in Figure 7.11, it can be seen that the mi-
crostructures observed in the hook part were closer to those obtained between 1200 and
1300◦C (note that the samples were preheated to 1370◦C).
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Figure 7.13: Comparison between microstructures of the final part and those obtained with the
thermomechanical characterization at 1330◦C. Scale bar: 100µm

It is worth mentioning that the numerical simulation showed that the temperatures
could go down up to these values, although variations in the strain rates were also
observed.

Although the aim of the test at 1330◦C was to look for smaller grain sizes due to
the fact that the temperature was lower, it was observed that, surprisingly, regardless of
the zone analysed, the microstructures obtained were quite similar in spite of the fact
that, according to the simulation, the conditions should be totally different. Figure 7.16
depicts these results.

On this basis, taking into account the results obtained, the possible formation of delta
ferrite throughout the sample was analysed as can be seen in Figure 7.17.
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Figure 7.14: Microhardness variation throughout the part in comparison with grain sizes (trial at
1330◦C)

Figure 7.15: Comparison between microstructures of the final part at 1330◦C (zones 4 and 5)
and those obtained with the thermomechanical characterization following the fast
heating rate. Conditions after changing the thermal exchange. Scale bar: 100µm
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Figure 7.16: Grain sizes comparison for the hooks at 1330 and 1370◦C. (a) Microstructural
comparison (b) Grain sizes comparison. Scale bar: 100µm
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Figure 7.17: Optical microstructures of the lifting gear component at 1330◦C. Scale bar: 200µm
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Again, it seems clear that delta ferrite is playing a role in the microstructure evolution
due to the NSF process. Comparing both conditions (see an example in Figure 7.18), it
can be observed that not only the final grain sizes but also the amount of delta ferrite did
not show remarkable differences. Although the aim of testing the billet directly heated
up to 1330◦C was to look for lower amount of delta ferrite, this was not reached as
can be seen in Figure 7.18. It is assumed that, despite the fact that the temperature
was lower, the billet remained around 20 minutes in the furnace at the set temperature
in order to ensure temperature homogeneity throughout the sample. This holding time
encourages the nucleation of delta ferrite. This amount of delta ferrite may explain why
the obtained microstructures tended to be quite similar regardless of the temperature of
the tests as it has been analysed in Chapter 6.

Figure 7.18: Comparison between the lifting gear component at: (a) 1330◦C (b) 1370◦C. Scale
bar: 200µm

To summarize, the temperature of 1330◦C was chosen looking for a compromise be-
tween the NSF temperature working range and microstructural aspects, that is aiming
to facilitate recrystallization by reducing the amount of delta ferrite. According to the
results shown in Section 6.1, just by heating the sample following the commercial heating
profile in the muffle furnace, delta ferrite tended to appear at temperatures over 1300◦C,
becoming more prominent at higher temperatures close to the solidus. However, in spite
of the temperature reduction, due to the slowness of the heating rate which leads to high
holding times, there was enough time for delta ferrite to nucleate. Therefore, although
it is clear that temperature in the NSF tests plays a relevant role there are much more
aspects that need to be considered.

It was proven that the thermal exchange (in the case analysed consisted of the contact
between the billet and the dies) is an important factor as it could cause the sample to
cool down quickly even before the trial changing the material behaviour from what it
could be expected. In addition, it should be highlighted that the simulation does not
consider the time spent to transfer the billet from the oven to the dies which notably



128 lifting gear component analysis

causes a decrease in temperature as, at these high temperatures, radiation acts quickly.
For instance, the cooling rate of the sample was measured through a S-thermocouple in
the centre of the billet, obtaining an average cooling rate of 1.6◦C/s.

Finally, the heating rate is another relevant aspect to be studied as it could reduce
the formation of delta ferrite as has been analysed in Chapter 6, facilitating the recrystal-
lization of the grains aiming to obtain lower grain sizes with a lower delta ferrite fraction
which is assumed to lead to better material behaviour.

7.2.3 Influence of the preheating and the heating rate

One of the main findings of this work lies in the fact that the preheating and the heating
rate at which the sample is subjected could have a notable influence on the expected
results. For instance, in Chapter 5 it was observed that the flow stress behaviour varied
from one sample to other which was heated faster. In a similar way, the final microstruc-
ture also varied remarkably as it was observed in Chapter 6.

The main reason explaining this behaviour was proven to be the formation of high
amount of delta ferrite at the high temperatures employed in the trials. In Chapter 5
and 6 all the samples were previously heated up to 1370◦C, aiming to homogenize the
microstructure in order to have the same initial grain sizes and to reproduce the expected
microstructure during the NSF process. This heating, especially in the case called as
commercial, had a notable relevance as, because of its slowness, allowed delta ferrite
to nucleate and precipitate to the austenite grain boundaries. Delta ferrite influences
grain growth kinetics (see Section 6.1) but also the possible occurrence of restoration
mechanisms such as recrystallization as stated in Section 6.3. The relevance of delta
ferrite on the industrial process was also observed in previous sections as the same
microstructure was obtained when manufacturing the lifting gear component regardless
of the temperature. This was assumed to be due to the slow heating rate achievable in
the muffle furnace.

Therefore, it seems clear that, although NSF process was proven to be able to man-
ufacture stainless steel complex parts, the preheating temperature and the heating rate
are two relevant aspects which will need more focus in further research.

For instance, after all the comprehensive analysis carried out, two more conditions
were tested in the dilatometer (see Section 4.1.3.2) heating up the samples directly
to 1300◦C and 1330◦C. Although it is known that at these temperatures delta ferrite
could also be formed, especially because of the deformation conditions, it is assumed
that, due to the fast heating profile, the generated amount would be much lower. The
microstructures obtained can be seen in Figure 7.19.

As can be observed, both results reported lower grain sizes with less delta ferrite in
comparison with the preheated test (see Figure 7.19-b). Thus, it was proven that by hav-
ing a proper control of the temperature and the heating rate, much finer microstructures
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with lower amount of delta ferrite would be obtained which may be a beneficial issue for
the NSF process.

Figure 7.19: (a) 1300◦C (b) 1370◦C then 1300◦C (c) 1330◦C (d) 1370◦C. Scale bar: 100µm

7.3 conclusions

To sum up, the following can be concluded:

• The manufacturing of stainless steel parts, especially with regard to complex parts,
is still a challenge as traditional forging operations are expensive and imply many
steps, which results in a high amount of material waste. NSF was proven to be able
to manufacture stainless steel complex parts in a single step.
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• After proving the capacity for the NSF process, a lifting gear component was man-
ufactured at two different temperatures to understand this process. The first mi-
crostructural analysis, together with numerical simulations, proved that the con-
ditions would be enough to ensure recrystallization take place. The results were
compared with those from the thermomechanical simulation observing high vari-
ability in the microstructure throughout the NSF part. This was proven to be due
to a combination between the variability on the conditions reached and the strong
differences in the heating profile that may appear between the surface and the bulk.

• Thermal exchange was proven to be an important factor to be taken into account.
The microstructures observed in the hook part were not in agreement with those
that were supposed to be obtained under the same conditions with the Gleeble but
it was observed that they were closer to those between 1200 and 1300◦C obtained
with the fastest heating rate, implying that the real temperature of these zones
could be notably lower than in the core.

• The aim of testing the NSF process at 1330◦C was to look for an optimum process
window, obtaining microstructures with a lower amount of delta ferrite. However,
no clear differences were observed as, although the heating rate could be faster on
the surface than in the bulk, the holding time needed to ensure thermal homogeneity
throughout the sample was long enough to stabilize delta ferrite. Therefore, not only
the temperature but also the heating profile are important factors when aiming to
find the optimum conditions.

• It was proven, through dilatometer tests, that the amount of delta ferrite generated
could be notably reduced by controlling the preheating temperature and the heating
rate. Therefore, in case the heating for the NSF trials is made by induction effect
instead of with the muffle furnace, NSF parts could be manufactured with a proper
control of microstructural issues.
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C O N C L U S I O N S

The main aim of this research work was to optimise the NSF process through the un-
derstanding of the material behaviour. To achieve this aim, an austenitic stainless steel
was chosen in order to have a relevant material for industry purposes in which phase
changes are not expected during the heating and the cooling.

After all the work carried out, the following conclusions can be drawn:

Thermomechanical behaviour of AISI 316

• The DSC analysis determined that the solidus temperature was around 1435◦C,
thus establishing the optimum temperature for NSF process around 0.9-0.95 times
this value. These results were compared with FactSage® simulations showing good
agreement. The analysis also showed that under equilibrium conditions delta ferrite
tended to appear around 1400◦C. The characterization of the appearance of delta
ferrite is of great interest to understand material behaviour under NSF conditions
and it could appear at lower temperatures under no-equilibrium conditions.

• The heating rate was proven to have an influence on flow stress behaviour. On the
one hand, using the slowest heating rate (the commercial one), higher initial grain
sizes were obtained being 55µm. On the other hand, this heating rate also allowed
delta ferrite to have more time to nucleate in austenite grain boundaries. Both
issues would cause a softening on the flow stress, which was observed to be around
15%. It is worth highlighting that although the heating profile was demonstrated
to play a relevant role, it was not possible to be modified for the NSF trials as the
commercial heating profile was defined based on a thermocouple placed in the bulk
of the billet into the muffle furnace.

• The characterization of the flow stress behaviour under extreme conditions repre-
sentative of the NSF process was proven to be needed as no research work was
found reaching these extreme temperatures making extrapolation necessary. For
instance, the flow stress law included in Forge NXT® software was proven to fail
when moving up to high strain rates and temperatures. After optimising the flow
stress parameters including the NSF conditions in the analysis, the prediction error
was reduced by more than half taking into account all the conditions.

• Constitutive parameters were obtained according to Arrhenius equation to repro-
duce recrystallization behaviour. In general, the obtained parameters showed good
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agreement with those reported in the literature. Nevertheless, it should be high-
lighted the activation energy, although it was close to the values found in the
literature, was around 20% higher. This is assumed to be due to the formation of
delta ferrite and, therefore, it can be stated that delta ferrite hampers recrystal-
lization to take place as more energy would be needed to start the recrystallization
process.

• After determining the onset for recrystallization for all the conditions a clear change
in trend for low values of Z was identified, that is under conditions representative
of the NSF process. This change was assumed to be due to delta ferrite formation,
observed through microstructure measurements under all these conditions, proving
that extrapolation to NSF conditions fails due to the change on material behaviour
associated with the effect of delta ferrite phase.

Recrystallization analysis

• In contrast to what it would be expected, the grain size after heating the sample
following the commercial heating profile, tended to decrease when the temperature
was higher than 1300◦C as delta ferrite influences grain growth kinetics (Zener pin-
ning effect). In addition, microhardness increased over this temperature following
the opposite trend. This finding is of great interest as these are the temperatures
at which the NSF process works and the possible presence of delta ferrite shall be
taking into account when looking for the optimum process window.

• The occurrence of dynamic recrystallization, analytically determined in Chapter
5, was experimentally validated. It was observed that when the test was stopped
at 0.12 of strain, no recrystallization occurred. On the contrary, at 0.4 of strain
smaller grain sizes were observed thanks to the recrystallization process.

• After proving the occurrence of DRX, the possibility of having metadynamic recrys-
tallization was studied and it was observed to not occur. The analysis was made
by comparing the microstructures directly obtained at 0.4 of strain with samples
subjected to a certain holding time after being deformed up to 0.4 of strain. Higher
grain sizes were observed due to this holding time.

• Recrystallization was studied in samples subjected to the commercial heating pro-
file. In general, under NSF conditions, it can be stated that recrystallized mi-
crostructures were obtained as the final grain sizes were notably lower than the
initial ones. However, it was also observed that the grain sizes remained almost
constant (around 37µm) with the temperature, in contrast to what it could be
expected. As the heating rate was slow, there was enough time for delta ferrite to
nucleate and precipitate along austenite grain boundaries, having a negative impact
on recrystallization.
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Lifting gear component analysis

• First, the capacity for the NSF process of manufacturing austenitic stainless steel
complex parts was proven. Then, a lifting gear component was manufactured at
two different temperatures to understand the process and to analyse it microstruc-
turally. Numerical simulations proved that the conditions reached were enough to
ensure recrystallization to occur. The results were compared with those from the
thermomechanical simulation but no clear agreement was found between them as
the microstructure strongly varies along the part because of the variability of the
reached conditions.

• After modifying the thermal exchange factor in the simulation, it was observed
that some zones of the part could be cooled up to 1300◦C (for the trial at 1370◦C).
It was observed that the microstructures on the surface after the NSF trial were
closer to those obtained from the Gleeble at 1200◦C and 1300◦C but for the samples
heated with the fastest heating rate. This highlights the relevance of the heating
profile on the process.

• It is widely known that delta ferrite could negatively influence the performance of
the final part. Therefore, the aim of testing two different temperatures was to look
for reducing the amount of delta ferrite formed. However, due to the high temper-
atures and the slow heating rate, together with the holding time, it was proven to
be formed under both conditions, not observing clear differences. Thus, not only
the temperature but also the heating rate are important factors to ensure recrys-
tallization and to obtain a part with proper material behaviour. The influence of
the preheating temperature and the heating profile was proven through dilatometer
tests and it was observed that with faster heating rates microstructures with lower
amount of delta ferrite were obtained, thus leading to smaller grain sizes in the
final microstructure.

• Aiming to look for the optimum process window, experimental parts were manu-
factured at 1330◦C and 1370◦C looking for a reduction on the delta ferrite phase
in the 1330◦C case based on the heating results shown in Section 6.1. However, no
remarkable differences in the microstructure were observed under both conditions.
This was assumed to be due to the fact that, although the temperature was lower,
the holding time to ensure temperature homogeneity was too high facilitating the
stabilization of the delta ferrite phase, explaining these slight differences.
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F U T U R E L I N E S

The aim of this dissertation started with the research work carried out first, by Lozares,
2013, who initiated the research of forging high melting point alloys at very high tem-
peratures near the solidus and continued by Plata, 2018 who demonstrated the capacity
for the NSF process of manufacturing steel parts with different advantages as has been
summarized in previous chapters. However, in spite of all the efforts made in the past,
there still was a lack of knowledge to explain why this process works.

On this basis, after this dissertation different attempts were made aiming to fill the
aforementioned gap with a special focus on material behaviour through thermomechan-
ical analysis and microstructural evolution. It was found, as stated in Chapter 8, that
NSF is a promising manufacturing process to make stainless steel parts. However, an
optimum process window needs to be defined taking into account not only mechanical
aspects such as the filling and the shape but also aiming to obtain the best final mi-
crostructure. It was found that controlling the heating rate and the temperature could
reduce to an acceptable amount the delta ferrite which could be formed during the heat-
ing and the deformation process, leading to, in principle, better microstructures in terms
of grain sizes and delta ferrite fraction.

Therefore, a number of new research questions have arisen and further research in
the following lines could be helpful to understand the NSF process in greater depth:

• It was demonstrated that material characterization under NSF conditions is nec-
essary not only for microstructural issues but also for numerical purposes. During
this work, the flow stress behaviour of the material was characterized and modelled
according to the Hansel-Spittel equation. In a preliminary stage, thanks to the opti-
mization carried out, the prediction error was reduced by more than half. It would
be of great interest to carry out an in depth characterization to develop a robust
model covering NSF conditions.

• All the samples were preheated up to 1370◦C in order to have the same initial
microstructure prior to deformation and to be representative of the NSF process.
However, due to the slow heating rate, delta ferrite had enough time to nucleate and,
depending on the testing temperature, it could not be totally diluted. Therefore,
the influence of the heating rate and the preheating temperature were proven to be
key factors in order to define the optimum process window as it is widely known
that delta ferrite could have a detrimental effect on mechanical properties. Thus,
although traditionally the heating of the NSF trials was made in a muffle furnace, it
would be of great interest to test other heating techniques looking for faster heating
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rates, ensuring the thermal homogeneity of the billet, aiming to reduce the delta
ferrite.

• Apart from being detrimental in austenitic stainless steels, delta ferrite makes it
difficult for recrystallization to occur and also prevents grain growth under specific
conditions. Thus, it would be necessary to look for the optimum conditions which
would make NSF possible, looking for a compromise between process conditions
and the formation of delta ferrite which would negatively influence the properties
of the NSF part.

• Based on the results reported by the numerical simulation it would be key to
characterize the thermal exchange coefficient between the billet and the dies. This
parameter has a notable impact on the temperature of the part during the pro-
cess, making the surface to be substantially cooler than the bulk. These differences
in temperature (and heating and cooling rate) could be remarkable in terms of
microstructural issues. Therefore, it would be interesting to look for a way to char-
acterize this thermal exchange coefficient in order to have a deeper knowledge of
the temperature during the process.

• All the work was carried out for AISI 316. It would be of great interest to test the
possibility of extrapolating the knowledge to other steel grades. However, it would
be necessary to develop similar tests campaigns to do so (together with numerical
simulations) in order to test whether the generated knowledge could be applied to
other steel families.
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P O S S I B I L I T I E S O F T H E N S F P R O C E S S

As has been stated in Chapter 9, in spite of the efforts made to understand more in
depth the reasons which lead the NSF process to work, new questions have arisen as a
result of all the work developed.

For instance, all the work carried out was focused on AISI 316 and it would be of
great interest to test whether the knowledge developed could be extrapolated to other
material or not. In addition, the preheated temperature and the heating rate were found
to be two main factors to be controlled during NSF process.

Therefore, together with all the comprehensive microstructural analysis of the AISI
316 subjected to NSF conditions presented in previous chapters, an analysis of the possi-
bilities of the NSF process to manufacture other stainless steel parts and bimetal parts
was also carried out to complete the findings of this work.

10.1 spindle geometry

In a preliminary stage, the analysis of the results was focused on mechanical issues such
as filling capability, force limit constraints and obtention of the final shape. Different
conditions of stroke rate were also tested. This preliminary study will show the real
possibility of using NSF process with austenitic stainless steel in more complex parts.

The spindle is responsible for connecting the wheel assembly to the steering system
which rotates between the upper and lower frames. Moreover, the spindle works as the
frame where the brake calliper is fixed. In order to support the vehicle weight, the
component needs to be strong and durable, that is why it is forged. This R spindle weighs
around 3 kg (see Figure 10.1). This geometry was chosen to carry out a preliminary
analysis as it has shown promising results for manufacturing with other steel grades as
it has been reported by Lozares et al., 2020 and Plata et al., 2020.

Thus, the purpose of these tests is to demonstrate the ability of NSF to fabricate
other stainless steel parts and to compare experimental and numerical results. Different
tests were carried out at dissimilar stroke rates in order to analyse the effect of this
parameter on the industrial performance of the process at a temperature of 1370◦C. The
two stroke rates tested were 50% and 5% of the maximum. The billet dimensions were
95 mm in height and 70 mm in diameter.

The numerical forces were compared with the experimental ones as shown in Figure
10.2. The maximum load recorded for 50% of the maximum stroke rate was 296 tonnes.
However, at 5% of the maximum stroke rate, the deformation cycle was incomplete and
the load could not be registered. The manufactured parts appear in Figure 10.3.
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Figure 10.1: CAD of the R spindle (Plata, 2018)

Figure 10.2: Comparison between FEM and experimental forces

As can be seen, the FEM model was able to predict that under 5% of the maximum
stroke rate the press would not be capable of filling the cavity as more than 800 tonnes
would be needed, which is more than two times the press capacity. In contrast, at 50%
of the maximum stroke rate, both results are in agreement.
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Figure 10.3: NSF components: (a) 5% (b) 50% of maximum stroke rate

As a preliminary study, the microstructure of the final part was briefly analysed and
compared with the one from the material as received and quenched after being heated
up to 1370◦C.

First of all, the received material was analysed in two directions (radial and longitu-
dinal). Then, the billet was heated up to 1370◦C and quenched in order to analyse the
microstructure just before deformation. Finally, different locations of the spindle were
analysed in the axle zone and in an internal cross section. To reveal the microstructure,
a reactive composed of 10 g of FeCl3 hexahydrate, 100 mL of HCl and 100 mL of ethanol
was used (see Figure 10.4). In the received material no significant differences were found
between the locations analysed, that is why only one image is shown in Figure 10.4. The
same behaviour was observed in the case of the quenched material.

It is worth noting the presence of delta ferrite in the quenched sample as Figure
10.5 shows. Furthermore, the NSF microstructure presents a grain refinement with the
presence of delta ferrite. In addition, a high amount of manganese sulphides have been
observed, whose shape follows the deformation direction.

To carry out a more in depth study of these elements, a SEM analysis was done. Figure
10.6 shows the presence of manganese sulphides (a) and delta ferrite (b) at 2000X and
3.0 of spot size.

Therefore, this preliminary study showed that NSF process is capable of manufac-
turing other austenitic stainless steel parts just considering mechanical issues related to
this process such as temperature, filling and shape obtention, and grain refinement was
observed under these conditions proving that recrystallization could play a role.
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Figure 10.4: Microstructures before and after deformation: manganese sulphides (red), twin bands
(blue) and delta ferrite (yellow). Scale bar: 100µm

Figure 10.5: Microstructures after heating the material: delta ferrite (yellow). Scale bar: 50µm

10.2 bimetal complex part

Apart from reaching complex shape parts, NSF process presents other advantages thanks
to the extreme conditions of temperature, pressure and strain. Among all, one which is
not widely studied is the chance of manufacturing bimetal parts. This would avoid the
necessity of processes such as friction welding or diffusion bonding (Cheepu and Che,
2020; Slater et al., 2020), which are mainly restricted to simple geometries.
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Figure 10.6: SEM analysis of MnS and delta ferrite (Scale bar: 20µm)

The two materials to be joined were AISI 304 and 42CrMo4. The solidus temperatures
of both materials to define the temperature working window were around 1395 and
1425◦C. That is why, the NSF temperature was chosen to be 1370◦C.

To observe macro-differences in terms of composition, X-ray fluorescence (XRF) eval-
uation was carried out with a Bruker Tornado M4 applying 100 mm step size with a
100 ms dwell time. Also, electron microscopy was used using a FEI NovaNanoSEM 450
Scanning Electron Microscope (SEM) equipped with an Oxford X-max 50 X-Ray detec-
tor (EDX). The microstructure of the interface was then etched using different chemical
etching. Nital was used to reveal the microstructure in the zone of 42CrMo4 and a re-
active composed of FeCl3 hexahydrate, HCl and ethanol in the same proportions as in
previous section to reveal the stainless steel zone.

The load needed to manufacture the part was 277 tonnes, which is lower than the
maximum one achievable. In addition, this load is substantially lower than the typical
one employed on conventional forging, which could be around 2500 tonnes (Plata, 2018).
The manufactured component can be seen in Figure 10.7-a. Just with a quick optical
observation, it can be seen that the part was properly manufactured, both materials
being joined. To ensure this, Figure 10.7-b shows the XRF map taken, in which, it can
be seen that the AISI304 covers the outside of the component, which offers corrosion
resistance to the final part together with a cost reduction thanks to the lower amount
of stainless steel used.

A microstructural analysis was carried out to verify the joining between the two
materials (see Figure 10.8). In Region 1, it can be seen a much smoother interface due
to the unidirectional compression, which mainly governs in this region based on the Mn
flow (see Figure 10.8-a). In contrast, in Region 2 the interface seems to be serrated (see
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Figure 10.7: (a) Manufactured component (b) XRF analysis of the component. Scale bar: 3 cm
(Adapted from Slater et al., 2020)

Figure 10.8-b) due to the shear stresses at which it is exposed. Nevertheless, it seems to
be that no clear defects were formed during the process in both regions, with no porosity
observable throughout the part.

Figure 10.8: (a) Region 1 (b) Region 2. Scale bar: 100µm. (Adapted from Slater et al., 2020)

To corroborate the joining of the both steels, an EDX analysis was done (see Figure
10.9). Around 3 mm of cross diffusion prove this joining.

Therefore, this preliminary analysis shows the capacity for manufacturing bimetal
complex parts through NSF process, allowing parts not achievable by traditional forming
to be obtained, and needing much less force.
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Figure 10.9: EDX analysis of the interface between the two join materials (Adapted from Slater
et al., 2020)
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