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RESUMEN (en espafiol)

Los aceros con bajo contenido de carbono microaleados con Ti y Nb fabricados en la
planta de Arcelor Mittal en Asturias, Espafia usando el método avanzado de control
termomecanico para laminacién (ATMCRP) de aceros se pueden dividir en dos rubros: aceros
de fase dual (enfriados con agua) y aceros HSLA (cuando el enfriamiento se realiza mas
lentamente). Dentro de las ventajas de este proceso se encuentran las propiedades mecanicas
gue permiten su aplicacion industrial y el bajo costo en comparacién a aceros aleados; los
aceros con estas caracteristicas se pueden utilizar en procesos como estirado y embutido en
aplicaciones automotrices (largueros, piezas de refuerzo, etc.) o navales.

Los aceros de fase dual son una excelente alternativa para la fabricacion de piezas
automotrices que requieran alta resistencia mecanica, alta resistencia al impacto y
elongaciones elevadas. Este tipo de materiales se fabrican a partir de aceros de baja aleaciéon
en procesos ATMCRP y agregando otros aleantes para inducir la creacion de precipitados,
reducir costos y que el producto final tenga una microestructura de martensita y ferrita de grano
ultrafino. Todas estas caracteristicas se logran controlando ciertos parametros del proceso: la
velocidad de deformacion, la velocidad de enfriamiento y el templado del material. Esta tesis
presenta los resultados de ensayos de traccién de dos aceros de fase dual (DP600 y DP780),
asi como la caracterizacién microestructural para poder entender el efecto de este tipo de
laminacion controlada en la creacion de la microestructura responsable de las propiedades
mecanicas exhibidas por estos aceros.

Los aceros HSLA con estructuras de grano ultrafino fabricados por métodos ATMCRP
pueden presentar comportamiento superplastico a ciertas temperaturas y velocidades de
deformacion tales que permitan que se activen los procesos de deslizamiento de fronteras de
grano. Esta tesis muestra los resultados de ensayos de traccion a temperaturas elevadas
hechos en un acero de bajo carbono y baja aleaciéon que presenta a 800°C elongaciones de
hasta 200%. La microestructura del acero se analiz6 para calcular el tamafio de grano y su
distribucién, asi como su interaccion después de la deformacion de las probetas,
encontrandose descohesiones, granos de ferrita restaurados y la eliminacién de la estructura
bandeada, que son evidencias de la superplasticidad del material. Ademas, mediante
microscopia electronica de barrido se identificaron los diferentes tipos de precipitados
presentes en el material, asi como los subgranos formados dentro de los cristales de ferrita.
Particularmente para este acero, la ventana superplastica se encuentra en esfuerzos de
cedencia entre 30 y 70 MPa y velocidades de deformacién de 10-% a 10~% =%, Por otra parte,
este comportamiento corresponde a los modelos propuestos por Ashby-Verrall y Vasin et al. lo
gue confirma el caracter superplastico de este comportamiento.

Para ambos casos, aceros DP o HSLA, la microestructura tiene una funcién muy
importante: para aceros DP la martensita es la responsable de disminuir el cociente esfuerzo
de cedencia / esfuerzo de traccion y para aceros HSLA, la ferrita requiere una fase dura
(perlita) que evita el crecimiento del grano, sin endurecer el material permitiendo a los granos
deslizar y rotar como lo requiere el comportamiento superplastico.
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RESUMEN (en Inglés)

Commercial weldable low carbon steels microalloyed with titanium and niobium
manufactured in the Arcelor Mittal factories in Asturias, Spain through the Advanced
Thermomechanical Controlled Rolling Processes (ATMCRP) can be divided into dual-phase
steels (using a faster cooling method through the use of pulverized water) or HSLA steels (using
a slower cooling method). The advantage of such manufacturing process is the mechanical
properties as well as the cost, and that steels obtained from this method are used in drawing
and bending processes in automotive (reinforced parts, beams, etc.) or shipbuilding
applications.

Dual-phase steels are an excellent alternative in the production of automotive parts that
require high mechanical resistance, high impact strength and elevated elongation. These
materials are produced using low-alloy steels as a basis (through ATMCRP) and using other
elements in order to create precipitates, reducing costs and resulting in a combination of
martensite and ferrite structures with ultrafine grain sizes. These characteristics are
accomplished through a strict control of rolling conditions: strain rate, cooling rate and direct
quenching. This thesis presents the results of tension testing of two types of double phased
steels, along with microstructural characterization, in order to understand the effect of the
advanced thermomechanical controlled rolling processes on the formation of the microstructure
and the resulting mechanical properties.

HSLA steels with ultrafine grained structure may present superplastic behavior at specific
temperatures and strain rates that allow the grain boundary sliding mechanisms to be activated.
This thesis presents high temperature tension tests in a low carbon, low alloy steel obtained by
advanced thermomechanical controlled rolling processes (slow cooling), showing at 800°C
elongations as high as 200%. The microstructure of the steel was analyzed in order to identify
ferrite and pearlite grain boundaries, and their interaction after the specimens were deformed,
showing intergranular decohesions, restored ferrite grains and elimination of banded structure,
which are evidence of superplastic mechanisms in this material which is, in fact, ultrafine
grained as demonstrated by quantitative metallographic techniques and grain size distribution
analysis. Also, analysis by scanning electron microscope was used to identify different types of
precipitates present in the material, as well as subgrains formed inside the ferrite crystals. In
particular the superplastic window lies between 30 and 70 MPa (in yield stress) and 10°% to
10=% =% (in strain rate). Furthermore, the behavior of this steel agrees with the Ashby-Verrall
and Vasin et al. models which indicate that in fact this steel behaves superplastically in certain
conditions.

For both cases, DP and HSLA steels, the microstructure plays a very important role: for
DP steels, the martensite is responsible for decreasing the yield stress / tension stress ratio (in
order to increase the strain hardening coefficient n and allowing the material to be used in
manufacturing applications), while for HSLA steels, the ferrite requires a hard phase (pearlite) to
maintain the fine grain size without hardening the material and allowing the sliding and rotation
of grains in order to achieve superplasticity.

SR. PRESIDENTE DE LA COMISION ACADEMICA DEL PROGRAMA DE DOCTORADO DE CIENCIA Y
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Abstract

Commercial weldable low carbon steels microalloyed with titanium and niobium manufactured in the
Arcelor Mittal factories in Asturias, Spain through the Advanced Thermomechanical Controlled Rolling
Processes (ATMCRP) can be divided into dual-phase steels {using a faster cooling method through the use of
pulverized water) or HSLA steels (using a slower cooling method). The advantage of such manufacturing
process is the mechanical properties as well as the cost, and that steels obtained from this method are used
in drawing and bending processes in automotive (reinforced parts, beams, etc.) or shipbuilding applications.

Dual-phase steels are an excellent alternative in the production of automotive parts that require high
mechanical resistance, high impact strength and elevated elongation. These materials are produced using
low-alloy steels as a basis {through ATMCRP} and using other elements in order to create precipitates,
reducing costs and resulting in a combination of martensite and ferrite structures with ultrafine grain sizes.
These characteristics are accomplished through a strict control of rolling conditions: strain rate, cooling rate
and direct quenching. This thesis presents the results of tension testing of two types of double phased
steels, along with microstructural characterization, in order to understand the effect of the advanced
thermomechanical controlled rolling processes on the formation of the microstructure and the resulting
mechanical properties.

HSLA steels with ultrafine grained structure may present superplastic behavior at specific
temperatures and strain rates that allow the grain boundary sliding mechanisms to be activated. This thesis
presents high temperature tension tests in a low carbon, low alloy steel obtained by advanced
thermomechanical controlled rolling processes (slow cooling), showing at 800°C elongations as high as
200%. The microstructure of the steel was analyzed in order to identify ferrite and pearlite grain
boundaries, and their interaction after the specimens were deformed, showing intergranular decohesions,
restored ferrite grains and elimination of banded structure, which are evidence of superplastic mechanisms
in this material which is, in fact, ultrafine grained as demonstrated by quantitative metallographic
techniques and grain size distribution analysis. Also, analysis by scanning electron microscope was used to
identify different types of precipitates present in the material, as well as subgrains formed inside the ferrite
crystals. In particular the superplastic window lies between 30 and 70 MPa (in yield stress) and 1075 to
1073 57 (in strain rate). Furthermore, the behavior of this steel agrees with the Ashby-Verrall and Vasin et
al. models which indicate that in fact this steel behaves superplastically in certain conditions.

For both cases, DP and HSLA steels, the microstructure plays a very important role: for DP steels, the
martensite is responsible for decreasing the yield stress / tension stress ratio (in order to increase the strain
hardening coefficient n and allowing the material to be used in manufacturing applications), while for HSLA
steels, the ferrite requires a hard phase (pearlite) to maintain the fine grain size without hardening the
material and allowing the sliding and rotation of grains in order to achieve superplasticity.



Resumen

Los aceros con bajo contenido de carbono microaleados con Ti y Nb fabricados en la planta de
Arcelor Mittal en Asturias, Espafia usando el método avanzado de control termomecanico para laminacién
(ATMCRP) de aceros se pueden dividir en dos rubros: aceros de fase dual (enfriados con agua) y aceros HSLA
(cuando el enfriamiento se realiza mas lentamente). Dentro de las ventajas de este proceso se encuentran
las propiedades mecdnicas que permiten su aplicacion industrial y el bajo costo en comparacidn a aceros
aleados; los aceros con estas caracteristicas se pueden utilizar en procesos como estirado y embutido en
aplicaciones automotrices (largueros, piezas de refuerzo, etc.) o navales.

Los aceros de fase dual son una excelente alternativa para la fabricaciéon de piezas automotrices que
requieran alta resistencia mecanica, alta resistencia al impacto y elongaciones elevadas. Este tipo de
materiales se fabrican a partir de aceros de baja aleacidén en procesos ATMCRP y agregando otros aleantes
para inducir la creacion de precipitados, reducir costos y que el producto final tenga una microestructura de
martensita y ferrita de grano ultrafino. Todas estas caracteristicas se logran controlando ciertos parametros
del proceso: la velocidad de deformacion, la velocidad de enfriamiento y el templado del material. Esta tesis
presenta los resultados de ensayos de traccién de dos aceros de fase dual {DP600 y DP780), asi como la
caracterizacidon microestructural para poder entender el efecto de este tipo de laminacién controlada en la
creacion de la microestructura responsable de las propiedades mecanicas exhibidas por estos aceros.

Los aceros HSLA con estructuras de grano ultrafino fabricados por métodos ATMCRP pueden
presentar comportamiento superpldstico a ciertas temperaturas y velocidades de deformacién tales que
permitan que se activen los procesos de deslizamiento de fronteras de grano. Esta tesis muestra los
resultados de ensayos de traccién a temperaturas elevadas hechos en un acero de bajo carbono y baja
aleacion que presenta a 800°C elongaciones de hasta 200%. La microestructura del acero se analizé para
calcular el tamafio de grano y su distribucién, asi como su interaccién después de la deformacion de las
probetas, encontrandose descohesiones, granos de ferrita restaurados y la eliminacion de la estructura
bandeada, que son evidencias de la superplasticidad del material. Ademds, mediante microscopia
electrénica de barrido se identificaron los diferentes tipos de precipitados presentes en el material, asi como
los subgranos formados dentro de los cristales de ferrita. Particularmente para este acero, la ventana
superpléstica se encuentra en esfuerzos de cedencia entre 30 y 70 MPa y velocidades de deformacién de
1075 a 1073 s71. Por otra parte, este comportamiento corresponde a los modelos propuestos por Ashby-
Verrall y Vasin et al. lo que confirma el caracter superplastico de este comportamiento.

Para ambos casos, aceros DP o HSLA, la microestructura tiene una funcién muy importante: para
aceros DP la martensita es la responsable de disminuir el cociente esfuerzo de cedencia / esfuerzo de
traccién y para aceros HSLA, la ferrita requiere una fase dura (perlita) que evita el crecimiento del grano, sin
endurecer el material permitiendo a los granos deslizar y rotar como lo requiere el comportamiento

superplastico.
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1 Introduction

1.1  Objective

1.1.1 General objective

The general objective of the present thesis is the characterization of the mechanical
properties of two dual-phase steels manufactured by Advanced Thermomechanical
Controlled Rolling Processes and an HSLA steel also manufactured by the same process;
also, finding the range of temperature and strain rate at which the HSLA steel
microalloyed with Ti and Nb, would present superplasticity, including the optimum
conditions to obtain the best superplastic behavior.

Furthermore, the analysis of the mechanisms of superplastic deformation, including
the effect of ultrafine microstructure and other microstructural features (phases,
precipitates and formation of decohesions) is also sought.

1.1.2 Particular objectives

1. Confirm that the ultrafine structure results in adequate mechanical properties to
allow the forming of automotive parts (drawing or bending). To assure this, the
strain hardening n coefficient must be higher than 0.1.




2. Determine the temperatures and strain rates at which the HSLA steel behaves
superplastically, reaching elongations of 100% or higher.

3. Verify that during deformation at high temperatures and under superplastic
deformation, microstructural mechanisms take place, such as sliding and
rotation of grains. Analyze the effect of the ultrafine microstructure, banding,
precipitates and phases present.

4. Compare the mechanical behavior at high temperature of the HSLA steel to the
superplasticity model proposed by Ashby and Verrall in 1973 (Grain Boundary
Sliding, Diffusion Accommodated Flow Rate Controlling Model).

1.2  Work hypothesis

The manufacture of steels with ultrafine grained structures at an industrial level
{and not only at a laboratory scale) is possible if stringed control of the rolling parameters
result in a combination of phases and grain sizes with an adequate rcom temperature
mechanical properties that allow drawing and bending in order to use these steels in
automotive and other metal-mechanical industries.

Moreover, these ultrafine structures will show superplastic behavior at high
temperature given that the combination of temperature and strain rate allows the
rotation and sliding of grains.

1.3  HSLA and Dual-phase steels

Construction steels {materials used in civil engineering) are cheap, weldable and
have a good mechanical resistance and fracture toughness. Their microstructures are
usually formed by ferrite and pearlite, and sometimes include bainite, martensite, room
temperature retained austenite (base of the TRIP steels) and even nanoprecipitates of Ti,




Nb and V, though the main phase of these steels is ferrite; certain construction steels can
be dual-phase steels {or DP steels), which present two phases: a soft phase such as ferrite
and a hard one which is commonly martensite with traces of bainite usually in the form of
dispersion; showing excellent mechanical properties leading to mechanical parts {usually
of the automotive industry) that have a thinner section compared to those of
conventional steels. The mechanical properties include high strength — elongation ratio,
excellent impact response, soft yield behavior, low vyield stress — tension stress ratio and
elevated formability. The strength of these steels is related to the amount of plastic
deformation applied during the thermomechanical processes (see Section 1.4 Controlled
rolling processes) in the intercritic region due to the formation of substructures in the
ferrite. The epitaxial ferrite (phase that grows with the thermomechanical processes) is
the cause for the improvement in tension stress when increasing the reduction in the
transverse area during rolling, all this happens without significant reduction in the ductility

of the steel %23,

Furthermore, the ferrite grain size {d) is the only parameter capable of increasing at
the same time the mechanical resistance (yield stress) and tenacity (decrease of
temperature of the ductile-fragile transition, ITT) of the steels; moreover, the grain
refinement of a steel increases the value of the vield stress/ITT ratio, optimizing the
thicknesses and costs, making the material structurally and economically more efficient. In
other words, these three variables (grain size, yield stress and ITT) can be expressed in

the following formulas 4% 7).

oy ~ 54 + 17d1/2 [1.1]
ITT ~—19—11.5d"V2 + 2.2 (pearlite %) 2]

where d is expressed in pum, and the resulting yield stress in MPa and ITT in °C.

Thusly, a ferritic-pearlitic steel with a grain size ASTM G of 10 (d = 10 um) and 15%
of pearlite (approximately 0.1% C) would have a o, ~ 225 MPa and an ITT =~ —100°C.
These ferritic grain sizes (10 pm) are usually obtained by a thermal treatment of
normalizing after hot forging of the steel. The ultrafine ferritic steels (UFF) have grain sizes
lower than 5um (12 ASTM G) which are usually manufactured by Advanced
Thermomechanical Controlled Rolling Processes (ATMCRP} or by Continuous Annealing




Processing Line (CAPL), which are technologies being used at the ArcelorMittal Factories in
Asturias, Spain.

In the last 20 years it has been possible to enhance the productivity, quality, cost
control and efficiency of the steel; furthermore, today more than 50% of the steels in use
were unknown in 1985. A conservative calculation of use per capita of the steel in a
country in development and considering the increase in the world population would lead
us to an approximate of 3000 Mt/year for the year 2010. The future of the steel is, as it
appears, consolidated and long-lasting; influencing the economy (shareholders) of both
developed and developing countries, as well as changing the ecological negativity of this
material through recycling and sustainability in both products and operations. The
availability of its raw materials, its peculiarity of physical, chemical and mechanical
properties, as well as its versatility in its use (as shown in recent developments in areas
such as extractive metallurgy, physical metallurgy, materials science and solid state
physics) have similarities with biological being; moreover, if the steel would have been

found in this era it would certainly be qualified as a nanotechnological material &% 10:11),

1.4  Controlled rolling processes

1.4.1 Definition

A good example of these processes are DP steels. Also known as Advanced
Thermomechanical Controlled Rolling Processes (ATMCRP) at temperatures close to Ars;
they consist in strict control of the rolling process variables, as well as the cooling rates in
order to allow the formation of grain sizes close to 1 um, or, ultrafine grained steels
(UFG) (12; 13; 14)




Through direct quenching {by applying pulverized water over the hot material}, the
amount of martensite present in DP steels can be modified, as well as the size and
distribution of ferrite (soft phase), thusly producing finished products with tension
stresses that may reach 800 MPa (13)

These processes include a careful control of: chemical composition {including
microalloying elements such as Ti, Nb and V), deformation sequences, austenitic non-
recrystallization temperatures, and ¥ — a allotropic transformation temperature during

cooling (16}

1.4.2 Manufacture

ATMCRP processes made on high strength low alloy (HSLA) steels improve their
properties and reduce the costs of parts manufactured with them. They improve strength,
fracture toughness and weldability through the refinement of ferrite grain size (in final
products) &7,

Thermomechanical processing minimizes and/or eliminates heat treatments after
the hot deformation, reducing costs and increasing the productivity of the materials being
manufactured. Moreover, it leads to a more advanced material, for example a steel with

lesser amount of alloying elements (8,

The manufacture of DP steel through this method, according to some authors,
includes four steps as shown in Figure 1.1 (s,

1. Rolling in roughing and finishing mills, refining the austenite grain size due to the
repeating static recrystallization as well as deformed austenite in the non-
recrystallization region.

2. Water cooling.

3. Isothermal holding at intercritic temperatures.
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. Fast continuous cooling to the required coiling temperature. The martensitic
transformation takes place if bainite is undesired.

&

B s »
Hot rolling Controlled
transformation

.y
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70-80% o
10-30% o

Time

Figure 1.1 A sketch for the processing of DP steels (z8)

Other authors consider the ATMCRP as six steps {as shown in Figure 1.2}, in order to

obtain

the parts made with this material. The steps are as follows {

1.

DP steels with a strain hardening coefficient n high enough to allow the forming of
14),

Homogenization. In order to start with a recrystallized structure, the continuous
casting slabs {200~250 mm) are kept at 1200~1250°C.

Roughing. In order to reduce the thickness (~20 mm}, approximately 10 passes
are made in reversible rolling mills at 1200~1100°C.

Waiting. The material is cooled to 1100~1000°C.

Finishing. Reducing the thickness {~1.5 mm) through a mill of hot or semi-
continuous bands, the temperature drops to 850°C.

Controlled cooling. In order to reach coiling temperature {~600°C) atomized
water is used as a cooling method. At this step, the partial transformationy - «
takes place; if the cooling rate increases, the ferrite percentage diminishes.




Temperatures
Thickness

Slab

Thickness

Coiling. The material is coiled at ~600°C. Below this temperature, the
untransformed austenite becomes bainite-martensite (even if the steel is
already coiled). It is required that the coiling window between the ferritic-
pearlitic zone (upper) and the bainitic-martensitic one (lower) coincides with the
mentioned temperature.

Fugnace Finishing Controdled  Coiling

cooling

S ¢ i : i

Figure 1.2 General scheme of the Hot rolling process used in Arcelor-Mittal factory in Avilés, Spain

Other authors propose three options of ATMCRP as follows {

7,;19),

Option 1. Starting from a reheated austenite (after the thermal treatment of
homogenization), followed by successive straining and recrystallization at
temperatures higher than Ar; producing ferrite with grain sizes lower than
10 pm.

Option 2. Starting from the same austenite, it is successively deformed and
recrystallized between the different rolling passes, except at the last finishing
passes, obtaining a non-recrystallized austenite that is latter transformed into a
very fine ferrite (grain size lower than 5 ym, 12 ASTM G).

Option 3. Is equivalent to Option 2, but the finishing rolling is prolonged below
the y — «a transformation. In other words, strain and allotropic transformation
may occur simultaneously at the last boxes of the finishing train (hot rolling mill)
obtaining an ultrafine ferrite with a dual-phase microstructure and a mean grain
size lower than 5 pm {13 ASTM G).




1.4.3 Microstructure and Mechanical Properties

The most common microalloying elements for HSLA steels are Ti, Nb and V; while DP
steels obtained by ATMCRP are also microalloyed Mn, Si, Cr, Mo and B. When the
roughing processes are taking place, these materials are soaked at high temperatures and
the microalloying elements remain in solution (partially or completely), afterwards
{finishing deformations) they start to precipitate as the temperature lowers. The
microalloying elements Nb, Ti and V combined with C and/or N during cooling produce
carbide, nitride and/or carbonitride precipitates. These hard particles play a retardation
role in the recrystallization that follows the deformation and help to retain the

accumulated strain and deformed structures inside the austenite grains 8),

Figure 1.3 shows a schematic representation of the three stages of the ATMCRP and
(16; 20)

the microstructural change due to deformation in each stage :

e Stage 1: starts with the refinement of coarse austenite (a) through repeated
deformation and recrystallization (b). The steel transforms to relatively coarse
ferrite {b’) except when using microalloyed Ti that allows the refinement of
homogenized austenite before rolling.

e Stage 2: formation of elongated and non-recrystallized austenite bands (c) made
by deformation and the nucleation of ferrite both in the deformation bands as
well as in the ¥ grain boundaries. This produces fine ferrite grains. The Nb couid
be used to favor the accumulation of deformation inside the austenite when the
rolling process takes place at a temperature below the non-recrystallization
temperature (T,,,). This temperature is a key factor to be controlled in the
ATMCRP.

e Stage 3: continuation of the deformation that takes place in the ferrite-austenite
dual-phase region that produces a substructure. If the steel is microalloyed with
V, the precipitation hardening by V,C; will take place in the ferrite phase.

Sometimes there is a delay on the rolling between stages 1 and 2, as well as
accelerated cooling after stage 3. This cooling along with deformation takes place in the
y — a transformation temperature range just after the controlled rolling; refining the
ferritic and the martensitic grain sizes and thusly improving the strength and toughness of




the steel. When the deformation takes place at temperatures below the non-
recrystallization temperature, the austenite grains become elongated and deformation
bands are introduced inside the grains {(pancaking). Therefore the non-recrystallization
temperature is the main controlling factor in ATMCRP ¢

16; 20)

(b}
5
*i &)Remsmﬂzed grains
\ T
@ | {c) Non-recrystallized grairs
§ i Ay Wdemﬂnaﬁmﬁ bands
% s% Avt M _'f%?{d}
e % l Fenite with
' sub-structure
S e B
expuiaxed grains Equiaxed grains
Deformation

Figure 1.3 Schematic diagram of controlled rolling process {16)

In the temperature range of interest for the ATMCRP, the diffusion of carbon and

nitrogen is order of magnitude faster than the one for titanium and niobium. Therefore, Ti
and Nb are the rate controlling elements for these processes

(16; 21; 22; 23)

ATMCRP produce elongated (pancake structure} grains in the rolling direction

(Figure 1.4 shows DP steels and Figure 1.5 shows a HSLA steel) which explains higher yield

particles (martensite) (a6

strength and ultimate tensile strength as shown in Figure 1.6. This is specifically due to the
amount of small ferrite grains and is independent from the amount of second phase

However, grain size reduction accompanies a problem: low ductility as work-

hardenability is lost in the process, accompanied by “Lidering effect” or “Liders bands”

sk,




that will lead to fracture. On the other hand, steels microalloyed with Ti, Nb and V
obtained by ATMCRP avoid this problem as the stress/strain induced y — «

transformation favors work hardening and the anisotropy in the grains increases the
(16; 24)

amount of interfaces per unit volume

o

Figure 1.4 Optical micrographs of a) $355, b) 5460 a

(16)

nd ¢} $550 steels

Commercial UFF steels obtained by ATMCRP can be found with grain sizes of
2~3 um and yield stresses close to 700 MPa. These materials can be welded due to their
low carbon content and, as such, used in the automotive industry as construction and/or
reinforcement parts as they produce lighter vehicles without losing safety standards (18}

10
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Figure 1.6 Engineering stress-strain curves for 3 HSLA steels
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1.5 Superplasticity

1.5.1 Definition

A material can be considered superplastic when, due to the high dependency
between the creep tension stress and the strain rate, the necking is null or very subtle (a
series of diffuse necks) along a part or test zone of a specimen. In other words, the
material elongates uniformly when traction tested reaching elongations higher than
100% and in some cases higher than 1000%. Furthermore, superplasticity is the ability of
crystalline solids (metals) to achieve extremely high uniform elongations when tension
tested: for these materials strength is highly sensitive to strain rate. This phenomenon
surpasses plasticity and, therefore, the presence of dislocations (linear defects that slide
over crystallographic planes in lattice directions) provoke the plastic and irreversible

deformations in each crystal or grain of the material (7:25; 26:27)

From a microstructural point of view, superplasticity is achieved when two
phenomena take place in the material: grain boundary migration and grain boundary
shearing/sliding. Theoretical and microstructural models agree that the most important
feature in this behavior is grain boundary sliding (GBS), nevertheless, dislocations or
diffusion in grains or in zones near grain boundaries are necessary in order to maintain the

superplasticity of the material *7 28,

1.5.2 Superplasticity and creep

Creep is known as the flow of a material under constant load and at a constant
temperature which has to be higher than 0.3 7). A typical creep curve (Figure 1.7) has
three stages: a primary transitory creep {parabolic), a secondary stationary creep (linear)
and a tertiary exponential creep (where cavitations occur). At the second stage the strain

12



rate is constant and is related to the load (stress) applied and the diffusional phenomena

{matter transport) activated with temperature following an Arrhenius type law 9],

There are two laws for the behavior of creep by sliding (conservative movement)

and climbing (non-conservative movement) of dislocations (30: 31; 32),
e Power law creep or Weertman creep ©;
. an -0
&£ = Acexp o [1.3]

being A and n constants, ¢ the stress, Q the activation energy (equal to self-
diffusion) of creep, R the ideal gas constant and T the absolute temperature.

e Exponential law creep or Dorn creep (4],

& = ASh(Bo) exp (ﬁ) [1.4]
being 4, S, h and B constants, ¢ the stress, @ the activation energy {equal to

self-diffusion) of creep, R the ideal gas constant and T the absolute
temperature.

Strain {creep

deformation)
Rupuure

H

Constant stress !

o 3 H
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% H H
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9 .. 258 Srage ned
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Figure 1.7 Typical creep curve 5]
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Both laws require high stresses but always lower than the yield stress, intermediate
(0.3T,, < T < 0.5T,,) or high (T > 0.5T;,,) temperatures. At intermediate temperatures,
the matter transport may take place through processes such as grain boundary diffusion,
whose coefficient {D;;) would be:

5D
Di = D, (1 + ZDL:) [1.5]
where D, is the volume diffusion coefficient, Dy, is the grain boundary diffusion
coefficient, § is the width of the grain boundary gpproximately equal to two interatomic
distances 2b and d the grain size. While at low temperature the controlling process is the

grain boundary coefficient, at higher or intermediate ones is the volume diffusion #% 3432

The diffusion creep mechanism happens at low applied stresses (lower than the one
required for sliding or dislocation climbing) compared to other types of diffusion but at
similar intermediate or high temperatures as previously mentioned. The grains, under the
effect of the applied stress deformed either by intergranular diffusion (intermediate
temperatures) or by volume diffusion (high temperatures) without the intervention of
dislocations in the process. Moreover, there is an immediate generation of cavities or
voids that can be related to the sliding of the grain boundaries generated through the
diffusion processes necessary to achieve, at least temporarily, the continuity of the
material (matter). The behavior law for this process (Herring-Nabarro creep) is of the

Newtonian or viscous flow type (36; 37).

&= Bo exp(—Q/RT)

= [1.6]

being B a constant, o the applied stress, @ the activation energy, R the ideal gas constant,
T the absolute temperature and d the grain size.

As these processes (sliding, dislocation climbing and diffusion) influence the

behavior of a possible superplastic material, Ashby and Verrall take them into account for

their model as will be mentioned in the following section 8

14



1.5.3 Behavior laws, equations and models

One of the first researches on this subject was made in 1920 by Roseham et al;
they, however, studied the alloy Zn - 7% Al - 4% Cu at 250°C and discovered that the
material was more ductile at room temperature when slowly folded or bended, but was
almost fragile when the strain rate increased. In other words, resistance and ductility were
particularly sensitive to this parameter (directly proportional to the resistance and
indirectly proportional to the ductility). Moreover, the alloy behaved similar to a
viscoplastic material (such as subcooled liquids, tar, etc.) including the stress relaxation
and elastic after-effect ©.

Later on, in 1945, Bochvar et al. named the term superplasticity for the first time
when working with a 80% Zn - 20% Al at 250°C and discovering its extremely high
ductility (close to 700%). Figure 1.8 shows that the test conditions were made on the
a + f region of the diagram. The explanation proposed by Bochvar et al. for the
superplastic behavior is the “re-dissolution and precipitation processes” theory based on
diffusional processes (thermally activated matter transport processes} inside the
crystalline lattices mainly happening at the a/f interphase (intergranular diffusion) as a
consequence of the limited solubility of Zn in Al and Al in Zn. Furthermore, they concluded
that the test temperature must not be below 30% of the meiting point in order for the

diffusion-linked superplasticity to occur %,

Presnyakov et al. continued the experiments using the Al-Zn system with
hypoeutectoid and hypereutectoid alloys tempered from 375°C and concluded that (41),

e Tempering made above 275°C accentuated the superplasticity of the material:
the higher the temperature the higher the superplasticity.

e Tempering made below the eutectoid temperature eliminated the
superplasticity.

e Annealing of homogenized alloys above 275°C and slowly cooled created normal
ductilities.

15



10 20 30 40 50 &0 70 8090
71 T ™1

7
o0 50" | I T T T T I
L ~1200
600 |—— S . 3 . i
o .
\
: T — 11000
500 1 et o 3555
a T —— |
'\ ga86 g0 0
400 + ~ 382¢
— a’ o
300} . L—T_a+ra" IN_/[a+4_B4so0
Dl -1 ] — -
(518 78 993
200} P ! . Ya00
1 -
100 ~ L L Y—

a4l 0 20 o 70 80 90 2n
Figure 1.8 Al-Zn system phase diagram 40)

In other words, superplasticity occurred starting from a metastable structure
{(supersaturated solid solution of Zn in Al) obtained by tempering followed by subcritical
(T > 275°C) straining that recrystallized the equilibrium (o + f) structure. Furthermore,
Presnyakov supposed that superplasticity was related to the weakness of the atomic
bonds at the a/f interphases during recrystallization {nucleation and growth) which

provoked the extremely high ductility (1),

Two years later, Underwood published that high ductility can be obtained when
deforming mechanically during an allotropic transformation, solubility change or
recrystallization processes in metallic alloys, and it is even higher when the
transformations take place at high temperatures. In other words, temperature is a
determining factor for superplasticity. Similar to what Presnyakov believed, Underwood
considered that superplasticity happens due to the transitory breaking of atomic bonds
when suffering tension and its subsequent reforming at the old/new or recrystallized
interfaces favoring the increase in ductility. Furthermore, Bochvar established that the
required stresses would be lower and the ductility higher during the transformation itself,
neither before nor after; thusly, the material recovers its original properties when the
transformations stops (nowadays known as reversible, transitory or internal stresses

induced superplasticity) *% 42,
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Later on, in 1964, Backofen et al. worked in the same alloy as Bochvar et al did in
1945 confirming its superplastic behavior; they concluded that the necessary conditions
for a polycrystalline material to experience superplastic deformations are low mechanical
stresses and a capacity to achieve very large elongations free of localized necks. These
requirements must be in terms of stresses and more importantly on the strain rate (&)

sensitivity of the material %43,

The general law for high temperature behavior of materials with standard grain sizes
is as follows:

§-eURT = 7 [1.7]

being £ the strain rate, ¢ the activation energy for dynamic restoration, R the ideal gas
constant, T the temperature {Kelvin) used during processing (forming) and Z the Zener-
Hollomon parameter. This formula is valid when stress is constant @,
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Figure 1.9 Experimental representation of high temperature behavior of materials at a temperature T1 with the
following zones: | — Hot forming, Il — Superplasticity and Hl — Creep. Grainsize d: d3 > d, > d4 {7:49)

Considering this law, the experimental representation (Figure 1.9) of logo as a
function of log de/dt of superplastic materials falls into the region II. The slope m of the
curve is:




_ loglo/57)

= Toge1/5) (2.8

and is similar for both hot deformation and creep. On the other hand, superplastic
materials with very small grain sizes (d) present a higher m, due to the dependence of
superplasticity to grain size. However, at equal grain size, the m coefficient can change
while modifying the strain rate (¢) 7.

The most realistic models of superplasticity include the GBS as the most important
characteristic phenomenon happening in the material at the grain boundaries.
Nevertheless, the GBS must happen as a unit process and as such, it requires repeated
accommodation. However, the models can be divided into three groups, as follows (26).

1. Combination of grain boundary sliding and diffusion creep.
Combination of grain boundary sliding and grain boundary migration.

3. Combination of grain boundary sliding, grain boundary migration and localized
dislocation motion by glide and/or climb.

Morrison gives more importance to the diffusion in the grain boundaries because
when adding alloying elements that improve the diffusion, the superplasticity is also

improved %),

Ashby and Verrall proposed a theory (Grain Boundary Sliding, Diffusion
Accommodated Flow Rate Controlling) to describe superplasticity in two steps (see
Section 1.5.3.1): the first included GBS along with material transport through grain
boundary and bulk diffusion to maintain grain continuity and the second included

dislocation creep but with less contribution than the first step (38, 46),

This model also considered the Ino/Iné curve (Figure 1.9} as sigmoidal, in which
regions | and most of region Il disregarded large grain elongations or considerable amount
of dislocation motion, but took into account the large amount of GBS and grain rotation.
At the high strain rate zone of region Il, there is important dislocation motion that derives
in total strain, accommodation, small quantities of GBS and grain rotation. At region I},
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dislocation creep is dominant and the grains elongate. A disadvantage of this model is the

unavailability of input data for the equations for most materials (s8: 46),

Baudelet, in turn, proposed the deformation behavior shown in Figure 1.9 as a
sequence of controlling mechanisms divided in three regions or zones, but emphasizing

that not all materials present all three zones. Some materials only show regions | and
f| (263 28; 47).

e Region I. There is very little amount of experimental data in this region. The
intergranular creep that takes place provokes deformation in the composite
{ferrite-bainite or ferrite-martensite) boundary. Also, some other phenomena
take place {a lesser amount of GBS compared to region lI, striations at transverse
grain boundaries, grain elongation and Herring-Nabarro creep).

e Transition from region | into region Il. The dominant mechanism starts to be the
behavior of the grain boundary (GBS). The shear bands in the grains start to
widen.

e Region Il. The main mechanism at this zone is overall creep. This is the zone
where superplasticity occurs.

e Region ilI. Ruled by dislocation creep, which in turn can be controlled by grain-
boundary diffusion. However, Kashyap and Mukherjee (48) disagree with this
assumption, as they consider that the dislocation creep is controlled by volume
diffusion. It is generally agreed that the deformation in this region is ruled by slip
and recovery creep, as the materials deformed at this region present slip lines on
their surface and the grains present a high density of dislocations.

A high value of m (between 0.3 and 0.9) implies a superplastic behavior of the

material at the temperature the material is being tested (7: 46}

Another law that can predict the high temperature tension stress of a material is the
Ludwick-Hollomon law:

o=K;-em-m [1.9]

where n and m are not related between them: m is the strain-rate sensitivity exponent (as
superplasticity is very sensitive to this factor) and n is the strain hardening coefficient.
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Materials with a high m value do not necessarily have a high n value (on the contrary,

commonly n has a low value) and at high temperatures, the n value is close to zero (7, 27; 43;

45)

Furthermore, the maximum uniform strain matches up with the n strain hardening
coefficient. About this, Morrison demonstrates the effect the grain size has on this
coefficient:

n= ﬁ [1.10]
where d is the intersected mean length measuring grain size in millimeters. The
refinement of grain size can increase the elastic limit (yield stress) and the toughness of
the steel {Hall-Petch laws), but can negatively act on the ductility of the material when
cold worked. At these temperatures (T < T,;/4), conventional metallic materials are
practically insensitive to the strain rate. After surpassing the mentioned temperature,
ductile metallic materials can be divided into two groups: those that are insensitive to the
strain rate (conventional metallic materials) and those that are sensitive to this variable
{superplastic metallic materials), which will be explained in Section 1.5.3.2 and Section

1.5.3.3 respectively “3),

In a tension test, after the uniform lengthening in a specific zone, a localized neck
starts to form. When the test continues, the & at that zone will increase and, thusly, the
€™ value will considerably increase taking into account the high value of m in the
superplastic material. The value of m determines the speed with which the neck develops
after the beginning of localized plastic flow. Consequently, the stress value at that zone
will also increase and the neck will not continue at that zone but at its surroundings; this
produces diffuse necking and the transverse section of the test specimen will decrease in
a uniform way, all along the specimen, until the end of the test. Experimentally, as m
increases, the elongation-to-failure also increases: superplastic materials reach
elongations up to 2000% when tension tested. The value of m increases with
temperature (directly proportional) and decreases with grain size (inversely proportional).
Moreover, maximum elongations are usually reached when m is maximum, which implies
that some diffusion controlled processes such as nucleation transformation and growth

must be linked to the superplastic behavior and altering the grain boundary behavior (26: 27;
46; 44; 49; 50; 51; 52; 53; 54}
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When the relation between ¢ and & is linear {m = 1) the material follows the
Newton’s Law of Viscosity (i.e. hot glass, tar, etc.). Most superplastic metals, however,
have values of m close to 0.5 (> 400% elongation). Therefore, in order for superplasticity
to occur, m must have a high value, but this is not the only requirement, as other
materials with high strain-rate sensitivity can present grain boundary separation,
cavitation at interphase boundaries and other premature failure modes and never reach

superplasticity @7,

in 1968 Morrison obtained fine grained ferritic-pearlitic structures {smaller than
10 um, ASTM G grain size 10) through hot rolling, the steel was heated and briefly
maintained at temperatures between 750 and 900°C in order to have ferritic-austenitic
{a +y) structures with similar proportions. Afterwards, it was deformed at high
temperature with testing speeds between 0.1 and 10 mm/min; it resulted in strains
between 200 and 350% with an m coefficient (o = K - €™) between 0.4 and 0.6. His
conclusions were that the optimum superplastic behavior temperatures were between
750 and 800°C in the dual-phase (a + y) region and that @s),

e Fine or ultrafine grained material (less than 10 pum) is required to obtain
superplasticity in steels microalloyed with Mn manufactured by hot rolling, with
thickness reductions of ~90% and finishing temperatures close to (but higher
than the starting temperature) the allotropic ¥y + a transformation during
cooling. In other words the fine grained structure is a necessary condition for the
superplastic behavior, among others.

e Maximum superplastic strains are reached in the biphasic (@ + y) region at
temperatures close to 800°C. The microstructure remains {fined grained
material with 5 pm or 12 ASTM G) because of the practically insensitive grain
growth during deformation.

e Strain rate sensitivity coefficient at these conditions is approximately 0.5 at slow
strain rates of 0.1 mm/min.

e Ferritic-pearlitic banded structure disappears or decreases with the deformation.
The nucleation of decohesions at the ferrite/austenite/carbide interphases, as
well as in the a/a grain boundary, result of intergranular deformation by sliding.

e Empirical relation is proposed, relating elongation to fracture A, the m
coefficient and the proportionality constant for the test specimens k (where L,
is the calibrated length, d,; the diameter and b a constant with a value close to
100 for steels):
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A(%) = bmz% x 100 [1.11]

Researchers consider three regions on the curve shown in the lower part of
Figure 1.10: Region !l is the range of strain rates where m has a high value and there is
optimum superplasticity, the region where m decreases at lower strain rates is Region |
and Region lll, where m is also low but at higher strain rates. This figure presents the
sigmoidal representation of the relationship between the stress and the strain rate where
the three regions are also distinguishable {lower part), as well as the boundary sliding
contribution to the deformation process (higher part): as it is maximum in Region |l
{maximum elongation reached) it is the controlling factor for superplasticity and is also

where the ductility (middle part) is maximum 4% 5% 58],
“ &ﬁ»‘&
e S e
m Lo i g »,“'” W ﬁ“uu :
TES 20% - 30% 7 S0% - 70%™.  20% —30%
§5:|
= .
~
2
:M“:(
.
S
[
-
= , . . N\
' " Superplastic region’
@*
@&
&
-
Nl
o

Strain rate
Figure 1.10 Schematic correlations regarding the sigmoidal behavior {lower part}, ductility (middle part) and
contribution of boundary sliding (upper part) to the total strain of the material. Region | corresponds to hot forming,

region II to superplasticity and region ill to creep(ss)
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The creep characteristics of Region lll are controlled by the type and amount of
impurities, while for Region Il are only controlled by the amount of them. Just as it is
shown in Figure 1.11, it is believed that region Ill is defined by the relationship between

the impurities and GBS or to its accommodation processes: boundary migration,
(56)

dislocation motion, diffusional flow or cavitations

e
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JR—— 3’}‘) Cavitation
R A
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Figure 1.11 Schematic representation of boundary sliding and its accommodation processes 56)

As previously mentioned, superplasticity is a process that requires GBS, but is also
ruled by accommodation processes such as (Figure 1.12): diffusion-accommodation
proposed by Ashby-Verrall (38), dislocation pile-up accommodation proposed by Ball and

Hutchinson ©” and Mukherjee 58

Sherby, in turn, experimented on ultra-high carbon (UHC) hypereutectoid steels,
which became superplastic when thermomechanically deformed at a temperature close
to A,q13 (see shaded region in Figure 1.13). The thermomechanical treatments included:
controlled rolling the raw material from the casting process, roughing at 1150°C with
10%-passes until a final strain close to € = —2, finishing between 650 and 600°C with
5%-passes with an accumulated strain close to &€ = —1.5. Thusly, resulting in ultrafine
structures of ferrite grains with sizes between 0.5 and 5 um and globular precipitates of
cementite (volume fraction between 20 and 35%) with a diameter of 0.1 um, relatively

resistant to the coarsening-coalescence in the test temperatures (59},
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Figure 1.12 a) Schematic illustration of dislocation slip accommaodation in the grain-boundary sliding model of Ball
and Hutchinson, b) Grain boundary sliding described by Ashby and Verrall 28)

Another conclusion from the UHC experiments is that it would be expected to find
structural damage (cavitations and voids) at the ferrite-cementite (subcritical
deformations) or in the austenite-cementite (superplastic deformations) interphases due
to its a priori different resistance and strain capacity. Moreover, slow strain rates do not
facilitate decohesion of the interphases that may be solved by diffusion. Plus, the
microstructural factor of grain size is the most important in an environment of adequate
temperature and strain rate to achieve superplastic deformations; maintaining the fine
grained microstructure stable during deformation is the main obstacle for the industrial

applications of this manufacturing process &9,
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1.5.3.1 Ashby-Verrall Model

In the “Grain Boundary Sliding, Diffusion Accommodated Flow Rate Controlling
Model” proposed by Ashby and Verrall, the GBS with diffusion is considered in order to
achieve the continuity of the material of a group of four grains and size d = 2{ (being [ the
length of a side of the hexagon) through three stages as shown in Figure 1.14. This model
is based on three considerations ©®;

e There is matter transport (by diffusion).

e There is a relative movement of the grain boundaries accommodated by

diffusion.

e There is rotation of the diffusion-accommodated grains.

The relative movement of the group of four grains shown in Figure 1.14 causes the
shape change of the group as a total, meanwhile the grains experiment accommodation




tension stresses that keep them together. These stresses {different from those suffered by

the group as a total) are caused by diffusion (38),

In a polycrystalline material, there are different options for diffusion: bulk diffusion
(throughout the grains) and grain boundary diffusion. This last type is the most important
for intermediate and low temperatures (superplasticity is an example of this type of
diffusion). For the accommodation of grains after GBS both types of diffusion are required
for low strain stresses. When the stresses increase, the accommodation stresses by
diffusion are replaced by a uniform deformation mechanism, which make superplasticity

disappear allowing conventional hot deformation mechanisms to take over %,
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Figure 1.14 Stages of deformation according to the Ashby-Verrall model 8

1.5.3.1.1 Characteristics of the model

Consider a group of four grains exposed to tension and constant pressure. Each
grain has a size of d and a height of d, which produces a volume of 0.65 d*. The initial,
intermediate and final stages of the grain group is shown in Figure 1.14: the shape of the
individual grains of the initial and final stages is identical but the geometry of the group
has changed (real deformation of 0.55). The model consists in four irreversible

processes (38)1
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Diffusion process causing the grains to change shape temporarily experimenting
accommodation stresses.

From a geometrical point of view, the mean volume of matter that moves per
grain in each deformation stage is 0.075 d® with a mean distance of 0.3 d.
Grains 1 and 3 experiment perpendicular movement compared to grains 2 and 4.
There is a diffusion flow required from a zone at the grain boundary close to
another. The value of this diffusion flow is the total number of atoms or
vacancies per second flowing from the sources to the sinking or vice versa inside
the group of four grains. If there is chemical potential difference between the
source and the sinking then the energy required in the process is the
multiplication product of this potential difference times the diffusion flow.

Reaction in the grain boundary

The grains and grain boundaries can be imperfect sources or sinking of punctual
defects. An activation barrier appears when a void is eliminated or a grain
boundary is added. Theoretically, the activation energy value can be different for
sources and sinking, but they will be considered as equal and with a magnitude
proportional to the chemical potential difference between the source and the
sinking. Therefore, if the flow is originated at the source and then moved to the
sinking, the energy dissipated due to the movement of the grain boundary is two
times the product of the potential difference times the diffusion flow (voids and
atoms).

Sliding of the grain boundary

Besides the normal displacements caused by diffusion, there are tangent ones at
the grain boundaries: they cause a grain to slide with respect to its neighbor. The
magnitude of the sliding can be measured by examination of the movement of
the grains referred to an origin of coordinates. The energy is used to overcome
the “viscosity” of the grain boundary when the sliding is taking place, causing a
second irreversible process independent from the previous one: if the shearing
stress that appears at the grain boundary is 7, the total area of the grain
boundary is A and the relative speed is 1, this stage of the process dissipates an
energy equal to tAi. The total displacement due to grain boundary sliding
during the process is u = 0.46 d and the net sliding surface 4 is 2d?.

Increase of area of the grain boundary.
The area of the grain boundary grows when the group of four grains moves from
the initial to the intermediate stage, storing free energy in the system. When the
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group of grains moves from the intermediate to the final stage, the grain
boundary area diminishes to the initial value, freeing the energy stored
previously. It does not seem possible to use this energy for other grain groups in
transition from the initial to the intermediate stages; consequently, the energy is
dissipated in the form of heat, making the process irreversible.

The total change of area of the grain boundaries AA is 0.26 d? when the
“structural unit” moves from the initial to the intermediate stages. If the free
energy of the grain boundary is I and the area change is A4, the energy AAT is
turned into heat.

It can be demonstrated that there is a threshold stress under which there is no
flow of matter. The external applied stress and its energy are incapable of
modifying, by diffusion, the grain boundary area.

Characteristic Symbol Magnitude
Grain volume - . . U654’
0.55

Intergranular Shdmg tram per unlt

Area change of the 4 gram group in the AA 0.26
movement from initial to intermediate position:

In grains 1 and 3 0.07 d?
In grains 2 and 4 0.01 d?
According to the Herrmg Nabarro mechamsm 0.19 d?

Dtsplacement ofa
;’posﬂ:lon , . .
Volume of matter moved through diffusion (per MQ

- 046d

grain) in the sliding of grains from the initial to the
final position:

In grains 1 and 3 0.07 d3
In grains 2 and 4 0.01d3
Accordlng to the Herring-Nabarro mechamsm 0.19d3

fable 1.

eometrical charactenstlcs of the Ashby-VerraII mo el

The geometrical characteristics of the model are presented in Table 1.1. This model
represents the physical processes taking place inside a crystal and calculates the
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magnitude of each characteristic in an approximate way through geometry. The

calculation of each of these parameters will be explained later on this work *®.

The energy required to plastically deform the material is consumed in ®2;

e Diffusion (matter movement) to facilitate the accommodation (matter
continuity) in the grain boundaries.

e Grain boundary sliding, accommodated through the previous diffusion.

Therefore, the Ashby-Verrall equation or law for superplasticity considers two

mechanisms, one after the other, of the strain rate as follows ®2';

Etotal = €p-4 flow T Edislocation creep {1.12]

where £p_y4 £ (diffusion accommodated flow) is the strain rate resulting from a grain
boundary sliding, accommodated (assuring the continuity of matter) through the diffusion
both in bulk and mainly intergranularly, which is similar to the Herring-Nabarro
mechanism but with two main differences: the first is that the necessary matter volume to
be transported by diffusion is lower than the one for the Herring-Nabarro mechanism; and
the second is the threshold stress under which the mechanism would be inoperable. On
the other hand, £4i5i0cation creep represents the resulting strain of the plastic flow caused
by creep due to the movement and climbing of dislocations, through a mechanism similar

to the one proposed by Weertman-Dom 53

The first mechanism (diffusion accommodated flow) occurs at very low or low strain
rates, being very sensitive to the grain size d. The second mechanism occurs at medium or
high strain rates, as the ones derived from a hot deformation process. The formulas
proposed by the Ashby-Verrall model are:

. Qu fo  072T nd D
£ = 98—————[——— ]D (1 —_—— 1.13
D—A flow kTdz n ud v + 4 D, {1.13]
. _ ub (™ Q¢
Edislocation creep ™ Al ',:7': (;) exp ['— ﬁ] [1.14]
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The stresses are included in the shear modulus of the material, o/u, with the
objective of considering the variation the u (or shear &) modulus has with temperature,
making the material more sensitive to the strain rate (thermal component of the critical
shear stress for the dislocation sliding). When plotting the strain rate and the o/u
parameter the result is a sigmoidal curve (Figure 1.9) considering the grain size as a
parameter; three stages are found:

® In stages | and il the sliding and rotation of the grain boundaries would take
place and would have the typical properties of a superplastic behavior.

¢ In stage lii, the strain would be mainly intergranular, with sliding and climbing of
dislocations associated to the restoration-recrystallization processes depending
on the nature of the material.

s The superplastic behavior window can be found in the zone of maximum slope.
In other words, where the m coefficient of sensitivity to the strain rate is higher
than 0.3. The grain refinement as well as increasing the temperature would
improve the superplasticity, provided that the microstructure remains stable
with the strain and the grain size does not grow when the temperature rises,
which would otherwise produce a change from the dislocation accommodated
creep (necessary for superplasticity to occur) to the dislocation creep
mechanism {conventional deformation behavior).

1.5.3.2 Conventional Metallic Materials

During tension tests, the strain rate € exponentially decreases with true strain. If the
material is potentially insensitive to the strain rate (m > 0.1), then the uniform elongation
&, would decrease, its neck will be accelerated and the ductility will increase. In reality,
cold-worked metallic materials are practically insensitive to the strain rate as previously
mentioned (T < Ty /4) so the value of the m coefficient will be maximum m = 0.01
even if the traction test is considered quasi-static; the resistance and ductility of the

material are insensitive to the strain rate **).
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1.5.3.3Superplastic Metallic Materials

These materials are highly sensitive to the strain rate and very poorly to the strain;
in other words, the m coefficient has values higher than 0.3, while the n coefficient has
values lower than 0.1, which means that the situation of the conventional metallic
materials is reverted. Furthermore, the lower the value of the m coefficient, the lower
(the rapidly decreasing) transverse area of the test specimen will be. When m has a value
close to one, the reduction speed of the transverse area are approximated to a common
value; when m equals one, the strain is of the Bingham type {(Newton viscous flow or
o =~ &) which enables any irregularity in the specimen (incipient neck) to be “stable”

during the test ),

The variation of strain rate with the strain is positive, contrary to conventional
materials in which it is negative, producing a “stable” necking condition. Thus, the strain
rate varies along the calibrated length of the specimen and is inversely proportional to the
transverse section (Backofen criteria). Moreover, superplasticity is a phenomenon linked
to necks, which in this case are spread out along all the calibrated length of the specimen
in a diffuse way; this is related to the strong influence of the strain rate on the applied
tension. When the neck is localized, the adjacent areas stop deforming; the stress
equilibrium is maintained due to the different strain rates belonging to different areas

from the specimen “%4%),

1.5.4 Requirements for superplasticity to occur

in order to obtain superplasticity, a fine grained, equiaxed and stable microstructure
is required (close to 1 um) which will produce intergranular deformation and dislocation
climbing. However, the achievement of this ultrafine grained (UFG) structure can
sometimes increase the production cost of the material/part, but finer grain size implies
increasing the amount of grain boundaries, thus promoting the boundary sliding and

reducing the distance for accommeodation by diffusion and/or slip (7:25; 29, 46; 55, 60; 61)

31



“The fine-structured steel exhibits ideal characteristics in that it is weak
and superplastic (~1000% tensile elongation) at warm temperatures
and strong and ductile at room temperature, in contrast to the coarse-

structured steel which is strong and not very ductile at warm

temperatures and relatively weak at room temperature” ",

A disadvantage of the excessive fine grained structure is the decreasing ductility
because of the negative influence on the strain hardening coefficient n (from the
expression o = K&™) that may block the uniform elongations required in the cold forming
operations such as folding or biaxial expansion of low-carbon, high yield stress and
weldable steels required in the industry which may present non-homogeneous and
unstable deformations (Piobert-Liiders effect) that introduce superficial defects and

premature necks in formed products “s),

Another requirement is that the m coefficient has values between 0.3 and 0.7. The
latter value is the maximum reached experimentally, which means that it is at least one
order of magnitude higher than the one for hot deformation processes and similar to the
ones for forming polymers and glasses. The vyield stresses are dependent on a small scale
on the strains, but are very sensitive to the strain rate and temperature just as shown in
Figure 1.15 3}

Figure 1.16 shows the displacement of the strain rate vs. the elongation to failure to
the right (faster strain rates) while decreasing the grain size. It is also noteworthy that the
peak elongations will be higher at the faster strain rates as there is less time available for
the growth of internal cavities (see section 1.5.5 Microstructure) {60}

Secondly, superplasticity requires forming temperatures higher than 0.5 T;,, {(50% of
its melting temperature), as this process is diffusion-controlled and the deformation of the
material must occur under conditions where the diffusive flow is reasonably fast. At these
temperatures, the grain size must remain stable and without growth and the corrosion
must be avoided {use of inert atmospheres or protective varnishes). After the material’s




superplastic forming, it will not behave superplastically at temperatures lower than
0.2 T;,,. Its room temperature mechanical characteristics will be a function of its nature
and the ultrafine grain size: high values of yield stress, tension stress, hardness, tenacity,

fatigue stress, among others 17 25 2% 50)
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Figure 1.16 Variation of the elongation to failure with strain rate when the grain size is reduced from d, to d, ts0)

Thirdly, it requires slow strain rates (1072 to 10~ 's™!) which are impossible to
obtain with conventional forming techniques such as rolling or extruding; when
techniques can achieve this, most of the times it's impossible to relate them to
productivity. Furthermore, the stress required to deform the material has to be sensitive
to the strain rate: if the necking starts, then this area will deform much more quickly and
the increase in strain rate will harden the material at this point until it stops and finaily the
uniform deformation will continue. Also, the high strain rate sensitivity of a material is the
origin of the stabilization against localized necking and thus producing high plastic
elongation. Nevertheless, the strain rate is related with the grain size in an inversely
proportional way as:

=~ (b/d)P [1.15]

where £ is the strain rate, b is the Burgers vector, d is the grain size and p can be equal to
2 when the process is related to lattice-diffusion-controlled creep (Nabarro-Herring creep)
or equal to 3 when related to grain boundary diffusion-controlled creep (Coble creep). In
other words, if the grain size is decreased, a higher strain rate can be used to achieve the

same state of superplasticity 7/ 2% 2% 62,
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Finally, the grain boundaries of the materials have to allow the grain sliding between
them and to rotate when stress is applied, due to the movement of dislocations along the
grain boundaries. In order for this to happen, it is necessary to apply the right
temperature and have a fine grained structure. This requirement is a fundamental
characteristic in some superplastic behavior models, such as the one proposed by Ashby
and Verrall. The sliding percentage at the superplastic region (i) is very high (40~80%},
which contributes considerably with the maximum superplastic deformation, though this
happens for elongations lower than 50%; for higher elongations than this one, the
contributing factor is diffusion. The sliding percentage diminishes considerably at regions |

and ll, as the overall elongations also decrease (29; 38;55),

On the other hand, Alden lists nine microstructural characteristics required in a
material to be deformed superplastically (some of them were previously mentioned) as
follows %

Strong dependency between stress and strain rate: g = K™,

Influence of temperature on the diffusional processes related to superplasticity.
The activation energies are similar to the grain boundary diffusion and not to the
volume diffusion.

3. Creep at a constant load and temperature that does not present primary or
transitory phase.

4. Materials, after being superplastically deformed, maintain its initial resistance
and ductility at room temperature.

5. Superplastic materials, after deformation, do not show substructures or increase
in the dislocation density.

6. Shape factor, length/width, of the crystals is low and unrelated to the
superplastic deformations. The number of grains in the transverse section of the
samples decreases with deformation.

7. Non-existing texture related to the large superplastic deformations. The grains
do not tend to reorient themselves crystallographically speaking in relation to
the main material flow directions.

8. Superplasticity is associated to the intergranular sliding and rotation of grains
during deformation, meaning they constantly switch their relative positions
while accommodating themselves in the matter flow direction.

8. Stable and fine grain size microstructure.
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1.5.5 Microstructure

It is agreed that when a material with equiaxed microstructure is deformed under
optimum superplastic conditions, the shape of the crystal do not change and they grow
very little, without forgetting the GBS that creates precipitate-free zones near grain

boundaries .

The duplex structure of a material is important in the superplastic behavior as the
second phase (30~50% in volume} can inhibit the grain growth of the matrix by
stabilizing the microstructure. Therefore, single phase materials will never reach

superplasticity by themselves (2 6% 61:64),

Superplastic materials can be divided into two groups depending on the type of
fracture they present: necks with substantial cross-section area or those whose necks is a
very fine point when fractured. However, they all present internal cavitations after
fracture but not all present voids {as voids form, their distribution depends on the strain
rate}. Higher strain rates produce small voids that lay like chains and in a direction almost
parallel to the deformation direction (Figure 1.17a), while lower strain rates increase the
void size and their distribution appears to be random while their shape is mostly round or
spherical (Figure 1.17b) 569

An explanation of the previous behavior is that with high strain rates, a large
number of void nuclei start to form with a chainlike distribution, and as the test time is
small enough so neither the voids grow or reach critical radius. On the other hand, with
the low strain rates, there is a transition between the small chainlike distributed voids
(region Nl of the superplastic deformation curve) to the large rounded randomly
distributed ones (region I} caused by a long test time that influences the void growth on a
smaller number of void nuclei formed by stress. This change in void morphology is also
backed up by the transition of mechanisms taking place in the deformation of the
material: power-law creep at high strain rates to grain boundary diffusion (or vacancy
diffusion) process at low strain rates. Furthermore, this also can be analyzed through the
critical void radius: it increases while decreasing the strain rate, therefore it also

P 65; 66; 67; 68;
corroborates the transition between processes( ; 66; 67; 68; 69),
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Figure 1.17 Optical micrograph of areas of an Cu alloy behaving superplastically at 823 K at initial strain rates of a)
3.33x 1072 s~1 and b) 1.67 x 1075 s71; the tensile axis is vertical *®

Langdon also indicates that sometimes voids interlink themselves and usually in the
tensile direction, which is probably due to the high ductility of the material

(superplasticity) .

Other work establishes that cavities nucleate and grow at the grain boundaries
when suffering high temperature creep, and also when the material is behaving
superplastically (especially uitrafine grained ones). The reason is that, due to the ultrafine
nature of the grains, the voids at the boundaries sometimes involve several grains and it
enhances the diffusion process; this is even higher when coalescence of voids also occurs.
It is believed that GBS is responsible for the nucleation of voids/cavities in superplasticity,
but it requires for the grains to have high angles of disorientation, therefore the
processing of the material for obtaining ultrafine grain sizes directly influences the
possibility of reaching superplastic behavior. In other words, the more disordered the
boundary structure, the better ability of GBS because of the high density of broken bonds
across the boundary; the duplex structure in steels suitable for GBS can be formed during

the early stage of the deformation * 46 5% 60; 61:65:66)
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A grain boundary may be of the non-equilibrium type when there are some defects
besides their equilibrium content, for example the non-equilibrium grain boundaries
produced by the absorption of lattice dislocations. These high-energy defects are unstable
and disappear at high temperatures, but they increase both vacancies at boundaries and
the diffusion coefficient. In these grain boundaries certain kinetic processes related to
diffusion (such as migration and GBS) are accelerated which in turn affect creep,
recrystallization and superplasticity, as they are the result of the interaction of the grain
boundary with the lattice dislocations, which can occur during the movement of a grain
boundary through a strained crystal or when the dislocation enters the grain boundary
during plastic deformation. In other words, superplastic flow happens through the GBS as
the individual grains of the polycrystalline matrix move over each other in response to the
applied stress (Rachinger sliding) and this happens without any elongations of the
individual grains. The non-equilibrium grain boundaries are commonly found in ultrafine
and hyperfine grained materials. Figure 1.18 shows two non-equilibrium (a) and
equilibrium (b) grain boundaries; non-equilibrium GB can be seen as diffuse and with

elastic stresses observed within several grains % 7% 7%,

Figure 1.18 Grain boundaries in an ultrafine-grained Al-based alloy: a) non-equilibrium, b) equilibrium 7o)

Figure 1.19 shows a representation of the GBS in superplasticity: dislocations move
along the grain boundary between two grains and accumulate at the junction of three
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grains (A}, this concentrates the stress and the slip nucleates in the contiguous grain, the
dislocations move across the grain, pile-up at the opposing grain boundary (B) and are
then removed by climb into the boundary. Also, the accommodating dislocation can glide
through the blocking grain to produce effects on the opposing grain boundary (69),

“The degree of the non-equilibrium grain boundary structure is

determined by the straining parameters: temperature and strain rate”
(70}

Figure 1.19 Principles of a model! for grain boundary sliding in superplasticity: dislocations move along the grain
boundary and pile-up at the triple junction A, the stress concentration is removed by the nucleation of slip in the
adjacent grain and these intergranular dislocations pile-up at B and climb into the grain boundary {60)

35




1.5.6 Advantages and Applications

When researchers discovered superplasticity, in the 1970s they proposed some
applications such as vacuum forming, drape forming and bottle blowing, some of which

nowadays are still impossible ¢,

The advantage of superplastic behavior presents itself while manufacturing: the
possibility to superplastically form (high deformation) a part with complex geometric
shapes in only one operation (i.e. half spheres, curved walled pipes, etc.) for added value,
thus increasing the capabilities of the processes/operations. On the other hand, the stress
required to manufacture a part is lower (hot deformation) which involves lower tool cost
and wear. Also the energy consumption diminishes, while reducing the amounts of both
metal used and surfaces machined, resulting in an improvement in the quality of the
finished part. Moreover, these materials present high resistance at room temperature and

a uniform microstructure after the superplastic deformation (7:6572)

Another characteristic of the superplastic material, that is also an advantage while
forming parts, is its high fluidity (ability to fill deep narrow cavities in a die under the

influence of relatively low pressure) (72),

Furthermore, there is an increase on the length of time the superplastic material can
be manufactured (dozens of times higher than in the plastic state) and reducing the
number of processes a part requires {usually to one or two) while eliminating manual
tasks (fitting, machining, welding, riveting, embossing, etc.) due to the high quality and

tolerance of the parts obtained (62;72)

Superplastic forming processes can do the following: drawing, forging, extrusion,
etc. An example of the drawing process is the hydraulic bulging (Figure 1.20); this process
consists in holding the sheet from its ends while applying hydrostatic pressure to it: the

maximum height h will increase with m in a directly proportional fashion (72)
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Figure 1.20 Hydraulic bulging process 2

Sometimes superplastic forming can combine with other manufacturing processes,
for example with diffusion welding (used in aerospace and defense industries) to produce
large thin-walled structures of complex shape to be used in load-bearing structures, thus
replacing heavier, weaker structures assembled from several parts by bolting, riveting,
welding, etc. Another example of this combination is forming a structural element of
complex shape such as the ones in Figure 1.21 which also includes the joining of elements
to one another or to other structural elements. Figure 1.21a shows the formation of a
plate with stiffening ribs welded to it (horizontal ribs on the right and vertical ones on the
left), Figure 1.21b shows a waffle-shaped part with a finished panel on the top, and
Figure 1.21c shows a multi-layered structure that started from three flat-rolled
semifinished sheets with an anti-welding material applied between them. These
sheets/plates are placed between the heating slabs of a hydraulic press, heated to a
specific temperature and welded together by diffusion welding; the middie sheet is
formed by injecting an inert gas between the plates, thus obtaining a rigid monolithic

structure composed of rolled plates in a single operation (62;72)

Superplastic deformation can be used to form multilayered structures with complex
shapes, since both the structure and the diffusion welds in it are formed while the
material is in its superplastic state, also eliminating problems such as aligning the
components. Evidently the final shape of the structure is determined by the contour of




the die, but the shape of the filler (inner layer/sheet) depends on the pattern in which the
stop-material is applied, resulting in different types of fillers: corrugated, rippled, cellular,
waffle-shaped, etc. This process can also include placing structural elements in the die
before the operation takes place and through diffusion welding it can be joined to the
sheet in the same operation, for example, adding reinforcing plates, fittings, tips, butt

straps, fasteners, etc. The accuracy of the finished product is only defined by the accuracy
of the tool 7%,

¢ b ¢

Figure 1.21 Main schemes used in SPD-DW"; a) formation of a sheet with the attachment of stiffening ribs by welding,

b) fabrication of a ribbed-type structure, c} fabrication of a three layer structure oz

A disadvantage of superplastic materials is that the parts manufactured this way
cannot be used at high service temperatures because they will creep considerably; a
solution to this is to thermally treat the parts to increase its grain size. Other
disadvantages include ":

e The low strain rate required for superplasticity implies high forming times in
order to achieve the sliding of grains and subsequent superplastic deformation.

e The high temperature necessary for this process of ~0.57,,.

e The previous thermomechanical process to obtain a fine grained structure (hot
rolling and/or thermal treatments).

! sPD-DW: Superplastic Deformation with Diffusion Welding.
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e The cavitations formed on certain superplastic alloys during deformation which
leads to coalescence and posterior rupture (due to the presence of relatively
hard phases in the material).

e The low creep resistance at high temperature which may be solved by thermally
treating the material to increase the grain size.

1.5.7 Experimental disadvantages

Superplastic behavior requires maintaining a constant temperature higher than
~0.5T,,,, which implies that the furnace in the traction testing machine has a limit to the
elongation of the specimen, otherwise part or parts of the specimen would be outside of
its heating areas. Environmental conditions are also important because of the possible
oxidation or corrosion of the testing materials which would change the geometrical
parameters of the specimen and therefore modifying its final elongation. Finally, the strain
rate must be slow enough so the grains deform intergranularly (sliding and rotating)
instead of intragranularly, this means that some materials cannot be deformed

superplastically in real manufacturing conditions {740,
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2 Experimental Procedure and Results

2.1  Advanced Thermomechanical Controlled Rolling Processes

The mechanical properties of the final product as a function of its microstructure
depend on a single microstructural parameter: grain size. Thus, the evolution of the
crystals along the manufacturing processes is of major importance, as well as the possible
introduction of variations in order for the product to acquire the necessary values of
resistance, ductility and toughness.

This work includes the rolling protocols of four steels (obtained from the Arcelor-
Mittal factories in Asturias, Spain). The grain size evolution of them has been simulated
during the roughing and finishing passes. The materials are:

e One C-Mn steel with final thickness of 27 mm. Not microalloyed.

e One C-Mn steel with final thickness of 27 mm. Microalloyed with Nb.

e Two C-Mn steels with and without Nb with final thickness of 5 mm. The finishing
pass was made in the hot rolling mills followed by a rapid cooling and coiling.

The parameters that influence the microstructural evolution are: strain, strain rate,
Zener-Hollomon coefficient, 50% and 95% recrystallization times and grain growth
between passes. The data for C-Mn and C-Mn-Nb steels was extracted from the

references 1% 3% 56)
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2.1.1 Execution phases in the case of a steel with C-Mn

Firstly, the equivalent strain by rolling is calculated using the expression:

&= 7 nhf [2.1]

where h, is the initial thickness and hy is the final thickness.

It is important to point out that if recrystallization does not occur, the strain would
start to accumulate. Afterwards, the strain rate is calculated, knowing the speed of the
rolis (v) and their radius (R), then:

14

———————— & L 2.2
R(ho-np )] 22

being R the ideal gas constant.

Once the strain rate is calculated, the Zener-Hollomon (Z) parameter is obtained
which considers the temperature drop (T} and the strain rate increase (€):

37440
Z=é-e(1) [2.3]
where T is the temperature in Kelvin.
Later on, the time required to recrystallize 95% of the material is calculated:
(57400)
=959 = 3.53 X 1072 770375, ¢=4. p2. o7 7 [2.4]

which is activated (exponentially) with temperature; also, it can decrease with the fourth
power of the strain and increase with the second power of the initial grain size (D,
expressed in meters).
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Applying the Avrami equation, the recrystallized fraction can be determined when
knowing the time between passes (t) and the time required to recrystallize 95% of the
material {t,_q950,) as foliows:

X=1-—exp [ln(0.0S) . ( : )2} [2.5]

tx=95%

The recrystallized grain size, valid for both the roughing and finishing, is calculated
through:

1 7 0.67 )
Drex = 25%¢7 - [0.067 "In (8.5><109)] e 'DO/Z (261

which depends directly on the initial grain size and is inversely proportional to the strain.

In the same way, the recrystallized grain growth, for both roughing and finishing is:

—400000

D10 = [3.87 x 1032 'e( RT } -t + D, [2.71

which is exponentially activated with temperature and the 1/10 power of itself. This term
can be important in the roughing phase as well as in the waiting times before the finishing
pass.

2.1.2 Execution phases in the case of a steel with C-Mn microalloyed with Nb

For this steel in particular, the equivalent strain by rolling as well as the strain rate
and the Zener-Holiomon parameters can also be calculated using equations: [2.1], [2.2]
and [2.2].

Afterwards, the time required to recrystallize the 50% of the material is calculated
for the roughing passes:

51



(325000)
ty=s0% = 2.52 X 10719 .74 . D2 . e\TkT [2.8]
and for the finishing pass:
(130000)
ty=soy = 9.24 X 107% - e7*- D& - e\"RT [2.9]

These expressions are similar to the previous case except that for microalloyed
steels the expressions do not involve the Zener-Hollomon parameter and the numerator

of the exponential term is considerably lower for the finishing process which leads to
higher recrystallization times.

From equations [2.8] and [2.9] the time required to recrystallize 95% of the

material can be obtained:
In(0.05)
ty=959% = ( /m) “Lyr=50% [2.10]

In the same way as the previous case and using the Avrami equation, the
recrystallized fraction can be determined knowing the time between passes (t} and the
time required to recrystallize 50% of the material (t,=5q9,) as follows:

2
X=1—exp [ln(O.S) . (tx:zoo/) ] [2.11]

As a general rule, it is considered that recrystallization happens when it is equal or
higher than 50%.

For both the roughing and finishing passes, the recrystallized grain size is:

Doy = 0.9 - (@)—0'67 2.12]

&
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And the recrystallized grain growth, for both roughing and finishing is:

—1330000

D = [2.15 x 105 - (=R >] -t + D10 [2.13]

When comparing these last two formulas with equations [2.6] and [2.7], the grain
growth is much lower in steels with Nb.

2.1.3 Example of a ATMCRP to obtain a strip with 27 mm in thickness

The microstructural evolution of the controlled rolling of weldable ferritic-pearlitic
steels with C-Mn and C-Mn-Nb in the shape of a strip {27 mm in thickness) consists of the
following: the roughing begins from a slab with 230 mm in thickness until 60 mm in seven
passes, then is the waiting time and finally the finishing to obtain a thickness of 27 mm in
six passes. In both steels the starting microstructure is austenite with a grain size of
300 um. Table 2.1 shows the approximate protocol of the roughing passes of the rolling
process, including the waiting time which is made at temperatures between 1075 and
829°C in 406 seconds. Table 2.2 shows the same for the finishing passes.

Pass Thickness (mm) Strain (mm/mm) Temperature (°C) Time of pass (s)

Table 2.1 Roughing passes for a strip with 27 mm in thickness
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Pass Thickness (mm) Strain (mm/mm) Temperature (°C}) Time of pass (s)

0 :
1 829
2 66 g3
3 0.16 817
A )4 b it
5 0.16 805

a0

Table 2.2 Finiﬁhing passes for a strip with 27 mm in thickness

Figure 2.1 compares the evolution of the grain size for both steels: microalloyed and
non-microalloyed with Nb. From the figure it is evident that the microalloyed steel
reaches a finer grain size at the end of the roughing passes. Moreover, the rate of the
reduction of grain size is lower in the microalloyed steel as a consequence of the
microalloying elements; this effect is more evident during the last passes of roughing and
during the waiting times.

300 |

250 |

200 1 Without Nb

= i
With Nb
2 150
pel
100 -
50
o . . . . . .
10 20 30 a0 50 60 70 80
t{s)

Figure 2.1 Grain size evolution during the roughing passes for steels with and without Nb
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On the other hand, Figure 2.2 compares the evolution of the grain size during the
last pass of the roughing process in the supposition that the starting microstructure is a
30 pm recrystallized grain size. Also, it is important to point out the aimost null grain
growth in the microalloyed steel due to the “pinning” effect of the precipitates on the
grain boundaries.

&~

34

B3 -

Nwithout Mb

dray )}

A

56 A X,

20 A
“ with Nb

i

t{s}
Figure 2.2 Recrystallized grain size evolution during the last roughing pass for steels with and without Nb

A C-Mn steel accumulates deformation and statically recrystallizes during the
finishing passes obtaining a final austenitic grain size of ~27 um, and after the allotropic
transformation takes place (coiling) the ferrite has a grain size of ~10 um. On the other
hand, in a C-Mn-Nb steel, the austenite also accumulates deformation but does not
recrystallize and after the allotropic transformation the ferritic grain size is ~4 um.

The recrystallization kinetics of the finishing passes for both steels is shown in
Figure 2.3: the Nb considerably delays the recrystallization kinetics of the austenite.
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Figure 2.3 Recrystallization kinetics for steels with and without Nb in the finishing passes

2.1.4 Example of a ATMCRP to obtain a strip with 5 mm in thickness

In this case the strip ends up as a strip with a thickness of 5 mm starting from a slab
of 230 mm and roughing processes until reaching 40 mm in seven passes and a finishing
process, once the waiting is over, until the 5 mm thickness is reached in six passes. For
both materials, weldable ferritic-pearlitic C-Mn and C-Mn-Nb steels, the starting
microstructure is austenitic with a grain size of 300 um. Table 2.3 presents the
approximate rolling roughing process protocol, while Table 2.4 does the same but for the
finishing process.

For this example, Figure 2.4 presents the changes in grain size during the roughing
process for a steel microalloyed with Nb and one not-microalioyed with Nb {5 mm band).
Similar to the case of the 27 mm strip, the grain size is smaller for the microalloyed steel
at the end of the roughing process, as well as a reduction in the rate of growth between
passes.
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Pass Thickness Strain Rolling speed Temperature Time of
(mm) {mm/mm) (rev/min) {cC)

pass (s}

1187

1 197
oy 164 Mz
3 131 1174
. S— 1165
56.30 1156

- 1138 s
© 65.00 1119 10.2
Table 2.3 Roughing passes for a strip with 5 mm in thickness
Pass Thickness Strain Rolling speed Temperature Time of
(mm) (mm/mm)} {rev/min) {°C) pass (s)
1 2! : 6.55
2 415
3 2.74
4 w207
5 198.8 1.66
6 Jiss0 .

Table 2.4 Finishing passes for a strip with 5 mm in thickness

Figure 2.5 shows the changes in grain size during the last pass of the roughing
process, supposing that the starting point is a recrystallized microstructure with a grain
size of 30 pm. This figure as well as Figure 2.2 demonstrates the “pinning effect” the
precipitates have on the grain size (as it grows very little).

Furthermore, Figure 2.6 compares the recrystallization kinetics of both the
microalloyed and non-microalloyed steel during the finishing process. Compared to
Figure 2.3, the recrystallization happens faster in the strip with a thickness of 5 mm than
in the one with 27 mm.
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Figure 2.4 Grain size evolution during the roughing passes for steels with and without Nb
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Figure 2.5 Recrystallized grain size evolution during the last roughing pass for steels with and without Nb
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Figure 2.6 Recrystallization kinetics for steels with and without Nb in the finishing passes

2.2 Room Temperature testing of DP steels

For these tests, two dual-phase steels were used: DP600 and DP780, in the shape of
strips with a thickness of 1.35 mm made with the ATMCRP process detailed in the
previous subchapter (homogenization, roughing, waiting, finishing, controlied cooling and
coiling) in the rolling direction. Their chemical composition is:0.03 - 0.1% C,
0.04 — 0.4% Si, 1.5 — 2.1% Mn, < 0.015% P and < 0.010% S.

To determine their characteristics, tension tests in accordance to the ASTM E8-04
standard were made in an INSTRON 5583-Standard universal testing machine with a
calibrated extensometer distance of 50 mm, using a displacement rate of 10 mm/min
until the total fracture of the specimens (Figure 2.7). Two tension tests per material were
made to corroborate the repeatability of the mechanical behavior.
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Figure 2.7 Specimen after being tension tested showing fracture and the rolling direction {arrow)

Also, microstructural characterization was made using traditional metallographic
techniques: a metallographic cutter to section the specimens (to observe longitudinal
sections of them), grinding and polishing (using alumina)} and finally chemical etch
(Nital-2). Afterwards, quantitative analysis of the grain sizes of the ferrite and martensite
was made using a Buehler Omnimet image analyzer.

2.2.1 Traction tests

Figure 2.8 shows the stress-strain engineering curves for the DP600 and DP780
steels tested at room temperature; it is evident that the DP780 presents a higher yield
stress than the DP600, with a tension stress close tc 800 MPa, while for the DP600 is close
to 650 MPa. Also, DP600 has a higher elongation (%A4) as shown in Table 2.5.
Furthermore, DP600 has an evident vield stress (threshold activation stress for the
dislocation movement) contrary to the DP780 where the parallel line at 0.2% was
required in order to obtain its yield stress.
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Figure 2.8 Stress-strain engineering curves for both of the steels tested at room temperature

DP&600 DP780

S,(MPa) 3536 3653
Smax (MPa) 6446 7949
A@s 2795 04
Sy/Smax 055 046
n 02 02

Table 2.5 Dual-phase steels mechanical properties

n

On the other hand, the linear regression curve of the plastic deformation of true
vield vs. true maximum stresses {logarithms) was obtained (Figure 2.9) in order to
calculate the n strain hardening coefficient taking into account the equation:

logg =nloge +logkK [2.14]

where n is the slope of the straight line obtained by linear regression. Both values
(presented in Table 2.5) are higher than 0.15, in other words, high enough for

manufacturing processes of bending or drawing, though the DP780 has a higher value due
to its higher strength and lower plasticity.

A
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Figure 2.9 Linear regression for the strain hardening coefficient n for DP600 and DP780 steels, including the regression
equation and correlation coefficient (Rz)

2.2.2 Micrographs

Quantitative metallography, shown in Figure 2.10 for the DP600 and Figure 2.11 for
the DP780, present the microstructure (a), the identification of both ferrite and
martensite phases done by the Buehler Omnimet equipment connected to the microscope
(b), the ferrite grain size histogram (c) and the martensitic grain size histogram (d). From
Figure 2.10a it can be noted that the DP600 steel has a slightly equiaxed microstructure as
well as some grains elongated in the rolling direction (horizontal); this effect is evident in
the banded structure of the DP780 steel. The distribution of the ferrite grain size indicates
that this phase in the DP600 (Figure 2.10c) can be approximated to a normal distribution
with mean grain size between 14 and 15 ASTM G; this is contrary to what happens on the
DP780 which is a combination of big and small grains, with a mean size between 17 and
18 ASTM G.

62



Figure 2.10 Quantitative metallography of the microstructure (a) of the DP600 steel, phases identification (b), ferrite
grain size histogram (c) and percentage amount of martensite {d)

Figure 2.11 Quantitative metallography of the microstructure {a) of the DP780 steel, phases identification {b), ferrite
grain size histogram (c} and percentage amount of martensite (d)




In spite of the previous paragraph, the martensite in both steels is a continuous
phase, so it does not allow the determination of delimited zones or grains and it is only
possible to calculate its volumetric fraction: ~20% for the DP600 and ~45% for the
DP780.

: DP600 (a) and DP720 (b}




Figure 2.12 compares the microstructure of both steels after the tension test. The
ferrite grain size is evidently higher in the DP600 steel (a) and the banded structure DP780
is still present but it is not as noteworthy as before the test.

2.3 High Temperature testing of HSLA steels

2.3.1 Dilatometry test

This test was made in order to determine the A; and A; temperatures, as in this
range the structure is biphasic (@ + y) and the material can present superplasticity 7,

s
N i;" 2
SN
285
D5
Heathg cuiwe
N,
e BAE
E
£
=
3.4
BA5
KR AL I A BHSC E
) e
e, o
‘xg \’AE
8.3 : ’ o s
Al S50 538 BHO GO0 52 Fit e FRE 8153 £ T
TG

Figure 2.13 Determination of 4; and A; temperatures by dilatometry test




The dilatometry absolute curve of the steel was obtained using specimens of 10 mm
in diameter and 57.2 mm in length and a Griffin dilatometer with a Suliivan potentiometer
and a Chromel-Alumel thermocouple.

The result of the test is presented in Figure 2.13, where it can be observed that 4,
occurs at720°C and A3 at 820°C, which relatively match the values expected from the
Andrews formulas: A; = 726°C and A; = 840°C ® This figures shows the heating and
cooling curves that have, as expected, different A; and A3 values, but it confirms that at
800°C the material would be in its biphasic {a + y) state.

2.3.2 Superplastic testing

2.3.2.1 Mechanical tests

The steel used in high temperature tests has the following composition: 0.168% C,
1.361% Mn, 0.453% Si, 0.022% P, 0.009% S, 0.026% Cu, 0.003% As, 0.028% Al|,
0.035% Cr, 0.026% Ti, 0.002% V, 0.033% Nb, 0.004% Mo, 0.031% Ni, 0.002% Sn,
0.027% Al (soluble), 0.0001% B, 0.0055% N, 0.0000% Zr, 0.0001% Ca, 0.0000% C,
0.0000% B (soluble} and 2.00 ppm H. This steel is slightly alloyed with Mn and Si and
microalloyed with Ti and Nb. The carbon content is practically the same as the peritectic
reaction (0.17% C). Furthermore, titanium prevents the austenitic grain size before and
during the roughing process, and both Nb and Ti raise the non-recrystallization
temperature of the austenite T,, allowing the finishing passes to be made on deformed
austenite in an accumulated way, so the allotropic transformation can result in ultrafine
ferrite microstructure.

The mechanical properties according to the Euronorms 10149-2 and 10051 are:
yield stress of 447 MPa (the norm requires 360 MPa), rupture stress of 567 MPa, yield
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elongation (with L, of 50 mm) of 31% and impact resistance at —20°C of 96 | (the norm
requires 27 J).

The traction properties of the material in its hot rolled raw state have been
corroborated as shown in Figure 2.14 where both the engineering and true tension curves
are presented.
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Figure 2.14 Traction curves of the steel in its hot rolled raw state

2.3.2.1.1 Calculus of the n coefficient

There are two graphical methods to calcuiate the strain hardening n coefficient. The
first consists in obtaining the log ¢ — log € curve, which results in a straight line with slope
n. This value can be inferred from linear regression methods of the o = Ke™ behavior.
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From Figure 2.15, the value of the strain hardening coefficient can be approximated to
0.22.

2.8 4
2.75

— y=0.2208x+3.0179

T 27 R?=0.9979

an

o

2.65 1

2.6 T T T T T T T 1
-19 -1.8 -1.7 -1.6 -1.5 -14 -13 -1.2 -1.1 -1 -0.9

log(e)

Figure 2.15 Logarithm of stress vs. logarithm of strain curve to determine the strain hardening coefficient

The second method considers the intersection of the true stress — true strain curve
with the (—é—/e curve. The intersection is the value of the strain hardening coefficient as

shown in Figure 2.16 where n has a value of 0.208 which means that both methods result

in very similar values for the strain hardening coefficient and that both of them are valid.

The samples for the tests were obtained from a steel sheet in an axis parallel to the
rolling direction and machined in cylindrical shape: 10 mm in diameter and calibrated
gage length (L} of either 57 or 30 mm according to the ASTM E21-05 standard.
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Figure 2.16 True stress — true strain curve and d— / € curve to determine the strain hardening coefficient
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Figure 2.17 Engineering stress-strain curves at different temperatures and 5 mm/min crosshead speed

High temperature tests were made at different temperatures between 600 and
900°C at 50°C intervals and different crosshead speeds in order to define the

e

69




temperature interval at which the steel would present superplasticity in an INSTRON
5583-Standard universal testing machine. Figure 2.17 shows the engineering traction
curves for samples tested at 5 mm/min, as expected, the higher the temperature the
lower the maximum stress the material may withstand, which for 600°C is above
200 MPa and for 900°C is below 80 MPa. It is noteworthy that at 800°C the elongation of
the sample is higher than 100%. On the other hand, Figure 2.18 corresponds to tests
made 10 times slower than Figure 2.17. The steel show lower maximum stresses and
specifically for test temperatures of 600, 650 and 750°C, there is evidence of the
formation of more than one neck resulting in descending and ascending zones in the
curve; once again, at 800°C the elongation surpasses 100%. Finally, Figure 2.19 was
obtained from tests made at an even lower crosshead speed where the low strain rate
promotes at 650 and 700°C the formation of multiples necks (ripples in the curves) and
similar to the previous cases, at temperatures above 750 and below 850°C the result is
smooth deformation and very high elongations which would indicate superplasticity.

Stress [MPa)

TS0°C o

o

@ 1 D2 8.3 G4 &5 3.8 Y 5] 0.8
Birain [mmimm]

Figure 2.18 Engineering stress-strain curves at different temperatures and 0. 5 mm/min crosshead speed

After all these tests {crosshead speeds of 0.2, 0.5 and 5 mm/min} were made, three
behaviors can be defined:
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o At subcritic temperatures, lower than 720°C, elongations are smalier than

100%. The steel can be considered as non-superplastic.

e At intercritic temperatures, between 720 and 820°C, elongations are higher. At

750°C there is an increase of the elongation when decreasing the crosshead
speed. At 800°C, the steel has more than 100% in elongation and the traction
curves show the ripples typical of superplastic behavior.

e At supercritic temperatures, in austenitic phase and temperatures higher than
820°C, the specimens rupture with very clear localized necks (ductile fracture).

After analyzing these last three figures, the temperature of 800°C was determined
as the temperature at which the steel may present superplastic behavior. Once this
temperature was defined, more tests were made varying the crosshead speeds to obtain

the optimum strain rate for the superplastic behavior. All the tests were made on an
INSTRON 1195 equipment with a load capacity of 100 kN and a furnace INSTRON 3112
capable of reaching 1000°C. The tests took place without a protective atmosphere at
speeds between 0.05 and 10 mm/min with previous uniform heating from room to test

temperature lasting 1 hour followed by 5~10 min of stabilization.
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Figure 2.19 Engineering stress-strain curves at different temperatures and 0. 2 mm/min crosshead speed
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Figure 2.20 Engineering stress-strain curves at 800°C and different crosshead speeds

Figure 2.21 Elongation of samples with original L, = 30 mm (a) after traction testing at 800°C with crosshead speeds
of 0.5 (b), 0.2 {c) and 0. 1 {d) mm/min

The result of these tests is shown in Figure 2.20, where though some ripples are
evident during deformation at 5 mm/min, this phenomenon is promoted at 0.5 mm/min.




The smooth deformation of the samples was only achieved when the crosshead speed
was lowered to 0.2 mm/min. For 0.2 and 0.1 mm/min, the elongation of the samples is
close to 200%, as shown in Figure 2.21 showing also diffuse necking; this figure compares
a specimen with Ly = 30 mm (untested) with samples deformed at 800°C and three
different crosshead speeds.

Specimen initial  Crosshead speed  Strain rate Yield stress Elongation (%)

length (mm) (mm/min) {s") (MPa)

o = 2.83x10°  25(creep) = Non-determined
30 0.05 2.78x10” 274 137.5
B, 01 T 55100 34 iBl

02 5.85x10° 37.6 - >1100
82  1atx10® 5280
0.5 1.46x10™ 45.8
05 a0l 5713
5 1.46x10° 70
- 10 290 a4
‘ 10 5.56x10°  86.2 -
23 20 14560 @ o3en

Table 2.6 Tension testing resuits obtained with different strain rates at 800°C

Table 2.6 shows the values of the yield stress (g,,) and strain rate (£) obtained from
the tests at 800°C. Furthermore, according to expression:

o= Ksm {2.15]

where K is a function of the temperature, the previous deformation the steel may have
suffered and the grain size; coefficient m expresses the sensibility of the applied tension
to the strain rate as follows:

m = (—log(fyz/‘f”l)) [2.16]
log(EOZ/sol) T.de

where o, is the yield stress at 0.2% and &, the initial strain rate, in tests made at two
different strain rates. Thusly the dependence of stress and strain rate is shown in
Figure 2.22a where a clear zone Il behavior can be seen, also, the transition from zone |
{creep) and zone il is not evident as much lower strain rates should be tested in order to
observe it. Moreover, at higher strain rates, zone Il emerges. The regression lines
presented in the figure have siope values of ~0.6 for zone il and ~0.1 for zone .
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Figure 2.22b shows the m coefficient from equation [2.16] as a function of strain
rate using pairs of data obtained from tension tests. When this coefficient has values
between 0.3 and 0.7, superplastic behavior is achieved (9), in this case the maximum value
of m will be reached at a strain rate close to 2.8 X 1075 s™1. In other words, at 800°C this
will be the best deformation rate in order to obtain superplasticity in this steel.
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Figure 2.22 Influence of strain rate on yield stress {a) and super-index m {b) of equation [2.16] in superplastic
behavior at 800°C
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Other traction tests were made at 750°C, to corroborate that the material does not
behave superplastically at this temperature; the results are shown in Table 2.7.

Also, creep tests were made on the same INSTRON universal testing machine as well
as the EUROTHERM furnace. The calibrated length is 30 mm (the same as for the
superplasticity tests).

Specimen initial Crosshead speed Strain rate  Yield stress Elongation
length {mm {mm/min) (s (MPa) {%)
.57 .5 1.46x10° 8741 . 6832
0.2 5.85x10° 54.35 90.2
04 )9yi00 | 324 923

Table 2.7 Tension testing results obtained with different strain rates at 750°C

Strain rate Yield stress Logarithm of Logarithm of yield
1 {MPa) stress / shear modulus
o FEoaavian
15 -3.67
15 367
15 : B -3.67
¢ @ 5 - 33a

Table 2.8 Creep tension testing results at 800°C

On the other hand, in Figure 2.23 three stages or different behaviors can be
distinguished:

1. Stage I, of the superplastic nature: ferrite deforms intergranularly, the grains
rotate and the decohesions formed are filled by diffusion. The m coefficient has
values between 0.4 and 0.5.

2. Stage i, for strain rates 10™* < & < 1073 s7 1, Ferrite deforms and dislocations
accumulate as this phase slides intergranularly. Another mechanisms acting in
parallel are volume diffusion and grain boundary diffusion.

3. Stage lil, for strain rates higher than 10™3 s~1. Dynamic recovery of the ferrite is
the dominant mechanism.
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Figure 2.23 Experimental curve of logarithm of yield stress/shear modulus vs. logarithm of strain rate

2.3.2.2 Metallography

Metallographic observations were carried out, before and after the high
temperature tests, at transverse sections of the samples in an axis parallel to the rolling
direction. Traditional techniques {grinding, polishing and Nital-2 etching) were used. A
Nikon Epiphot metallographic equipment connected to a Buehler Omnimet image
analyzer was used to determine the ASTM grain size and the distribution of phases. To
obtain the ferritic mean size or the pearlite fraction, micrographs at 400 and 6000x were
taken, using at least five in order to obtain a 95% confidence level of the results.

Figure 2.24 shows the microstructure of the steel, used to study its superplastic
properties, in its hot rolled raw state. It is evident that the material has a ferritic — pearlitic
banded structure in the same direction as the rolling one.
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Figure 2.24 Microstructure of the steel in its hot rolled raw state




After it solidifies, the steel experiences a peritectic reaction &§(0.09%C) +
L(0.53%) < y(0.17%C), with approximately 75% of § phase and 25% of liquid. The
peritectic reaction is not carried out completely because the y phase (product of the
reaction) acts as barrier to the reacting phases (§ and liquid), until the end of the
solidification process, where there is a y constituent with strong segregation of C, alloying
elements, microalloying element and impurities that surrounds the & ferrite dendrites
transformed into y during cooling. Table 2.1 shows some partition coefficients {proportion
in liquid/concentration in solid) in the & and y phases of the iron in the steels; in other
words, at room temperature, the raw state structure would be formed by ferrite crystals
surrounded by the pearlite constituent. After the homogenization thermal treatment (or
soaking), the only element that has not segregated would be the C and the rest of the
elements do not have enough diffusion capacity to distribute themselves uniformly in the
austenite crystals; therefore, at the end of the rolling process, zones negatively segregated
would transform into ferrite and later, the zones positively segregated would become
pearlite.

_Oxygen
Sulfur 0.
Phosphorus 0.

Molybdenum
Nickel =
Manganese

Wolfram  0.95 050
Chromium 095 08y

Table 2.9 Proportion coefficients of some elements in iron (a0}

Moreover, the banded structure in construction C/Mn steels in their hot rolled raw
state derives from the non-equilibrium solidification that involves: a peritectic reaction,
the proportion coefficients of the alloying elements and impurities lower than one and the
allotropic transformation § — y — a.
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Furthermore, Figure 2.25 shows MnS inclusions, that are deformed longitudinally (in
the rolling direction) that are inside or close to pearlite bands; this is evidence of the
internal segregation of the steel.

Figure 2.26 shows the distribution histogram of both phases present in the steel:
there is slightly more than 70% of ferrite and the rest is pearlite. The ferrite grain size has
a mean value of 12 ASTM G, though the micrographs show that this phase is mostly
recrystallized. The pearlite bands are mostly continuous with an approximate distance of
S50 pm between one band and the other; these bands are alternated with ferrite bands.
The proportion of pearlite is similar to the one obtained by the lever rule in the phase
diagram for a steel with 0.17 %C, with an eutectic point at 0.65 %C, slightly moved to the
left because of the alloying elements Mn (austenite-former element) and Si (ferrite-
former element).

Figure 2.26 Quantitative metallography of the microstructure {a) of the hot rolled raw state steel, phases
identification (b), ferrite and pearlite percentage amount histogram {c) and ferrite ASTM G grain size histogram (d)

An attempt to measure the austenitic grain size existing after the hot rolling of the
steel was made using a reactive proposed by Vandervoort A vnown as PYGBs {Prior
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Austenite Grain Boundaries) which is effective when there is phosphorus segregated in
the original austenitic grain boundaries; this etch involves: chemical etch with a watery
solution of picric acid and adding a few drops of HCl and a moisturizing agent {detergent).
Figure 2.27 shows one of four the micrographs where manual counting was made, the
austenitic mean grain size is 4~5 um; this value corresponds to the one obtained by the
model of the hot rolling of the plate. Also, the austenite in the micrographs appears as
recrystallized.

Figure 2.27 Micrograph used to obtain the austenitic grain size

The microstructure of the steel tested at 800°C is shown in Figure 2.28 where the
bands that existed before the tests are no longer evident, but there are zones with larger
amount of ferrite and little of pearlite and vice versa. Furthermore, the amount of pearlite
has dropped slightly and the ferritic grain size has almost stayed the same {approximately
14 ASTM G).
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The banded structure of the steel may influence its superplastic behavior; the
separation existing between the soft constituent (ferrite} and the hard one (pearlite) can
change its mechanical response. Therefore, it may be desirable a homogenous or even mix

of both phases in order to reach superplasticity.
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Figure 2.28 Quantitative metallography of the microstructure (a) of the steel tested at 800°C, phases identification
{b), ferrite and pearlite percentage amount histogram {c} and ferrite ASTM G grain size histogram {d)

In the following subchapters {2.3.2.2.2 and 2.3.2.2.1) the microstructure of two
specimens, one tested at 800°C and one at 750°C, is compared. Both were tested with

the same crosshead speed (0.1 mm/min).
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2.3.2.2.1 Structural damage at 800°C

After an ~280% elongation, the microstructure of a specimen tested at 800°C
presents the following characteristics (Figure 2.29):

e The banded structure has practically disappeared; ferrite and pearlite are
homogeneously distributed in both the old ferrite and pearlite bands. The
microstructure is equiaxed. The difference is that the pearlite in the old ferrite
bands was austenite and the one in the old pearlite bands was austenite
transformed by the hot rolling.

e The grain size distribution is similar to the one of the hot rolled raw state.
Though the grain size is slightly finer and more common to the mean value.

e The structural damage accumulated by straining is of the same type as the one
experimented by materials tested in creep and superplastic conditions. This
damage is made by intergranular sliding and decohesions.

Figure 2.30 presents the decohesions detected by optic microscope. Five types of
decohesions can be identified: r-shaped decohesion between ferrite, ferrite and pearlite,
w-shaped decchesion between ferrite, ferrite and pearlite (carbides), double r-shaped
decohesion between ferrite and pearlite, ferrite and pearlite decohesion and finally ferrite
and ferrite or pearlite and pearlite decohesion.

After the observation of the decohesions on the optic microscope micrographs, a
scanning electron microscope JEOL JSM-5600 with an electroprobe analyzer OXFORD
model 6587, was used to observe the same decohesions (Figure 2.31). In Figure 2.32 an
r-shaped decohesion can be observed, as Figure 2.33 shows a double r-shaped decohesion
or Figure 2.34 presents a w-shaped decohesion. Finally Figure 2.35 shows a decohesion
between the matrix (ferrite) and pearlite (precipitates) which would lead to a ductile
fracture, very pronounced and practically in the shape of a pencil point (rupture sections
measured in mm?). The intergranular straining of the ferrite (soft/superplastic
constituent) and its intrusion in the austenite (hard constituent) maintaining the grain size
of the steel appear to be necessary conditions for the deformation of the steel sheet.
Higher proportions of ferrite (lower straining temperatures), by limiting the austenite
proportion and increasing its instability, eliminate completely the superplastic behavior.
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Figure 2.29 Micrograph of the Steel tested at 800°C, 0.1 mm/min crosshead speed and cooled in air
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Figure 2.30 Micrograph of the Steel tested at 800°C, 0.1 mm/min crosshead speed and cooled in air showing the

following decohesions: r-shaped decohesion between ferrite-ferrite-pearlite (r), w-shaped decohesion between

ferrite-ferrite-pearlite/carbides (w), rr-shaped decchesion between ferrite-pearlite {ry), ferrite-ferrite decohesion (f)
and pearlite-pearlite decohesion (p)
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Figure 2.31 SEM micrograph of the Steel tested at 800°C showing ferrite-ferrite decchesions
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Figure 2.34 SEM micrograph of the Steel tested at 800°C
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2.3.2.2.2 Structural damage at 750°C

The traction test resulted in an 125% elongation for this specimen tested ~30°C

higher than the eutectoid temperature. After analyzing the microstructure of the steel,

Figure 2.36, the following can be concluded:

The microstructure is formed by ferrite and carbides (cementite, TiC and NbC).
Ferrite, main constituent, is deformed and presents grain growth, possibly
leading to the loss of superplastic behavior. There is no evidence of intergranular
sliding.

The inherent instability of the austenite responds to the testing time and to the
traction straining by inducing a negative pressure that moves the y — «
transformation to higher temperatures leading to a positive volume change
{Le Chatelier principle).

The low solubility of carbides and nitrides in the ferrite leads to its precipitation
microscopically. Cementite is the finer of the carbides present, compared to the
titanium and niobium carbides which made possible, before and after the
controlled rolling, the creation of a UFG steel in thick strips. These precipitates
appear to be at the surroundings/grain boundaries of the ferrite grains
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2.3.2.2.3 Precipitates

Microalloying elements, sometimes present themselves in the form of nitrides or
carbides. In the case of the steel studied at high temperatures, the presence of titanium
and niobium carbides (or carbonitrides) has a very important function on HSLA steels
manufactured by ATMCRP processes, as follows:

s The titanium nitrides are responsible for maintaining the austenitic grain size
during the homogenization process before rolling.

e The titanium nitrides and niobium carbonitrides act as an obstacle to the grain
growth of the recrystallized austenite in times between passes in the roughing
process.

e The massive precipitation of niobium carbonitrides during the waiting time
between the roughing and finishing mills, delay the static recrystallization of the
austenite in the finishing process, allowing in this process and after the allotropic
transformation y — « the creation of fine and ultrafine ferrites (UFG steels).

e The niobium and titatium nanoprecipitates are responsible for an increase in the
elastic limit, without a negative effect on the stiffness.

The classic Zener formula shown in Figure 2.37, allows, in a semi-quantitative
manner, the obtention of equilibrium between the grain size of the matrix D, the volume
fraction of the precipitate phase f,, and its grain size d,, according to the expression (a2).

dy

D=

[2.17)
which brings equilibrium to the tendency of growth with the pinning effect produced by
the precipitates. Thus, for precipitate volume fractions of ~1073 to 107* (as in the case of
Ti and Nb precipitates) and grain sizes of the matrix (usually ferrite) between 1 and
10 um, the size of precipitates must be in the nanometric scale {between 1 and 10 nm).

Also, Figure 2.37 shows precipitates that are inhibiting the grain growth. These
particles create a traction force (with an approximate value of ~2y/D) at the grain
boundary and restricting its movement. However, there is an opposing force (pinning) to
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this traction force (pulling). When the mean grain size [ increases, the pulling force
decreases until it becomes insufficient and the grain growth stops.

Pinning = 3y
Opposed 1o Mg =y
rp Wi Py o
growi () N O
E i
N ‘ . N
£ v s
. -~ N ~ s
\”‘\ﬂ Ao e 4(1’“._/": v
%\‘\_‘ w”//“/" o T e \An_w___,{i/’/
T :
/ ¥ \\
Fl kY
; " ¢ 7
j; L 3 ’\./ \\
/ Y kY
2y
i’uiézﬁn § R e
S

Figure 2.37 Pinning effect: effect of precipitates in the grain boundary migration

Furthermore, it is necessary that at the temperatures at which the precipitates are
created (in the case of titanium nitrides, this temperature is 1200°C) the rolling process
stops (delay time) in order for the precipitation to take place. Consequently, this type of
rolling process in known as controlled rolling.

The solubility formulas for the titanium nitride, titanium carbide, nicbium carbide
and niobium carbonitride are ®.
e Titanium nitride
~14400

log[N}[Ti} = TR +5 [2.18]

e Titanium carbide
log[C][Ti] = ;72(0)0 +2.75 [2.19]

s Niobium carbide
log[C]%87 [Nb] = “jj{i“ +3.11 [2.20)
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e Niobium carbonitride

log[N]%¢% [C]%#*[Nb] = :%%%)3 + 4.09 [2.21]

Taking into account the chemical composition of the steel studied at high
temperatures (0.168% C, 0.026% Ti, 0.033% Nb and 0.0055% N), the temperatures
when the precipitation of nitrides and carbides begin to form can be calculated, and the

results are shown in Table 2.10.

T (K)

Precipitate

Titanium carbide 1370 1097
_Niobium carbide -~ 1430 1157

Niobium carbonitﬁde 1439 1166

Table 2.10 Precipitation temperatures of titanium and niobium

Inside the crystal

in the grain boundary

Figure 2.38 Austenite crystal deformed with carbides and nitrides precipitates both inside the crystal and in the grain
boundary

The rolling process (ATMCRP) consists in two stages: roughing and finishing; with a
delay time between them where the niobium carbonitrides precipitation will take place.
The previously mentioned carbides and carbonitrides will begin to precipitate in the
austenitic phase therefore delaying both the grain growth as well as the recrystallization
of the austenite, in other words, the precipitates form both in the grain boundaries and
inside the austenitic crystals favoring the stability of the non-recrystallized microstructure.

After the allotrapic transformation takes place, the microstructure is formed by very fine




ferrite grains due to the fact that this phase nucleates both in the grain boundaries as well
as inside the crystals forming subgrains, deformation bands or structural defects
(Figure 2.38).

Titanium Nitrides

The starting temperature for the precipitation of titanium nitrides (Table 2.10) is
1355°C or 1628 K. Figure 2.39 shows the graphic evolution of the titanium and nitrogen
content at different temperatures: at 1628 K (precipitation temperature} and two other
inferior ones {1373 K and 1273 K). This figure shows the amount of N and Ti dissolved in
the material, in other words, it has not precipitated yet. The line obtained by linear
regression represents the evolution of the N and Ti content of the steel studied as a
function of precipitation. Furthermore, almost all nitrogen precipitates forming TiN at
1373 K (1100°C); at the delay time, the temperatures changes from 1075°C to 829°C,
and almost all the N has already precipitated and little is left behind to form other
precipitates.
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Figure 2.39 Evolution of the content of titanium and nitrogen at different temperatures




Niobium carbides

The starting temperature for the precipitation of niobium carbides (Table 2.10} is
1157°C or 1430 K. Figure 2.40 shows the graphic evolution of the niobium and carbon
content at different temperatures: at 1430 K {(precipitation temperature) and two other
inferior ones (1373 K and 1073 K. It also shows the amount of Nb and C dissolved in the
material, in other words, it has not precipitated yet. The line obtained by linear regression
represents the evolution of the C and Nb content of the steel studied as a function of
precipitation. Moreover, at a temperature of 1073 K, relatively all the Nb has precipitated
during the delay time {(1075~829°C}); this explains the role of this microalloying element:
inhibit the grain growth during the waiting time and strongly delaying the static
recrystallization of the austenite in the finishing stage, stimulating the fine ferrite grain
size after the allotropic transformation and a slight structural hardening of it as a result of
the nanometric size of the precipitates.

0.2

0.18

0.16 '\

0.14 \

y=0.12x+ 0164
0.12 RE=1
0.1

o

¢.08

0.06 -

0,04 4

0.02 - ‘\/

0 ; . - - : - s
o 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 8.45
nb

Figure 2.40 Evolution of the content of niobium and carbon at different temperatures

To confirm both behavicrs and to identify different types of carbides, SEM
microscopy was made. Figure 2.41 shows a titanium carbonitride, identified by the shape




of almost a rectangle; also, element mapping confirms that niobium precipitates form
using the titanium as a base because the titanium carbonitrides have formed at higher
temperatures. And Figure 2.42 presents a series of titanium carbonitrides together with
niobium carbides (grown over the TiCN) that precipitated on the pearlitic band.

Figure 2.43 shows another type of precipitates, in this case a vanadium carbide
formed in the grain boundary of a ferrite and Figure 2.44 shows a titanium carbonitrade
that acted a substrate to the growth of not only a niobium carbide but also a vanadium
carbide.

Figure 2.45 shows two carbides identified in the steel, a vanadium carbide and a
very small molybdenum carbide.




Figure 2,41 SEM micrograph showing a titanium carbonitride and niobium carbide {a), dot mapping of titanium (b}
and dot mapping of niobium {c} in the sample




Figure 2.42 SEM micrograph showing a string of titanium carbonitrides and nicbium carbides (a}), dot mapping of
titanium (b) and dot mapping of niobium (¢} in the sample
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Figure 2.43 SEM micrograph showinga vanadium carbide (a), dot mapping of vanadium {b) in the sample




Figure 2.44 SEM micrograph showing a titanium carbonitride, a niocbium carbide and vanadium carbide (a}, dot
mapping of titanium {b}, dot mapping of niobium (c} and dot mapping of vanadium (d) in the sample
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Figure 2.45 SEM micrograph showing a vanadium carbide and a molybdenum carbide {a), dot mapping of vanadium
{b} and dot mapping of molybdenum {c} in the sample

2.3.2.2.4 Subgrains

As previously mentioned with the precipitation and the possible defects that can be
caused by precipitates in the grain boundary, subgrains are formed in the ferrite grains.
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Figure 2.46 SEM micrograph showing bands made of ferrite and pearlite {
grains {b)

Figure 2.46a shows the microstructure of the steel superplastically deformed at
800°C, with bands of ferrite and pearlite, but at a close up (Figure 2.46b and Figure 2.47)
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each ferritic grain is formed by subgrains; the ferritic grain boundary can be identified by
the presence of cementite precipitates, while the subgrain boundary does not show these

structures.

2.3.3 Ashby-Verrall model of superplasticity

This model supposes that the grains are hexagonal prisms with size parameters d as
shown in Figure 2.48. The rest of the parameters of the model mentioned in Chapter 1 will

be calculated in the following paragraphs:

1. Grain volume
Volume = Area X height

3
) Perimeter x apothem  6l- - 33 5 2
Grain area = > === {“ = 259801
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and knowing that d = 2/, then:

d 2
V = Grain area X d = 2.5980 (—2—> -d = 0.65d?
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Figure 2.48 Ideal initial grains for the Ashby-Verrall superplasticity model

Strain per unit caused by intergranular sliding
From Figure 2.49 it can be inferred that:

V3
Ly=2-—=1IV3
2
While for the intermediate position (Figure 2.50) the distance changes to:
LO - 3l

The engineering strain that occurs in the grains caused by the change from the
initial to the final position is:

Lr—Ly, 31—-13
e = = = 0.734
Lo W3

Thus, the true strain associated to the sliding and rotation of grains will be:

e =In(1+¢e)=1In(1+0.734) = 0.55
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Figure 2.49 Initial position

Figure 2.50 Intermediate position

3. Area where the sliding occur
The sliding takes place at four areas {each a side of a hexagon

Figure 2.51. Knowing that each side equals d/2, then the area will be:

) as shown in

Sliding area = 4l-d = 2d*
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4. Area change of the group of four grains

Figure 2.51 Sliding area

when moving from the initial to the

intermediate position

a.

Grains 1and 3
For this calculation, a CAD software was used. Starting from the initial

position and moving to the intermediate one (shown in Figure 2.52), the

area change for these two grains is:

AAtota11_3 == 0.07d2

GRAIN 1

BOUNDARY
DIFFUSIVE FLUX

Figure 2.52 Grains 1 and 3 of the Ashby-Verrall model
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b. Grains 2 and 4
Likewise using CAD and supposing a conservation of areas (Figure 2.53}):

, W3\ (V3" 3
““](‘z‘“) +(7) =z

The calculation of the side x of the triangle shown in Figure 2.54 is based on
the consideration that the areas of the dashed pentagon and the triangle
are the same which lead to the following expression:

12V3sin30°  1(3—+3)
2 43

W3x +

and solving for x:

x = 0.183!

which is shown in Figure 2.55. Concluding that, the total area change for

grains 2 and 4 equals:

0.1831 W3
- —= = 0.039{% = 0.01d?

AAtotalz_4 = > 4

Figure 2.53 Grains 2 and 4 of the Ashby-Verrall model
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Figure 2.54 Area change in grain 2
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Figure 2.55 Sub-area change in grain 2

Figure 2.56 Area change of a grain in the Herring-Nabarro mechanism




¢. Herring-Nabarro mechanism
Once again, CAD assisted and using Figure 2.56, the change of area for the
group of four grains moving from the initial to the intermediate position
according to the Herring-Nabarro mechanism is:

Motaty_, = 0.19d?

5. Displacement suffered by a grain from the initial to the intermediate position
Using Figure 2.57 as a starting point and knowing that 15° is the angle a grain
rotates when it moves from the starting to the final position, then:

u = 0.5]-cos15° = 0.48!

This value of displacement is similar to that reported by Ashby-Verrall

{u = 0.46l) which validates the calculation of this parameter in a geometrical

manner (13).

Figure 2.57 Rotation of a grain from the initial to the final position

6. Volume of matter moved by diffusion per grain during the sliding of grains from
the initial to the final position
a. Ingrains1and3
The volume of matter moved by diffusion in grains 1 and 3 is:

Volumeosar, , = Mypta,_, - d = M2 = 0.07d? - d = 0.07d>

b. Ingrains2and 4
Geometrically calculating the volume of matter moved in grains 1 and 3 as:
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VOlumetota12_4 = AAtOtal2_4 ° d = M.Q = 0.01d3

c. Herring-Nabarro mechanism
According to the Herring-Nabarro mechanism, the volume of matter moved
by diffusion will be:

Volumeyorqr, ,, = AVolumeyoqy, - d = M2 = 0.19d3

7. Mean distance of diffusion
Using CAD software, the mean distance of diffusion is calculated:

Distancemean, , = 0.57d

2.3.3.1 Application of the model on lead

Once the Ashby-Verrall model was corroborated, it was confirmed with lead at a
temperature of 300 K {equivalent to 50% of the melting point) and grain sizes of 1, 3 and
5 um. The remaining data is shown in Table 2.1.

Parameter Value Parameter
(cm 4 %1078 k (erg/cm?)

n® 6.2
| {cm

ldyn/em?) ||| 5 x 100
D, (cm?/s) 1.75756 x 107%°
?/s) 69196 x0T

Table 2.11 Ashby-Verrall model parameters for lead. (*) A, is an adimensional constant and n is an adimensional
exponent
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All the units are in the CGS system with energy in cal as it was the system used by
Ashby-Verrall, and not the SI system universally accepted. These result are,
representatives and easy to compare to the empirical ones, as the experiments are easy to
make at room temperature. Figure 2.58b presents the log o — log € curve for lead with
the three regions: the first two are dominated by the Herring-Nabarro mechanisms
(modified by Ashby) and the third corresponds to the hot deformation. There is a window
where the data (g,£) under which &,p > € and over than &,, < &y translating to
superplastic behavior (Figure 2.58a) where 0.3 <m < 0.7; for lead the window is
1076 < £ <1075 tand 2 X 107> < ¢/u < 2 X 10™* for the grain size and temperature
determined. The m coefficient of Figure 2.58c was calculated through the Backofen
approximation:

_dlogo

m= dlogé
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Figure 2.58 a) Mechanisms acting on the behavior of lead, b) Sum of both mechanisms showing the superplastic
region and ¢} m coefficient for lead




2.3.3.2 Application of the model on zinc

In a similar way the Ashby-Verrall model for lead, in zinc at a temperature of 300 K
(equivalent to 43% of the melting point) and grain sizes of 1, 3 and 5 um with data from
Table 2.12 the model was corroborated.

Parameter Value Parameter Value

147 x (0! | 1 15210 2
b (cm) 267 %1078 1.38 x 10-16
Q. (cal/mol) 21900 e

n® 6.1
mds@n/cn;izr el L (c 0001
D, {cm?/s) 1.82892 x 10717 A (cm) 5. 34 X 10~8

 Dy(cm?/s) 69.03056 x 10~12

Table 2.12 Ashby-Verrall model parameters for zinc. (*) A1 isan adlmensmnal constant and nisan adlmenSIonaI
exponent

Figure 2.59b shows the logo — log € curve for zinc also with the three regions as
well as a window where the data (o, ) under which &4, > £p¢ (superplastic creep) and
over than g,p < &p (hot deformation) presented in Figure 2.59a.

The superplastic window (Figure 2.59¢c) moves to higher é = 10™*s™1 (with grain
size of 0.5 um) compared to that for larger grain sizes (1078s™! and grain size 8 pm), this
displacement has potential for industrial applications for superplastic forming. In a similar
way, the stresses are higher for the 0.5 um grain size (6 X 107°) than for 8 um (107°). In
a general way (Figure 2.59¢) the superplastic window lies in 1078 <& < 1075s™1 and
107 < o/u < 1073 for the determined grain size.
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Figure 2.59 a) Mechanisms acting on the behavior of zinc, b) Sum of both mechanisms showing the superplastic region
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Figure 2.60 Behavior of zinc when changing the grain size

2.3.3.3 Application of the model on the steel tested

The results of the steel tested at 800°C can be compared to the Ashby-Verrall model
which is:

Etotal = €p—a flow T Edislocation creep [2.22]

The mechanisms of intergranular sliding accommodated by diffusion (£5_4 r10w) and
of creep (sliding and climbing of dislocations, £g4i50cation creep) act simultaneously (in
parailel). The parameters of the steel tested are shown in Table 2.13 in the CGS unit
system (to compare to the metals proposed by Ashby-Verrall).
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Parameter Value Parameter

b (cm) 2.51 x 1078  k(erg/cm?)
Qc(cal/mol) 57300  z(superficial en rg/cm?)
= ek f€n

D,, (cm?/s)

D, [em?/s) v o | .

Table 2.13 Ashby-Verrall model parameters for the Steel tested. {*) A, is an adimensional constant and n is an
adimensional exponent

Alcm) 5.0229 x 10~%

The calculus of the Dy and Dy coefficients that influence the creep, superplasticity
and hot work laws was made in the following way "2

e The Dy coefficient matches the one for auto-diffusion in the ferrite, and is
responsible for the volume diffusion, the creep by sliding and the dislocation
climbing, also partly, of the superplasticity. Its value is:

57,300cal P
———\[cm
D, = 2 exp R’;,Ol . ]

which at 800°C takes the approximate value of 5 X 107*? cm? /s.

e The Dy coefficient calculus is based on the superplastic behavior of the steel at
750 and 800°C when slowly deformed by traction (results are shown in
Table 2.14).

Applying the general law ¢ = K£™, it may be deduced that:

log (52

op = ————"L = (),32
Mgoooc log(5)

and

log (557) _

Mys5goc = 10g(5)

Leading to a “slightly superplastic” behavior with a value of m = 0.33.
Comparing the results of the traction tests and using the general law for creep:

& =Keg Mexp (%)
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then:

1

€g00 _ 5.56X 1075 (3.44); [——Q< 1 1 )]

éeo  9.92x 105  \331/ PR \1073 1023
where

[—Q< 1 1 )] _ 1.904 — 1605
PR \1073 1023/l 11237 —
and solving for the activation energy:
2-0.528-1073 1023
Q= ~ 23,180 cal/mol

50

In other words, a value of activation energy at half the one required for the
volume diffusion (Qy = 57,300 cal/mol), can be identified with the activation
energy for the grain boundary diffusion (Qp). Therefore, the value of Dy will be:

—23,180

———— ] =2x10"5cm?
2-1073) 107 em?/s

Dy = exp(
which is seven orders of magnitude higher than Dy,. Using the general formula:
o DB]

Dapp = Dy [1 +TD,

1 T5x1078 2x10°° 75%x10782x 107>
Dapp =5 x 1071211 + ~

5x107% 5x 10712 5x 104
~ 6.28 X 107° cm? /s

In other words, the global diffusion coefficient (Dgpp) is three orders of
magnitude higher than the volume diffusion, this shows the importance of the
grain boundary diffusion coefficient, the matter transport through the grain
boundaries to accommodate and fill the sliding of the grain boundaries in the
superplastic behavior.

Temperature Lg

Yield str

ess (kg/mm?)

800 57
800

750 2 o 2R
750 57 0.1 292x1075 3.31

Table 2.14 Results at 750 and 800°C for the calculus of grain boundary diffusion
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Figure 2.61b presents the values of the logarithm of yield stress/shear modulus
(log(a /) vs. the values of the logarithm of strain rate (log(¢)) for both the strain rate
due to diffusion accommodated flow and the strain rate due to dislocation creep
mechanisms. From the figure three stages can be deduced:

1. A first stage dominated by £,_, 0w for values of o/u < 1072 and é <
107%s71,

2. A second stage where both £5_, fiow and Egisiocation creep act together for
values of 1073 < o/u < 1072 and 107* < ¢ < 1072571,

3. And a third stage where £gjsiocation creep IS the main mechanisms for values of
1072 <o/u<landé> 1072571,

Furthermore, Figure 2.61a takes into account both components of the strain rate to
graph the integrated curve of the Ashby-Verrall model (behavior law) of the steel
investigated at 800°C and a grain size of 5 pm.

Moreover and taking into account the data from Figure 2.61b, in particular its slope,
coefficient m can be calculated, the results are shown in Figure 2.61c where the
superplastic window can be determined, in other words, the interval of stresses and strain
rates where the steel behaves superplastically. This figure can be compared to Figure
2.22a which shows the experimental curve of this coefficient.

The curve of Figure 2.61c has an approximate center at strain rates close to
1075 s~ 1 and creep stresses of 30~40 MPa. The value of the m coefficient supposes that
the structure of the steel is 1009% ferritic, which is not the case for the steel investigated.

Finally, Figure 2.62 compares the “ideal” superplastic behavior for grain sizes of 1, 5
and 10 pm respectively, along with the experimental values. They are closer to the
theoretical curve of a 5 pm grain size steel.

The theoretical behavior is that in stage |, creep stresses diminish with the increase
in grain size, which means that with low strain rates, the intergranular straining
mechanism would stop being dominant (creep stresses lower than 1 MPa} at least initially.
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The sliding and climbing of dislocations would be energetically favorable compared to the
intergranular one. This is contrary to what happens in stage lll {characterized by creep
straining or creep by cavitations) which is linked to intergranular straining and
decohesions.

Also, Figure 2.62 shows the equation that describes the sigmoidal curve of the
behavior of the steel; which is:

y = —0.0206x3 — 0.2812x% — 0.968x — 3.9098

that has a correlation of 0.9846, a value close to 1 means the equation closely has the
same tendency as the experimental data.

A possible explanation why the experimental curve crosses the 1, 5 and 10 pm
curves is the grain size distribution present in the steel: there are grains with sizes of
10 um and grains with sizes of 1 um. Also, the presence of precipitates (Ti, Nb} C influence
the mechanical behavior of the steel by the anchoring effect previously mentioned.
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Figure 2.61 a) Mechanisms acting on the behavior of the steel tested, b) Sum of both mechanisms showing the
superplastic region and ¢) m coefficient for the steel tested
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Figure 2.62 Theoretical curves of logarithm of yield stress/Shear modulus vs. logarithm of strain rate for the steel
investigated considering different grain sizes

2.4 Statistical confidence level evaluation for experimental procedures in
metallography and mechanical testing of the investigated steels

For the quantitative metallographic analysis of grain size, phase distribution and
volume fraction of minority constituents, measurements were made in an automatic
digital image analysis equipment coupled to a metallographic optical microscope,
considering the ASTM E-112 and E-1181-02 standards.

Counting contemplated as many micrographs as necessary to obtain main vaiues of
grain size G and mean linear intercept L with a confidence level interval of 95% and a
deviation lower than 10%. The relation between G and L was obtained using the formula:

G = —3.356 — 6.644log L (mm)
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In the case of DP steels, magnifications higher than 100 were used {as these are
ultrafine steels) and qualitative determination of the ASTM G number was made using the
formula:

M
ASTM G = G’ + 6.64 log—
+ °€700

where G’ is the ASTM grain size measured as if the micrograph was taken at 100x and M
is the actual magnification of the micrograph.

The measurement of the mean linear intercept is automatically performed by the
equipment on lines traced on the micrograph at 0, 45, 90 and 135° from the rolling
direction. The volume fraction f,, for example for the pearlite, is measured by point
counting analysis on the micrographs using a mesh of dots with an optimal gap in order to
avoid that two consecutive dots are placed in the same pearlite colony. The number of
dots measured was at least 396, which results in f,/g, = 0.05, where g, is the standard
deviation in statistical analysis, resulting in a confidence level of 95% for the pearlite
volume fraction.

To determine the mechanical properties of the steels, a load cell 2518-111 in a
universal testing machine INSTRON model 5583-Standard was used. The manufacturer
assures that this cell has an accuracy of +0.5% of the load measured in Newtons.
Figure 2.63 shows an example of a curve stress vs. strain and the higher and lower limits
for the measurement of stress in all the curves. On the other hand, for all the mechanical
tests, at least two tests were made in order to confirm the repeatability of the data
obtained or were repeated for those tests where the data was inconsistent.

In the case of the measurement of strain at high temperatures, the manufacturer
assures a variation of +0.05% to the displacement measured in mm or +0.01lmm
{whichever is greater). This results in the tests of specimens with Ly = 30 mm in an error
in the strain of 0.03~0.05%.
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Figure 2.63 Stress vs. Strain curve showing the upper and lower limits due to load measurement accuracy of the
testing equipment

On the other hand, tests at high temperature use a furnace with thermocouples that
have an accuracy of +2.2°C or +0.75% (whichever is great); resulting in an error of £6°C
for tests at 800°C. Furthermore, during the tests the maximum variation the furnace
control had was +2°C, this variation added to the one of the thermocouples results in a
total error in the temperature of +-8°C.
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3 Discussion

3.1

Iron-Carbon phase diagram

Figure 3.1 shows the iron - cementite phase diagram. It is important to point out the
two fundamental transformations that take place on the left hand side of the diagram:

1. Peritectic reaction (L 4+ 6 — y) happening at 1495°C and at 0.17% C.
2. Eutectoid reaction (y — a + Fe;C) occurring at 727°C and at 0.77% C.
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Figure 3.1 lron — Cementite phase diagram W
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It is noteworthy that the peritectic reaction and the segregation of manganese,
silicon, chromium and molybdenum during solidification are responsible for the banded
and anisotropic microstructure obtained in both DP and HSLA steels. In other words, the
manganese reduces the activity of carbon in the austenite, thus the carbon segregates
with the manganese and during hot rolling processes the pearlite forms on the regions

with concentrations of carbon and manganese @

Furthermore, the role of alloying elements in a phase diagram is changing the solid
state transformation curves, in other words the A5 and A; temperatures. Consequently,
two types of alloying elements can be distinguished: ferrite-former elements and
austenite-former elements.

Hot-Rolled Dual Phase Steel
Composition: 0.06% C - 1.10% Mn - 0.87% Si - 0.838% Mo -
0.084% Al Austenitized ab 960°C-{1760°F) for 20 min

Y TETEY T AN 2 4 H LS 2t it Y L S Sae i Y Py

AUSTERITIZED 20 MIN. 960 € {1760 F
1600 A» Austentite ¢ !

" PF o= Polygonal Ferrits f 1800
P Peariite e s Ty
aooh. 87 Bainitic Ferrite - ALy
" Mo« Martensite of Avg. C Content
M = Martensite from {ardon- i
* Enviched Austenite
800§ 1
H Eie
\ e g O - SR Wl hhad
. el 5 woen 30
™r A\ [N S
% pE ¥
o & {Strain-Free) ———————— K “
PR 1.1 0 o131ng »
w indow it
& o
o h <4000 2
2 500bate.m %
& &
= gl i L
%
300 b \ 294 600
3§
200 -1 400
3003~ - 200
4 i Ksochoomedind. - Broridccikck 5 EN . | i E S Y | 3 A 32
t 10 08 1,000 10,500 100,000
Seconds

TIME TQ LO0CL FROM 980 € {31760 F)

Figure 3.2 Time-Temperature-Transformation diagram of a hot rolied dual phase steel showing the coiling window @

The austenite-former alloying elements present in the steels tested include carbon,
silicon, chromium and manganese which tend to separate the ferritic-pearlitic
transformation from the bainitic-martensitic one in order to obtain a coiling window
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(Figure 3.2) and as a result the DP steels; while the ferrite-former alloying elements
include chromium, molybdenum, titanium, niobium and vanadium. Titanium and niobium
usually avoid the ferritic grain growth by the means of precipitation, particularly the
titanium precipitates in the roughing process as shown in the previous chapter while
niobium tends to grow on titanium carbonitrides already formed. On the other hand,
vanadium is normally used to harden the ferrite.

Moreover, when the controlled rolling process ends, the microstructure is formed
by austenite, and it must be quenched (sometimes using pulverized water, as in the case
of DP steels) in order to obtain the requirements, thusly changing the cooling rate of the
material and producing a banded structure of ferrite and bainite/martensite.

3.2 Advanced Thermomechanical Controlled Rolling Processes

A result of the controlled rolling, the steels acquire a very fine ferritic grain size (UFF
or Ultrafine Ferrite), through three sequential processes:

1. The precipitation of titanium carbonitrides {in the thermal homogenization
process) and niobium carbonitrides {in the delay and finishing processes).

2. The mentioned precipitation delays the austenitic static and dynamic
recrystallization, increases the non-recrystallization temperature and
accumulates straining in the non-recrystallized austenite.

3. The allotropic transformation of austenite into ferrite over a fine or very
deformed recrystallized austenite. This must occur at the end of the controlled
rolling process.

The fine grain size is the goal of every hot rolled material obtained by controlled
rolling processes. The titanium precipitates start to have an effect in the roughing process,
avoiding high grain growth of the austenite between passes through the pinning effect on
the grain boundary and obtaining at the end of the roughing, an austenitic grain size of
30~40 um. Afterwards, in the delay time, the temperature is ideal for the niobium to
precipitate which also avoids the grain growth and increases the time required for the
austenite to recrystallize; the result is that at the end of the finishing process the

127




microstructure is formed by non-recrystallized austenite and niobium precipitates in both
its grain boundaries as well as inside the crystals. After this, two routes were to be taken,
fast cooling (pulverized water) to obtain ferrite and martensite-bainite bands (DP steels)
or slow cooling to obtain ferrite and pearlite bands (HSLA steels).

Therefore, the microalloying elements play a fundamental role in order to achieve a
ferritic grain size as small/fine and homogeneous as possible; this, as shown in the
previous chapters, is a fundamental condition for the creation of HSLA steels and a
necessary condition for a material to present superplastic behavior along with other
requirements.

3.3 Room temperature behavior of DP steels

The ATMCRP creates double-phase ferritic-martensitic microstructures and,
depending on the chemical composition of the steel, different amounts of martensite (20
to 45%) and ferritic grain size (14 to 18 ASTM G).

Comparing Figure 2.8, Figure 2.10d and Figure 2.11d, it can be concluded that the
DP780 steel has a higher resistance than the DP600 because of its higher amount of
martensite in the microstructure as this phase (geometry) is an effective barrier to
dislocations when the material is being deformed. Furthermore, the higher plasticity of
the DP600 can be explained through the higher amount and larger grain size of ferrite
(Figure 2.10c and Figure 2.11c).

Moreover, when looking closer at the stress-strain curve of Figure 2.8 into the zone
close to the yield stress, the DP600 presents instability (564 MPa) which means that the
material’s plastic deformation process is mainly controlled by the deformation of grains or
zones of ferrite (as shown in Figure 2.12a). On the other hand, the smoothness of the
DP780 curves is evidence of the interaction between the martensitic (hard) and ferritic
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{soft) phases; the martensite crystals act as stress concentrators and their adjacent ferritic
grains must suffer plastic deformation and furthermore there are ferrite grains with
internal stresses generated during the volume change of austenite into martensite,
resulting in a plastic deformation with a n coefficient of 0.2. This strain hardening
coefficient in both steels (DP600 and DP780) is high enough to allow subsequent
manufacturing processes (drawing or bending) of parts @

In other references it has been observed that a n coefficient lower than 0.1 results
in instabilities during the rolling processes and/or manufacture of the finished products
{particularly for automotive applications). Thusly, the ATMCRP are attractive to obtain
steels with tension stresses between 650 and 800 MPa and plastic deformations between

12 and 20%, for low-weight applications and/or high mechanical reliability % %7 #,

From Figure 2.10c and Figure 2.11c there is evidence of a second ferrite mean grain
size in the right hand size of the histograms. This result can be explained when looking at
the microstructure with higher magnifications; the martensite bands are not only formed
of martensitic grains, trapped between these grains are very fine grains of ferrite {grain
sizes of ~0.01 pm).

Furthermore, Speich ) and Bucher and Hamburg % nroposed two equations to
calculate both the yield and the tension stresses in DP steels:

oy = fu(54 +17d;1%) + f, 22 [3.1]

Omax = 354 + 10.5(%y + %B) + 7.84d*/? 3.2]

where gy, is the yield stress [MPa], 0,45 is the tension stress [MPa], f, is the ferrite
fraction, f, is the martensite fraction, (%u + %B) is the amount of bainite and
martensite, d, is the ferritic grain size [mm] and o, is the yield stress of the martensite

calculated through:
gy, = 620 + 2585¢, [3.3]

where ¢, is the carbon content of the martensite obtained by:
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¢, =1002 [3.4]

a

being ¢y the initial carbon content of the steel,

Figure 3.3 shows the graphic representation of equations [3.1] and [3.2] for the
DP600 steel, the intersection of both stresses is at 0.2 um, which means that if this
material has a grain size of this value or a smaller one, the ductility will be lost; also, in
order for the material to be effective in the drawing and bending processes (strain
hardening coefficient n higher than 0.2) the grain size must be higher than 2.4 pum.
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Figure 3.3 Relationship between stress and grain size of DP600 steel

Figure 3.4 shows the same graph but for the DP780 steel, the intersection of both
stresses is at 0.02 pm {which means the ferrite has a grain size in the nanometric scale),
meaning that the steel will lose its ductility if the grain size is of this value or lower; also, in
order for the material to be effective in the drawing and bending processes, the grain size
must be higher than 0.8 um.
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Figure 3.4 Relationship between stress and grain size of DP780 steel

High temperature behavior of HSLA steels and superplasticity

When hot deformed or traction tested, the behavior of a material can be described

in three stages as

1.

(11},

Initial or microstrain deformation: the plastic strain rate in the sample goes from
zero to the value of the test. The stress increases fast, though slower than in
tests made at usual temperatures.

Strain/work hardening: the slope of the curve is reduced in about one order of
magnitude and is sensitive to both temperature and strain rate. The work
hardening diminishes gradually until the third stage begins.

Steady state region: the strain hardening is zero and the three variables (stress,
temperature and strain rate) remain constant, meaning this part of the curve is a
horizontal straight line. This horizontal only happens in those cases where the
only mechanism acting is the dynamic recovery. But in the cases of dynamic
recrystallization, adiabatic heating, precipitate coarsening or superplastic flow
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acting together with the dynamic recovery, this part of the curve has a
descending slope as is the case of most of the curves of Figure 3.5.
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Figure 3.5 True stress vs. true strain of samples tested at 800°C

Superplastic behavior as described in chapter one is a necking phenomenon when a
material is traction tested, in particular a diffuse neck will form on the specimen as shown
in Figure 3.6. Furthermore, the flow stress is highly dependent on the strain rate, though
this last condition varies along the section of the specimen and is inversely proportional to
its cross-section area. However, the dynamic equilibrium is maintained by the difference

in strain rates at the locations with the largest and smallest cross-sections t2)

The results of tension tests made at high temperatures on the steel show that both
the temperature of the test as well as the strain rate must be adequate in order to obtain
superplasticity (close to 200% in elongation). Though the curves of Figure 2.17 have the
usual shape obtained in a high temperature tension test, when the strain rate is lowered
(Figure 2.18) unusual behavior, such as the formation of more than one necking zones
during plastic deformation, starts to show. From Figure 2.17, Figure 2.18 and Figure 2.19,
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it is evident that the material presents elongations much higher than at any other
temperature.

Figure 3.6 Specimens with a localized neck (upper part) and a diffuse neck {lower part)

The behavior of the steel tested at high temperatures (Figure 3.5) presents three
strain mechanisms related to the traction speed (time elapsed in the test):

1. A first one associated to the deformed ferrite, dynamically restored (5 mm/min
curve).

2. A second one initially superplastic, but with non-stable microstructure,
continued by grain growth that induces hardening (ferrite restoration) and
concluded by localized necking {conventional) (0.5 mm/min curve).

3. A third one, also superplastic, that applies to stable or nearly stable structures
that do not stop the intergranular straining associated to superplasticity. The
mechanisms of straining by sliding and climbing of dislocations, as well as
intergranular sliding accommodate by diffusion mainly at the grain boundaries
(Ashby-Verrall model) are the dominating ones (0.2 mm/min curve).

The microstructure of the steel of Figure 2.24 is formed by bands of pearlite and
ferrite, which is typical in construction steels that suffered a peritectic reaction and
solidification under non-equilibrium conditions. As the proportion coefficient for carbon,
alloying elements (Mn, Si, Cr and Mo) and impurities (P and S) in this steel is lower than
one, the microstructure cannot be regenerated through soaking treatments before hot
rolling processes @,

The microstructure after high temperature superplastic deformation is a
homogeneous one formed by ferrite grains that are slightly elongated in the rolling
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direction with evidence (subgrains) of having suffered dynamic recovery during
deformation along with very fine ferrite grains close to pearlite grains (Figure 2.32 and
Figure 2.33). Furthermore, the following can also be seen:

e The banding has nearly disappeared but there still are zones with large amount
of ferritic grains and zones with large amounts of pearlite.

e Decohesions shaped as w and r, mainly located in the ferrite/pearlite interphase,
are unequivocal proof of intergranular sliding during the deformation process.

e Small cavities in the a-pearlite {previous austenite grains) interphase, which
shows different deformation capacity for each of these phases.

e Null evidence of generalized grain growth during deformation, as grain size is
very similar to the original one.

e Grain (or grain clusters) sliding and rotating, as a consequence of superplastic
deformation.

At 750°C the material does not behave superplastically, the banded microstructure
from the hot rolled raw state disappears and only ferrite grains that have suffered
dynamic recovery along with carbides in their grain boundaries remain (Figure 2.41 and
Figure 2.42). Furthermore, the theoretical Iron-Cementite Phase Diagram (Figure 3.1)
shows that at both 800 and 750°C, the microstructure should be the same. A possible
explanation is that these tests imply a negative pressure on the sample (typical phase
diagrams consider a pressure of 1 atm) which could induce a change in the eutectoid
temperature and its movements upwards in the diagram (Figure 3.7} which would result
that at 750°C the material would be on a different zone than at 800°C. In an invariant
phase transformation, the temperature variation caused by a pressure change equals
enthalpy change divided by the product of temperature and volume change which is
known as the Clausius-Clapeyron equation; since austenite has a smaller molar volume
than pearlite, then the volume change is less than zero, while the enthalpy change is also
less than zero, therefore the temperature variation caused by a pressure change is
negative. Furthermore, an increase in pressure lowers the equilibrium transition

. 1
temperature and viceversa ( 3).
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Figure 3.7 Change in the eutectoid composition and temperature as a result of changes in pressure
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The free energy curve as a function of the concentration of a phase in a system can
be calculated for each temperature. The tangent line to this curve would allow the
calculation of the chemical potential of each of the phase’s constituents. In the case of
equilibrium between phases, there will be a common tangent line to the curve and thusly
defining the equilibrium as the chemical potentials must be equal in all of them
(thermodynamical equilibrium); the use of all this information can result in the creation of
phase diagrams using thermodynamics.

The term PV (being P the pressure and V the molar volume of a phase) is normally
ignored when creating phase diagrams because: first, the processes usually happen at
atmospheric pressure and second, the necessary pressures for the resulting energy
change to be high enough for it to be a factor in the system are very high, which means
they can be ignored. However, in some systems (in the case of the HSLA steel tested at
high temperatures) there may be a significant increase or decrease in the pressure and
therefore in its PV term that could result in changes in the equilibrium conditions and
thusly in its phase diagrams. In the case of the HSLA steel tested at high temperature, at
the eutectoid point (1000 K) there are austenite, ferrite and cementite in equilibrium
with molar volumes of:

Fe;C: V = 23.675 x 107°m3/mol
Fey: 7 = 7.302 x 10~6 m?/mol

Fe,:V = 7.164 x 10~°m?3/mol

Y

From these last three values, the molar volume for cementite is more than three
times higher than for the other two phases which at high pressures could modify the
phase diagram. Using Thermocalc software (PBIN database), the term PV has been
introduced, taking into account that the pressure in this case is negative.

From Figure 3.7a it can be observed that a negative pressure of 2000 bar would
move the eutectoid point upwards by 25 K. And from a temperature of 1000 to 1023 K
{750°C) the negative pressure required would be 1825 bar {~183 MPa}, which is a
pressure value similar in magnitude to the negative hydrostatic pressure created by
intergranular and ductile decohesions as a result of the traction test.

gy,
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Figure 3.8 Micrograph showing the oxide layer on the surface of the sample

The oxidation suffered by the material also plays a role in its possible superplastic
behavior (Figure 2.21 and Figure 3.8) as it changes the relationship between the
transverse section of the specimen and its length. Particularly, oxidizing environments can
induce a loss of ~50% of material, thusly the grains loose the capacity of rotating and
sliding and they behave as typical steels deformed at high temperatures. Specimens
tested without protective atmosphere can form scabs on its surface as evidence of the
superficial oxidation process and consequently decreasing the possible final elongation of
the material.

Furthermore, the oxidation of a particular metal in air is limited by the outward

diffusion of metallic ions through an unbroken film of one type of oxide. The kinetics of

oxidation of construction steels at high temperature are (14,

Am? = Kt [3.5]

where
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[3.6]

mts

-138kJ moz—i) [kgz]
RT

K, = 37exp(

At 800°C and for the reaction Fe + O = FeO (wustite), the loss in thickness {oxide
layer thickness) per hour is approximately ~0.1 mm/hour. For an intergranular corrosion
process, just as the one observed in traction tests at low strain rates (crosshead speeds of
0.2 mm/min) the oxide film acts as an obstacle to the intergranular straining and
eliminates the possibility of superplastic behavior on the material.

3.4.1 Ashby-Verrall model for the steel

When analyzing Equation [2.22], the apparent diffusivity is three orders of
magnitude higher than the bulk diffusivity. Therefore, the diffusion through grain
boundaries is the one ruling the process of intergranular sliding in superplasticity; this
diffusion has been widely studied 3,

Any polycrystalline material can deform following the mechanism proposed by the

Ashby-Verrall model, described as (16).

€=¢p_afiow T Edislocation creep (3.7
where
. _ Qu [o  072r né Dg
E€p-A flow = 98_KTd2 [; T Thd ]Du (1 + 7D_v) [3.8]
5 _ ub (o n Qc
Edislocation creep ™ Ay ®T (;) exp [“ E] [3.9]

The overall flow rate (Equation [3.7]) is approximated when adding:
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e the model for diffusion-accomodated flow, which is very similar to the Herring-
Nabarro-Coble creep model from a mechanical point of view (Equation [3.8]),
and

e the model for disiocation creep, which is the most obvious competing

an (18), shown in Eguation [3.9]

mechanism, described by Weertman or Dorn
leading to a sigmoidal curve as shown in Figure 2.71 where for low strain rates
the diffusion accommodated flow (non-uniform deformation) is dominant and
for high strain rates the dislocation creep (uniform deformation) is the ruling

mechanism, and at superplastic behavior both mechanisms act 18,

Moreover, Figure 3.9 shows evidence of grains that have rotated together (not only
one grain but a cluster of grains), even to the point of making the bands vertical instead of
horizontal (rolling direction) as they were before the test.

Later on, Vasin et al. ™ described the superplastic behavior in terms of the
mechanical response of various combinations of non-linear viscous elements where the
main objective would be finding the best combination of both variation of the stress flow
(o) and the strain rate (€) in order to obtain the optimum sigmoidal behavior which seem
to be the typical feature of a superplasticity curve. These authors, similar to what Ashby
and Verrall “® did nearly three decades ago, propose a combination of two electrical
elements in a parallel configuration {with strain rates corresponding to grain boundary
sliding and diffusion creep) and a third element in series with the other two
(corresponding to intergranular slip and dislocation creep), also achieving a sigmoidal
curve with reasonable accuracy. In other words, a superplastic behavior curve has a
sigmoidal shape just as the ones obtained, for the steel tested at 800°C, in the previous

chapter.
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4 Conclusions

4.1 Advanced Thermomechanical Controlied Rolling Processes

ATMCRP allow, especially through direct quenching of the steel sheets,
modifications in the amount of martensite present in the double-phase steels, as well as
the size and distribution of the soft ferrite grains.

HSLA steels microalloyed with Ti — Nb and obtained by ATMCRP are usually ultrafine
grained steels with grain sizes lower than 5 pm.

4.2 Room temperature behavior of DP steels

Thanks to the microstructure (phases present, amount of each phase and its
distribution} induced by the ATMCRP, the products made with these steels have
mechanical properties such as yield stresses up to 600 MPa and tension stresses close to
800 MPa, which is only possible for a low alloy steel if the formed microstructure is of the
ultrafine grained type (> 14 ASTM G) along with precipitates of Ti, Nb and V.

On the other hand, it is also very important that the strain hardening coefficient n is
higher than 0.15 to avoid instabilities and defects during the drawing and/or bending
processes used in the manufacture of products from the automotive industry among
others. Otherwise, the steel may have very limited or non-practical applications, and the
data obtained for similar microstructures produced at faboratory scale is not relevant for
its industrial uses.
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The compromise between an UFG microstructure (grain sizes close to or smaller
than 1 um) and high values of n, is possible because of the internal stresses suffered by
the ferrite caused by the transformation of austenite into martensite during cooling.

4.3 High temperature behavior of HSLA steels and Superplasticity

The construction steel microalloyed with Ti/Nb (in the form of carbonitrides of Ti,
Nb and V) as a sheet with a thickness of 27 mm and manufactured by hot controlled
rolling techniques has an ultrafine grain size {12 ASTM G, 5 um). A few of its mechanical
properties are: a vyield stress of 447 MPa, high sub-zero tenacity, low cost and easy to
weld. Its production in the Arcelor Mittal factory in Verifia (Gijon, Spain) is higher than
150,000 metric tons per year. HSLA steels obtained by ATMCRP deformed at high
temperatures (750 — 800°C) in the intercritic region {a + y), present superplastic
behavior in tension with elongations higher than 100%.

The modeling of the grain size evolution during the roughing process, waiting time
and finishing in construction steels microalloyed with Ti/Nb according to the

Sellars — Urcola ¥ 2

model, lead to the creation, both in plate (~25mm) as in strip
{~5mm), of austenite partially or totally deformed at the end of the ATMCRP. This will
result, after the allotropic transformation, in ultrafine ferrite steels (ferrite grain size equal
or higher than 12 ASTM G). The banded structure (ferrite-pearlite) phenomenon is directly

proportional to the carbon content (between 0.06 and 0.17% C).

The mechanism described by Ashby-Verrall ®) seems to be the most appropriate
model to describe this superplastic behavior: rotation and sliding of grains activated by
diffusion processes at the grain boundaries. At low strain rates (~107%s™1) the
dominating phenomena are rotation and intergranular sliding of the ferrite, diminishing
the defects (cavities, pores, decohesions) produced by grain boundary diffusion. At higher
strain rates, the mechanism that rules is the dynamic recovery of the ferrite by sliding and
climbing of the dislocations {intergranular mechanism) common on conventional hot
deformation processes. At the temperature proposed (800°C), inside the intercritic stable
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ferrite and austenite interval, the construction steels with UFG/UFF microstructure and
bands created by hot rolling, with thicknesses lower than 5 mm would be superplastic at
strain rates that would make its conventional manufacturing processes competitive.

This steel presents superplastic properties which allow high deformations when
traction tested ({higher than 100%) when both the temperature and strain rate are
adequate. For the steel tested, the strain rate at which the material presents the best
superplastic behavior at 800°C is ~107%s™%, with yield stresses lower than 60 MPa and
elongations higher than 200%. The steel maintains its fine grain size during the straining;
the austenite present (transformed to pearlite during cooling) prevents the growth of the
superplastic ferritic grains. The original ferritic-pearlitic banded structure evolves into a
more homogeneous structure formed by ferrite and pearlite during straining: the bands
blur or disappear because of the non-homogeneous deformation of ferritic grain clusters
{sliding and rotating). Though these steels may show superplastic deformation at high
temperature, this type of deformation does not imply a generalized grain coarsening of

the microstructure even when the strain rate is very low (107°s™1).

Finally, at temperatures lower than 800°C (for example at 750°C) steels with mainly
ferritic structure behave differently than at this temperature. The austenite becomes
thermodynamically unstable in tension, transforming into ferrite and carbides (mainly
cementite); during cooling the ferritic grains grow and the steel would, at least partially,
lose its superplastic behavior during slow straining deformation. It is important to point
out that after testing at 800°C the microstructure is formed by pearlite, ferrite and
precipitates, while after 750°C tests, the room temperature microstructure is only formed
by ferrite and precipitates.

Therefore the selection of the adequate temperature for straining is critical in UFG
construction steels, just as it occurs in conventional superplastic metallic alloys.
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4 Conclusiones

4.1 Método Avanzado de Control Termomecanico para Laminacién

El método avanzado de control termomecénico para laminacién (ATMCRP) permite,
a través del templado de las placas de acero, manipular la cantidad de martensita
presente en los aceros de doble fase (DP) y también el tamafio y la distribucién de los
granos suaves de ferrita.

Los aceros HSLA microaleados con Ti y Nb y manufacturados por el mismo método
son generalmente aceros de grano ultrafino y con tamafios de grano menores a 5 pm.

4.2 Comportamiento en frio de aceros DP

La microestructura (fases presentes, cantidad de cada fase y su distribucion)
resultado de los métodos ATMCRP, se ve reflejada en las propiedades mecdnicas de las
piezas fabricadas con estos aceros. Estas propiedades incluyen esfuerzos de cedencia de
hasta 600 MPa y esfuerzos de tension cercanos a los 800 MPa; esto solo es posible si el
acero de baja aleacién tiene microestructura de grano ultrafino (> 14 ASTM G) y
precipitados de Ti, Nby V.

Por otra parte, es muy importante que el coeficiente de endurecimiento por
deformacién n sea mayor a 0.15, para evitar zonas de deformacion inestable y defectos
durante los procesos de estirado y doblado usados en la manufactura de productos para
las industrias automotriz vy de manufactura en general. Si esto no se cumple, las
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aplicaciones practicas de estos aceros seran muy limitadas o nulas, y los datos obtenidos
de materiales con microestructuras similares producidos a nivel de laboratoric no son
relevantes para las industrias que pueden utilizarlos.

El balance entre la microestructura UFG (tamafios de grano cercanos a o mas
pequefios que 1 um) y los altos valores de n, existe debido a los esfuerzos internos
sufridos por la ferrita generados por la transformacion de austenita a martensita durante
el enfriamiento.

4.3 Comportamiento en caliente de aceros HSLA y Superplasticidad

El acero de construccién microaleado con Ti y Nb {formando carbonitruros de Ti, Nb
y V) en forma de placa de 27 mm de espesor y manufacturado por técnicas de laminacion
controlada en caliente, tiene tamafio de grano ultrafino {12 ASTM G, 5 um). Algunas de
sus propiedades mecanicas son: esfuerzo de cedencia de 447 MPa, alta tenacidad por
debajo del cero absoluto, bajo costo y facil de soldar. Su produccion en ia planta de
Arcelor Mittal en Verifia (Gijon, Espafia) es mayor a las 150,000 toneladas métricas al afio.
Los aceros HSLA manufacturados por ATMCRP y deformados a altas temperaturas
(750 — 800°C) en la region intercritica (@ + ), presentan comportamiento superplastico
a tensién con elongaciones mayores al 100%.

El modelado de la evolucion del tamafio de grano durante los procesos de desbaste,
tiempo de espera y acabado en aceros de construccién microaleados con Ti/Nb de
acuerdo al modelo de Sellars — Urcola %2, lleva a la obtencién, tanto en placas (~25mm)
como en laminas {~5mm), de austenita parcial o totalmente deformada al final del
proceso de ATMCRP. Esto resulta, después de la transformacién alotrépica, en aceros con
ferrita de tamafio ultrafino (tamafio de grano ferritico igual o mayor a 12 ASTM G). El
fenémeno de la estructura bandeada (ferrita — perlita) es directamente proporcional al
contenido de carbono {entre 0.06 y 0.17% C).




3 s
| ¥ es el modelo mas adecuado para

El mecanismo descrito por Ashby-Verral
describir este comportamiento superpléstico: rotacidn y deslizamiento de granos, activado
por procesos de difusion en las fronteras de grano. A velocidades de deformacién bajas
(~107*s™1) el mecanismo dominante activado por la difusion en fronteras de grano es la
rotacidon y deslizamiento intergranular de la ferrita, reduciendo los defectos (cavidades,
poros y descohesiones). A velocidades de deformaciéon mas altas es la recuperacion
dindmica de la ferrita debido al deslizamiento y apilamiento de dislocaciones {mecanismo
intergranular) comdn en procesos convencionales de deformacién en caliente. A la
temperatura propuesta (800°C), en el intervalo intercritico de ferrita y austenita estables,
fos aceros de construccion con microestructura UFG/UFF y bandas manufacturados por
laminacién en caliente, con espesores menores a 5 mm, serian superplasticos a
velocidades de deformacién que harian competitiva su produccién por métodos de
manufactura convencionales.

Este acero presenta propiedades superpldsticas que permiten alcanzar altas
deformaciones al ensayarlo a traccion (mayor al 100%) v cuando la temperatura vy la
velocidad de deformaciéon son adecuados. Para el acero ensayado, la velocidad de
deformacidén a la que el material presenta el comportamiento superpldstico 6ptimo a
800°C es ~107*s™!, con esfuerzos de cedencia menores a 60 MPa y elongaciones
mayores a 200%. El acero mantiene su tamafio de grano durante la deformacién: la
austenita presente (transformada a perlita durante el enfriamiento) evita el crecimiento
de los granos ferriticos superplasticos. La estructura bandeada ferrita — perlita original se
convierte en una estructura mas homogénea formada por ferrita y perlita en la
deformacidn: las bandas se difuminan o desaparecen debido a la deformaciéon no
homogénea de grupos de granos ferriticos (deslizamiento y rotacién). A pesar de que
estos aceros pueden presentar deformacién superplastica a alta temperatura, este tipo de
deformacién a temperaturas elevadas no implica un crecimiento generalizado del tamafio
de grano inclusive cuando la velocidad de deformacién es muy baja (107°s™1).

Finalmente, a temperaturas menores a 800°C (por ejemplo a 750°C), los aceros con
microestructura principalmente ferritica se comportan diferente que a esta temperatura.
La austenita se vuelve termodindmicamente inestable a tensidn, transformandose en
ferrita y carburos (principalmente cementita); durante el enfriamiento los granos ferriticos
crecen y el acero, por lo menos parcialmente, perderia su comportamiento superplastico
durante la deformacién a velocidades bajas. Es importante notar que después de los




ensayos a 800°C la microestructura estd formada por perlita, ferrita y precipitados,
mientras que, tras ensayarlos a 750°C, la microestructura a temperatura ambiente sélo
estd constituida por ferrita y precipitados.

Por lo anterior, la seleccion de la temperatura adecuada para la deformacién es
critica en aceros de construccion UFG, de igual manera que con aleaciones metdlicas
superplasticas convencionales.
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6 Suggestions for future work

In this thesis, the superindex m of the equation o = K¢™ was calculated through
the expression:

— 10g(0’y2 /GY1)
log(s’oz/éol)

where o, is the yield stress at 0.2% and &, the initial strain rate, in tests made at two
different strain rates. Figure 2.22b shows the m coefficient from this equation using pairs
of data obtained from tension tests.

But another possibility and a suggestion for future work is to calculate the
superplasticity m coefficient through the formula:

log(F,/F;)
m=——a~ 2717
log(s’oz/éol)

where F is the load the specimen suffers under tension. This calculation must be done
between data from specimesn under different strain rates and, as a suggestion, every
10% of strain of the specimen.

Considering the data {load every 10% of strain) from the universal testing machine
INSTRON for two specimens with different strain rates and calculating the superindex m,
Figure 6.1 can be obtained. In particular, this curve takes into account data from a
specimen with L, = 30 mm tested at a crosshead speed of 0.2 mm/min (strain rate
go = 1.11 x 107* s71) and another specimen with L, = 57 mm tested at a crosshead
speed of 0.2 mm/min (strain rate &, = 5.85 X 107° s™1). This curve shows that the
superindex m is not constant and increases with strain.
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Figure 6.1 Variation of superindex m while changing strain values

The variation of the m values could be interesting as this would mean reaching a
higher value than the one calculated through the yield stresses. And a new optimum
superplastic window could be found, not just with temperature and strain rate, but also
with the percentage of strain suffered by the steel. From a manufacturing point of view,
this would mean achieving higher deformations with even less load/stress resulting in
even cheaper drawing or bending processes.

On the other hand, it would be interesting to analyze using transmission electron
microscopy the presence, distribution and position of precipitates inside or at the
boundaries of the ultrafine grains.
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Abstract: The industrial level production of ultrafine grained (or ultrafine ferrite) ferrous alloys was investigated
through three examples of steels that complied with the EN 10149-2 Euronorm and were produced by advanced con-

trolled hot rolling techniques. The steel samples were tension tested and chemically analyzed, and the microstructure

was evaluated through quantitative metallographic techniques to determine parameters such as yield stress, amount of

microalloying elements, strain hardening coefficient, grain size, and grain size distribution. These steels were micro-
alloyed with Ti, Nb, and Mn with ASTM grain sizes of approximately 13—15. The careful control of chemical com-

position and deformation during production, giving a specific attention to the deformation sequences, austenite non-
recrystallization temperatures and allotropic transformations during cooling, are indispensable to obtain steels with an
adequate strain hardening coefficient that allows cold working operations such as bending, stretching or drawing.

Key words: ultrafine steel; metallography; strain hardening; Euronorm

Though the most important industries for the
21st century are thought to be the development of
advanced materials (also known as new materials),
information technologies, artificial intelligence, and
biotechnology™! , price reductions and improvements
in quality and properties in steel have maintained
this material as a leader in all industrial applica-
tions'™, More specifically, the use of structural ma-
terials in the second half of the 20th century included
the competition between Fe-C alloys and other me-
tallic materials, which resulted in advanced steels
that respond to large production necessities. The in-
terest in Fe alloys is based upon other things, in its
changes during solid state transformations, restora-
tion and recrystallization, and texturest®!,

For example, there is an ongoing activity in the
steel industry to develop new methods to produce
high strength low alloy (HSLA) structural steels
with lower cost and improved properties. The use of
heat treatments such as normalizing and quenching
and tempering, and more recently, thermomechani-
cal controlled rolling processing techniques (TM-
CRP) and the use of continuous annealing processing
lines (CAPL) have been developed to produce fine
ferrite grain sizes in final products. These techniques

Biography: R Gonzalez(1967—), Male, Doctor;

E-mail: robglez@ up. edu- mx;

have shown a significant improvement in strength, frac-
ture toughness, and weldability through the refinement
of ferrite grain size (up to 12 ASTM G, d,~5 um),
which was the grain size lower limit reachable in the
industry 30 years ago'*]. However, the Hall-Petch
equation predicts that a reduction from 5 to 1 ym
should increase the yield strength of a given steel up
to 350 MPa and decrease the impact transition tem-
perature (ITT) up to —100 CP, In this study, the
results of current commercial techniques like TM-
CRP are presented, which improve properties and
allow the replacement of some costly alloy steels
with either-plain carbon or microalloyed/low alloyed
carbon steels, demonstrating that the industrial pro-
duction of fine, equiaxed ferrite grains with d~~2 —
3 um is possible.

Thermomechanical processing such as con-
trolled rolling, controlled cooling and direct quench-
ing save energy in steel manufacture by minimizing
or even eliminating the heat treatment after hot de-
formation, thereby increasing the productivity for
high grade steels. It generally demands a change in
alloy design and frequently reduces the productivity
of the hot deformation process itself, but makes it
possible to reduce the total amount of alloying addi-
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tions and to improve strength, toughness, and weld-
ability, whilst sometimes producing new and benefi-
cial characteristics in the steel.

A large amount of the rolled steel products cur-
rently produced are of the microalloyed type. These
steels are usually soaked at high temperatures when
roughing deformation is carried out, In the case of
conventional controlled rolling (CCR), rough roll-
ing is followed by fast cooling and finishing passes
are carried out at temperatures where the austenite
remains un-recrystallized. The microalloying ele-
ments, which remain in solution (partially or com-
pletely) during rough deformation, start to precipi-
tate after finishing deformations at low tempera-
tures. Nb, Ti and V are the most commonly used
microalloying elements and during cooling, they
combine with C and/or N to form carbide, nitride
and/or carbonitride precipitates. These fine precipi-
tates play an effective role by retarding recrystalliza-
tion (and therefore, increasing the recrystallization-
stop temperature) that usually follows deformation
and thus, helps to retain the accumulated strain and
deformed structures of austenite grains.

1 Experimental

The research was made in three HSLA steels in

the form of sheet with different thicknesses, ob-
tained by TMCRP in its raw hot rolled state: S355
(4.5 mm), S460 (5 mm) and S550 (3.5 mm). The
chemical composition and mechanical properties es-
tablished by the EN 10149-2 (1995) Euronorm are
presented in Table 1 and Table 2, whereas the chemical
analysis of the hot rolled strip in mass percent is given in
Table 3. The values for C and S were analyzed in an
LECO CS444 system by the combustion method; for
the remaining elements, an ARL 4460 optical emis-
sion spectrometer was used, and Table 3 indicates
the average of three measurements,

To determine hardness, tests were made fol-
lowing the UNE-EN 1S06507-1 standard,:- which
specifies the Vickers scale (HV). A GNEHM OM-
150 universal model durometer was used with a load
of 100 N, and the results, average of five measure-
ments in each sample (in the rolling plane surface),
are presented in Table 4.

Tension and resilience properties were evaluated
by machining samples from the strip with a calibra-
ted length of 100 mm, a gauge of 50 mm, width of
10 mm and thickness of 3 mm, in accordance to
UNE-EN 10002-1 standard. The samples were tested
in an INSTRON 1195 universal machine, equipped
with a load cell of 100 kN. Engineering yield stress,

Table 1 Chemical compesition of thermomechanically rolled steels

Material
Name e:" we/%  wm/% ws/% wel/%  ws/%Y  wad% wa/%D wy/%P wn/%P  wwe/% we/%
number
8355 1.0976 <0.12 <1.50 0. 50 <0. 025 <{0.020 =0.015 <0. 09 <0. 20 <0.15 - -
S460 1.0982 <0.12 <1.60 <0. 50 <0. 025 <0.015 =0. 015 <0. 09 <0. 20 <0.15 — -
S550 1.0886 0. 12 <<1.80 0. 50 0. 025 <0. 015 =0. 015 <0 09 <0, 20 <0.15 — -

Note: 1) If ordered, the sulphur content should be less than 0. 01% ; 2) The sum of Nb, V and Ti should be less than 0. 22%.

Table 2 Mechanical properties for thermemechanicaily rofled steels

Minimum percentage elongation at fracture

Minimum mandrel

Name Material Minimum yield Tensile = 53 diameter when
number strength/MPa strength/MPa® <3 mm, £25 mm, R o
Lo=80 mm? Lo=5. 65 \/Toi*) bending at 180
8355 1.0976 355 430— 550 19 23 0. 5¢
S460 1.0982 460 520—670 14 17 iz
S550 1.0986 550 600—760 12 14 1. 5¢

Note: 1) The values for the tensile and bending tests apply to longitudinal test pieces and transverse test pieces, respectively; For
thickness £=>8 mm, the minimum yield strength can be 20 MPa lower; 2) Lo is the initial length of the tension test sample;

3) Sy is the initial width of the tension test sample,

Table 3 Chemical composition of investigated steels

(mass percent, %)

Steel C Si Mn P S Al Ti Nb v Cu N

8355 0.06 0.01 0.32 0.011 0. 009 0. 026 0. 002 0.023 - 0.015 0. 056
5460 0. 07 0.01 0. 60 0.009 0.013 0. 036 0. 062 0.043 - 0.016 0. 042
5550 0. 07 0.19 1.55 0.016 0. 004 0.029 0. 070 0. 048 0. 005 - 0. 045
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Table 4 Mechanical properties of investigated steels

Steel S355 S460  S550
HV10.-. 160 181 220
Equivalent ultimate tensile strength from
7 7

hardness/MPa 553 60 10
Yield strength/MPa 405 532 630
Ultimate tensile strength/MPa 549 603 711
Total elongation/ % 34 22 21
Yield strength/Ultimate tensile strength  0.74 0.88 0. 89
Strain hardening coefficient 0.13 0.12 0.11

engineering ultimate tensile strength and total elon-
gation were measured and the ASTM E-646-78
standard was used to determine the tensile strain
hardening coefficient n, from the engineering stress
(s) -strain (e) curve (Fig. 1), using the Ludwik-
Hollomon power curve mathematical expression ¢=
Ke", where ¢, ¢ are the true stress and the true
strain, respectively, and K is a constant.

Metallographic characterization was carried out
on the transverse section parallel to the rolling direc-
tion, after mechanical grinding, 6 and 1 ym diamond
paste polishing and final polishing with 0. 05 pym y-a-
lumina solution. The Nital-Z reactive was used to
etch the samples, which were observed in a Nikon-
Epiphot metallographic optical microscope. Due to
the fact that in all cases, magnifications higher than
100 were used (as these are ultrafine ferrite steels-
UFF, qualitative determination of the ASTM G
number, was made using the formulat®!.

—! M
G=G +6.64-1g 100

where, G’ is the ASTM grain size measured as if the

H

micrograph was taken at a magnification of 100; and
M is the actual magnification of the micrograph.

For quantitative metallographic analysis of grain
size (mean linear intercept) and volume fraction of
the minority constituents (pearlite), a Buehler Om-
nimet image analyzer system connected to the Nikon

N\
S356 (3.4 um)

0 5 10 15 20 26 30
ef%

Fig. 1 Engineering stress-strain curves for investigated steels

Epiphot microscope was used, in accordance to the
ASTM E112 standard and the expanded version
E1181-02. The measurement of the mean linear in-
tercept is automatically performed by the equipment
on lines traced on the micrograph at 0°, 45°, 90° and
135° from the rolling direction. Volume fraction f,
of the pearlite phase is measured by point counting
analysis on the micrographs using a mesh of dots
with an optimal gap in order to avoid that two con-
secutive dots are placed in the same pearlite colony.
The number of dots measured was at least 396,
which results in f,/s,=0. 05, where ¢, is the stand-
ard deviation in statistical analysis, resulting in a
confidence level of 95% for the pearlite volume frac-
tiont”, The relationship between ASTM G grain size
and the mean linear intercept L, in the case of the
ferrite phase, was calculated with the formula;
G=—3. 356—6. 644lgL (2

2 Results and Discussion

The micrographs taken from transverse sections
parallel to the rolling direction of S355, S460 and
S550 steels show common characteristics (Fig. 2);
slight banding of the microstructure in the rolling di-
rection, pancake structure of the ferrite caused by
the controlled rolling process with elongated grains
in the rolling direction, totally recrystallized struc-
tures, and very small volume fraction of pearlite.

The grain morphology in 8355 [Fig. 2 (a)] is
considerably different from those of samples 5460
and S550 [Fig. 2 (b) and (c¢)], as the latter two
steel samples show evidently elongated grains,
which also explain their higher vield strength and ul-
timate tensile strength (Table 4), regardless of the
sheet thickness. In Table 4, the estimated ultimate
tensile strength values obtained from the hardness
are also compared with the tension test ones, resul-
ting in very similar numbers.

Fig. 3 presents the ASTM G grain size frequency
histograms for three typical sets of micrographs of
the investigated steels, resulting in the data for G,
sd standard deviation and L indicated in Table 5. It
is clear that these are UFF steels with L of approxi-
mately 1.9 pm for S460 and S550, and a slightly
higher value (approximately 3.1 um) for the Nb mi-
croalloyed S355. The grain size distribution is very
similar in samples S460 and S550 [Fig. 3 (b) and (c)],
whereas sample S355 shows a more symmetrical and
wider distribution [Fig.3 (a)], which results in a
larger amount of small grains in $460 and S550, and
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Fig. 2 Captured image of S355 steel (a), S460 steel (b), and S550 steel (c)
1400 Table 5 Microstructural measurements for
@ three investigated steels
1000} Steel S$355 S460 S550
fv of pearlite/ % 3.9 6.9 2.4
600 ASTM G 13.0—13.5 14.5—15.0 14.5~15.0
ASTM G? 13. 32 14.70 14.75
sd? 1. 67 1.54 1.63
200 » 3.09 1.92 1. 88
4 003 Note: 1) Qualitaﬁvely estimated vélue; 2) Values measured
®) using the image analyzer system.
3000
% sented for UFF steels, in an attempt to develop high
g 2000 | strength along with high fracture toughness materi-
s alst® ), In a recent work at the Max Planck Institu-
'g 1000 } tel), ultrafine grains of 1—2 pm were achieved in
Z plain carbon steels by combining a hot deformation
4 008 c stage, followed by a heavy warm deformation and fi-
©@ nal controlled cooling. The carbon content of the
3000 | steels examined ranged from 0.17% to 0.31% so
that a fine cementite dispersion could be achieved in
2000 | the ferrite matrix which helped to stabilize the ultra-
fine grains particularly during the long high temper-
1000 f ature period while cooling. These materials resulted
in yield strength of 590 MPa, ultimate tensile
V- . strength of 660 MPa, and elongation of 19%.
© I g ; g g ;: g ; ; The techniques used by the authors just men-
ASTM G tioned, ARB (accumulative roll-bonding)t®, DSIT

Fig. 3 ASTM grain size distribution in S355 steel (a),
$460 steel (b) , and S550 steel (¢)

therefore a higher yield stress as indicated in Table 4,
independently from the amount of second phase par-
ticles enhancing resistance,

Table 5 presents the fraction volume of pearlite
and the qualitative estimate of the ASTM G grain
size obtained by patterns, in accordance to the
ASTM E-112 standard, in micrographs with magni-
fication over 600.

In recent years, several reports have been pre-

(dynamic strain induced transformation)™®, CRA
(cold rolling and annealing)!*?, RTA (rapid trans-
formation annealing)!'?, are all based on some type
SPD (severe plastic deformation) process. This is
not the case of steels obtained by TMCRP, where
the final thickness reduction (finishing) is only of
50% (e=0.7). Furthermore, none of these tech-
niques have yet surpassed the laboratory level. As
indicated by Howe!'*), it may be deduced from all
this work that UFF steels have an “Achilles’ heel”,
as they tend to exhibit unstable plasticity upon
yielding, restricting its potential industrial applica-
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tions: they show uniform elongations (¢,) and very
low strain hardening coefficients (g, = n<(0.1),
which makes them unviable for forming processes
such as bending, stretching, and drawing at room
temperature. The tensile curves for many UFF
steels obtained in a laboratory scale (grain sizes as
small as 0.5 pm have been reported)! usually
show a local elongation zone normally denominated
“Liiders effect” (formation of Liiders bands), which
results in fracture, This behavior is typical in effer-
vescent steels not treated with Al/Ti, and in ferrous
and non-ferrous alloys with ultrafine grain size®*,
as shown in Fig.4 (Morrison and Miller'’™™, from
Lesliel™*)),

To explain the low ductility of the UFF steels,
the results presented by Morrison and Miller!"!
must be considered (Morrison law), in which.» is
related to the mean grain size d (equivalent to the
mean linear intercept, L) by the equation;

5
“loFa @

results in the following: if d=0. 010 mm, n=0. 25
and if d=0. 0005 mm, »=0. 09<0. 1, as shown in
Fig. 5 (Morrison and Miller!™?, from Lesliel™!),
which means that the material has lost its capacity to
strain hardening. Moreover, professor Bhadeshial'*]
indicates that the apparently insatiable desire for fi-
ner microstructure has resulted in mixed outcomes in
the field of structural materials; simple grain refine-
ment leads to unacceptable poor ductility because the
capacity for work-hardening is lost. Nevertheless,
bulk nanostructured steels, microalloyed with Ti,
Nb and V, obtained by TMCRP with good proper-
ties have been commercialized, based on its success
in the y—>q stress or strain induced transformation to

n
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0.37 um
800
0.567 pm
ot | N

0.70 um
oot il "\

Nominal stress/MPa
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400
0 . . .
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Fig. 4 Effect of grain size on elongation for tension test
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Fig. 5 Variation of uniform elongation with grain
size in low-carbon steel

enhance work hardening and anisotropic grains to
boost the total amount of interfaces per unit vol-
ume, This phenomena must be taken into account,
as a normal very small grain size (<{1 pm) in its re-
crystallized state loses its capacity to strain harden

and has %<a and thus, if deformed, immediately

shows liidering effect and fracture without any plas-
tic uniform deformation''”3,

Fig. 6 schematically illustrates the three stages
of the controlled-rolling process and the microstruc-
tural change accompanying deformation in each
stage. In stage 1, coarse austenite (a) is refined by
repeated deformation and recrystallization (b),
though the steel transforms to relatively coarse fer-
rite (b"), except when using “Ti technology” which
allows, before rolling is performed, the refinement
of homogenized austenite grain size. During stage 2,
elongated, unrecrystallized austenite deformation
bands are formed (c) and ferrite nucleates on the de-
formation bands as well as y-grain boundaries, resul-
ting in fine o grains. In this case, “Nb technology” has
to be used in order to accumulate deformation within
the austenite when rolling happens at a temperature
an 3
which is a fundamental parameter in the process. In

)
‘I“‘ @Recrysmﬂized grains

below the non-recrystallization temperature,

Tor
1 () Non-recrystallized grains

% "|‘ As C% deformation bands
- — e ==
& } Ferrite with

i sub-structure

H

i

® i Dy @
= Large and (@\ %/ e@/

Equiaxed grains

equiaxed grains

Deformation

Fig. 6 Schematic diagram of controlled rolling process
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the case of stage 3, deformation in the oy dual-
phase region continues the process started in stage
2, and results in a substructure. If, in a comple-
mentary way, "V technology” is used, a structural
precipitation hardening of V,C; will occur in the fer-
rite phase.

Summarizing, controlled rolling procedures in-
clude the reduction on the rapid recrystallization re-
gion (stage 1), a delay on the rolling between stage
1 and stage 2, and a reduction in the final non-re-
crystallization region (stage 2). Optionally, deform-
ation below A,; (stage 3) or accelerated cooling may
be followed. Accelerated cooling after hot rolling is
currently being recognized as a further advanced
hot rolling
process. This cooling process is characterized by ac-

thermomechanical treatment in the

celerated cooling in a y—>« transformation range just
after controlled rolling. It has been shown that the
accelerated cooling refines the o grain size and thus
further improves both the strength and toughness.
In industrial practice, when fine recrystallized 7y is
deformed by 50% (e==0.7) in the non-recrystallized
region, the resulting grain size, under careful cooling
conditions and coil design, is higher than 12 ASTM G
(d,<5 ym), which compared to common normalized
products with a 10 ASTM G (d,~10 uym) grain size,
at their best, is a considerable improvement!'®,

As indicated by Perosanzl'®, the solubility
products of the mentioned carbonitrides, as well as
of other chemical compounds (AIN, MnS, V,C;),
result in limit solubility temperature of the carboni-
trides, non-recrystallization temperature of the aus-
tenite and y— o allotropic transformation temperature
during cooling, with values close to (:<{6 mm) .

1) Starting precipitation temperatures T,

TiN
1g<wT;wN>=—“14Tﬂ+5.o 4
1g€0. 07 X 0. 005)=w+5.0
T,.=1703 K(1430 C)

Nb(C,N)

12 —6770
lg[wm, we+ 1’:“ }= 2. 26 (5)
lg[ 0. 04 | 0. 08+1220-00511 _—6770, , o
14 T

Tps=1431 K(1158 C)

NbC
1g(w‘§f7wc)=—7,1§30+3.11 (6

—7530
T +3.11

1g(0. 04%% X 0. 08) =
T,=1388 K(1115 C)

TiC
lg(wroe) = "7,19°°+z. 75 %)

—7000
T

T,.=1399 K(1126 C)
2) Non-recrystallization temperature (T, )
T =8674464wc + (6 445wy, — 644w ) +
(732wy — 230wy? ) + 890w (8
T,.~~867+37.12+257.8—128. 8-+
62.3=1095.4C
3) v o transformation temperature during

1g(0.07X0. 08) = +2.75

cooling (T, ) for t==5 mm;:
T4, =910—310we — 80wy, +0. 35(+—8) (9
Ty, =910—310X0. 08—80X 1. 5+0. 35 X (5—
8)=910—24.8—120—1.05==764 C
As mentioned, it is well established that the
precipitation of Ti and Nb carbonitrides plays a very
important role in controlling austenite grain growth
during soaking and roughing operations and the pre-
cipitation of Nb carbonitrides retarding recrystalliza-
tion at temperatures of finished controlled rolling
operationst?3. It is well known that in the tempera-
ture range of interest, diffusion of carbon and nitro-
gen is some orders of magnitude faster than the dif-
fusion of titanium and niobium. Therefore, Ti and
Nb are expected to be the rate controlling ele-

ments? 721,

3 Conclusions

Recently, the production and commercialization
of UFF steels in their raw hot rolled state by TM-
CRP is a reality. Grain sizes range from 2 to 3 pym
(ASTM G 14). The yield stresses are up to 700 MPa,
and the uniform elongations are higher than 10%.
These UFF steels are weldable owing to their low
carbon content and they have low impact transition
temperatures below 0 C. These steels are used in
construction and in reinforcement parts for the auto-
motive industry.

The achievement of these properties is the re-
sult of a careful control of chemical composition, in-
cluding microalloying, the know-how acquired in the
TMCRP, and giving a specific attention to the de-
formation sequences, austenite non-recrystallization
temperatures, and 7y —> a allotropic transformation
temperature during cooling.
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These steels show ductility and forming capacity
superior to the ones obtained by other techniques
which, even worse, have not yet reached the indus-
trial level, nor the commercial distribution.
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Ultrafine grained steels and the # coefficient of strain hardening

Aceros de grano ultrafino y el coeficiente n de endurecimiento por deformacion

R.Gonzdlez', M.J Quintana', L.F.Verdeja’ and J1.Verdeja ?

Recibido: Julio 2011 Aceptado: Agosto 2011

Abstract.- Though many efforts have been made to obtain ultrafine grained steels, the
industrial production level has not yet been reached due to the plastic instability during forming.
The present work shows, using three examples, that high strength low alloy steels produced by
advanced thermomechanical controlled rolling are in fact ultrafine grained steels with grain sizes
below 5 wm, establishing also a connection between the coefficient of strain hardening,
mechanical strength and admissible thickness tolerances in steel sheets, in order to use these
materials in cold work forming (bending and drawing). A minimum value of coefficient » must
be reached in order to assure commercial use of the steel sheet.

Key words: UFG steels, microstructure, mechanical properties, forming

Resumen.- Aunque se han heche muchos esfuerzos para fabricar aceros de grano ultrafino, la
produccién nunca ha llegado a niveles industriales debido, sobre todo, a la inestabilidad
pléstica del material durante la deformacion. A través de tres ejemplos, el presente trabajo
muestra que los aceros de alta resistencia y baja aleacion manufacturados por la técnica de
rolado avanzado termomecdnicamente controlado, son de hecho aceros ultrafinos con tamarios
de grano por debajo de 5 pm, estableciendo ademds conexiones entre el coeficiente de
endurecimiento por deformacion, resistencia mecdnica y tolerancia de los espesores admisibles
en placas de acero, de forma que estos materiales puedan ser conformados en frio (plegado y
estampado). El coeficiente n debe alcanzar un valor minimo para asegurar el uso comercial de
la placa de acero.

Palabras clave: aceros de grano ultrafino, microestructura, propiedades mecdnicas, estampado.

1. Introduccién.- Over the last years and in many countries (U.S., Great Britain, Germany,
India, Japan and Australia) numerous researches have been carried out to obtain ultrafine grained
steels (UGS). These investigations have not yet reached industrial level as the plastic instability
during forming (7 = () remains an unsolved problem. This work shows, using three examples,
how high strength low alloy (HSLA) steels contemplated by Euronorm EN 10149-2 standard and
manufactured by advanced thermo-mechanical controlled rolling processes (ATMCRP) are in
fact UFG steels and are used primarily in the automotive and construction sectors. Following
well established research works and thickness tolerances industrially admitted in hot work

' School of Engineering, Universidad Panamericana, Augusto Rodin 498, 03920, México, D.F., Mexico, Tel. (52)55
1251-6859, Fax. (52)55 5482-1600 ext. 6101, robglezibup.edu.inx
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lamination, it is shown that values above n=0.1 are indispensable for UFG steels to be
subsequently cold-formed.

In recent years, both the steelmaking industry and laboratories in different parts of the world,
have shown an increasing interest in reaching an industrial level production of ultrafine grained
steels (ultrafine ferrite — UFF, ultrafine grain — UFG)1, being the most interesting ones those with
grain size d (mean linear intercept) lower than 5 pm (grain size G ASTM higher than 12),
resulting in an increase in mechanical resistance and fracture toughness expected from these
microstructures2. Though, till present time, none of the different techniques that have been set up
at a laboratory level, such as severe plastic deformation (SPD)3-5, accumulative roll bonding
(ARB)6, dynamic strain induced deformation (DSIT)7,8 and rapid transformation annealing
(RTA)9, have achieved to overcome the plastic instability consequence of the low strain
hardening n coefficient value that the UFG steels manufactured by these procedures show10.

Only advanced techniques of control rolling such as advanced thermomechanical cold rolling
processes (ATMCRP) used by the steelmaking industry in collaboration with research labs such
as the Sid-met-mat of ETSIMO (Oviedo University, Spain), have obtained industrial level
productions of UFG steels. This is the case of the Arcelor Mittal de Asturias Group (Spain),
whose UFF steel productions in raw hot rolled state overpassed the 60,000T level in 2010, in the
form of hot rolled sheet (thickness above 1.5 mm). This work tries to establish, in a resumed
form, the connection between the n coefficient, grain size, mechanical resistance and thickness
tolerances admissible in steel sheets, so that UFG steels may be used in cold work forming
operations for bending and drawing.

2. Experimental Work and Results.- Data from 3 UFG steels are presented, with code
names S355, S420 and S500, contained in the Euronorm EN10149-2 standard (Specification for
hot-rolled flat products made of high yield strength steels for cold forming. Delivery conditions
for thermomechanically rolled steels), whose chemical composition and mechanical properties
are specified in table I and table II respectively. The steel was delivered in the form of steel sheet
with a thickness equal or below 8 mm and were produced by ATMCRP (hot rolled raw state) in
the industrial facility of Arcelor Mittal de Avilés (Asturias, Spain). These materials are primarily
used in the automotive sector (reinforcements and supports) and in the construction sector (ties,
angles and crane arms). Table III shows the chemical analysis, obtained by the average of 3
samples of the steel sheets investigated. Steel S355 and S420 are microalloyed with Nb and low
Mn. The S500 steel is microalloyed with Nb-Ti and high Mn, all of them within the specified
composition required by the Euronorm.
Name Material C% Mn% Si% P% S% Al Nb% V% Ti%6 Mo% B%
number max max  max max max** total max* max* max* max  max

Y%

min
$315 1.0972 0.2 130 050 0.025 0020 0.015 009 020 0.15 - -
S355  1.0976 0.12 1.50 050 0.025 0.020 0.015 009 020 015 - --
S420 1.0980 0.12 1.60 0.50 0.025 0.015 0.015  0.09 0.20 0.15 - -
S460 1.0982 0.12 1.60 0.50 0.025 0.015 0.015 0.09 0.20 0.15 - --
S500  1.0984 0.12 1.70 0.50 0.025 0.015 0.015  0.09 0.20 0.15 - -
S550 1.0986 0.12 180 050 0.025 0.015 0015 009 020 015 - -
S600  1.8969 012 190 050 0025 0.015 0015 009 020 022 050 0.005
S650  1.8976 0.12 200 060 0.025 0015 0015 009 020 022 050 0.005

8700 1.8974 012 210 060 0025 0015 0015 0.09 020 022 050 0.005

Table I: Chemical composition of thermomechanically rolled steels. *The sum of Nb, V and Ti shall be max.
0.22%. **If ordered, the sulphur content shall be max. 0.01%
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Name Material Minimum Tensile Min percentage elongation Bending  at
number  yield strength at fracture 180° min.
strength{MPa] [MPa] <3 3 mandrel
L,~80 mm Ly=5.65VS, diameter
8315 1.0972 315 390510 20 24 0t
S355  1.0976 355 430-550 19 23 0.5t
5420  1.0980 420 480 -620 16 19 0.5t
S460  1.0982 460 520670 14 17 1t
S5006 1.0984 500 550-700 12 14 1t
S550 1.0986 550 600 - 760 12 14 1.5t
S600  1.8969 600 650 -820 11 13 1.5¢
$650 1.8976 650 700 - 880 10 12 2t
S7600 1.8974 700 750 -950 10 12 2t

Table II: Mechanical properties for thermomechanically rolled steels. The values for the tensile test apply
to longitudinal test pieces. The values for the bent test apply to transverse test pieces. For >8 mm the min.
yield strength can be 20 MPa lower.

Sample S$355 S420 S500

C 0.09 0.10 0.09
Mn 0.35 0.47 1.41
Si 0.02 0.01 0.02
S 0.008 0.010 0.012
| 0.011 0.016 0.019
Ti - - 0.075
Nb 0.021 0.044 0.047
Al 0.038 0.029 0.031

Table III: Chemical analysis of the three steel samples tested.

Table IV presents the mechanical characteristics of the steel sheets tested parallel to the rolling
direction, according to EN1002-1. The value of the n coefficient was calculated from the
engineering curves, as indicated by ASTM E-646-00 (Standard Test Method for Tensile Strain-
Hardening Exponents “n-Values” of Metallic Sheet Materials) which allows the calculation of

the rational tension curve 0 = K€" (o true stress; € true strain; 4 resistance coefficient). Figure 1
shows the engineering stress-strain curve (s-¢) of the mentioned steel sheets, adding as a
reference the curves of 2 other cold worked steels: an IF steel (free of interstitials and
microalloyed with Ti) and a dual-phase DP (Si-Mn-B) steel also produced at Arcelor Mittal in
Asturias''. Figure 2 presents for the same steels the logarithmic scale of both stress (¢) and strain
(e) which is used to calculate » and £ coefficients by linear regression adjustments of the data.
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Sample S355 S420 S500

t (mm) 3.5 5.2 45
R (MPa) 401 465 630
R.., (MPa) 390 449 618
er (%) 1.6 2.0 2.3
R,, (MPa) 440 534 678
A (%) 33% Q7+ 26*

Ra/Ry 0.89 0.84 0.91
n 0.12 0.16 0.10

G (ASTM) 13.2 13.3 142
oS¢ (ASTM) 1.40 1.47 1.05

L (um) 32 3.1 23
Y%RA 7.6 7.9 53

Table IV: Mechanical properties and parameters of the samples tested, along with quantitative
metallographic results. *LO=50 mm. ** LO=55 mm

700 ¢
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100

o b s e
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Figure 1: Stress-strain engineering curves of investigated steel sheets and data of DP and IF [11]
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Figure 2: Linear regression equations from the logarithmic stress-strain plot to
determine n coefficient

To determine the grain size G and mean linear intercept L , metallographic samples of the steel
sheets were obtained from the transverse section of the orientation parallel to the rolling
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direction, they were subsequently polished and etched with Nital-2 to reveal the microstructure.
Measurements were made in an automatic digital image analysis equipment coupled to a
metallographic optical microscope, operated according to ASTM E-112 and ASTM FE-1181-02
standards. Counting contemplated as many micrographs as necessary to obtain mean values of G
and L , with a confidence level interval of 95 per cent and a deviation lower than 10 per cent'”.

Table IV also summarizes mean values of G, standard deviation o, mean linear intercept L and
mean deviation RA. The relation between G and L was obtained using the formula'’:

G =—3.356—6.64410g L (mm) [

Figures 3, 4 and 5 show micrographs along with counting patterns and histograms of grain
number G, that were used to determine the data of table IV of the investigated steels. As
expected, these are UFG steels with a structure majorly ferritic and a small amount (less than 10
per cent) of pearlite.

{c)

18040

1484
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Figure 3: Metallographic image of sample S355 (a), along with detected grain pattern (b) and
ASTM G grain size distribution histogram (c)
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Figure 4: Metallographic image of sample S420 (a), along with detected grain pattern
(b) and ASTM G grain size distribution histogram (c)
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Figure 5: Metallographic image of sample S500 (a), along with detected grain pattern
(b) and ASTM G grain size distribution histogram (c)
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3. Discussion.- It is a well known fact in physical metallurgy, the plastic instability that the
UFG steels may present when tension tested'*”°. In the case of this work, as shown in fig. 1, the
yielding instability zones of the steels are between 1.5 and 2.5 per cent, but after that, a uniform
plastic strain-hardening deformation is followed. There are three reasons for this:

3.1  Strain-hardening » coefficient of these steels diminishes with grain size, in accordance to
a Morrison type law '

n=5/(10+d7") 2]

where d is the mean linear intercept (7: } in mm. Thus, in a steel with grain size ¢=10um (0.010
mm), the theoretical n value would be »=0.25; for a grain size of d=1pum, the coefficient would
be »=0.12, which are calculations that usually exceed the real » value.

3.2  The second reason, based on the first one, explains the increasing plastic instability in
UFG steels as the grain size becomes smaller. Heterogeneous deformations are generated in the
steel, known as Liiders bands, with increasing amplitude ¢; as the capacity of the material for

strain-hardening diminishes. When £, = n the steel presents necking without showing uniform

plastic deformation.
Morrison and Miller' quantified the plastic instability limit condition for a steel with a true

stress-strain curve that must fit a Ludwik-Hollomon expression of the type 0 =k&” . In other
words: £, =n [3]
If's, is designated as the lower engineering yield stress in tension:

o,=s,(+e )=ke] [4]
where O, is the true tension yield stress. Combining equations [3] and [4]:

kfs, = expln(l-Ine, )] (5]

for which the limit curve (£, =) is represented in figure 6 as k/ s, versus n. This last figure
highlights that all the steels with traction parameters below the limit curve will not reach uniform
plastic deformation levels. The steels presented in this work are above the limit curve but very

close to it (7= 0.1). On the contrary, IF and DP steels, taken as a reference, are well above the
limit curve and generate high uniform plastic deformations as they show #n values above 0.2.
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Figure 6: K/Sy ratio plotted vs. n coefficient for the investigated steel sheets

3.3  Cold work in these steels, both from forward deep drawing, as by biaxial expansion is
possible when the sheets {mechanically considered as membranes with plane stress states) have

strain hardening » coefficients and thickness sufficiently high enough. Keeler-Goodwin®"?,
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Backofen'® and Hosford'® have shown, among others, that the critical state of deformation in a
stamping process is the plane strain state: £, (maximum principal strain in the plane of the sheet)

=n; £, (minimum principal strain in the plane of the sheet) = 0; strain according to thickness

E,=—E =n 2. As these formulas show, the n coefficient is a critical factor. Furthermore, in

biaxial forward stretching, in order for the sheet to access forming in plane-stress conditions
without necking (deformation is located in the thickness direction), it is only possible if the sheet
has weaker zones or less thick ones, that allow the plastic collapse. Because of that, Marciniak

and Kuczynski** defined a defect factor f=ty, / t,, (figure 7) which would make the necking

possible in trajectories O, / 0, >0 (where 0, and O, are respectively the minimum and

maximum biaxial tensions at the plane of the sheet). In these conditions the maximum load the
sheet can withstand is reached when the deformation at the defect equals the # value. Therefore:

£ >0; & =0; & =—¢& (plane strain) [6]

In(t/t,)=—1n(l,/1,)=—n (at the limit); £ = £, exp(-n)  [7]

0, = Ol (stress compatibility) [8]
ke't,, exp(—¢& )= kelt, , exp(—n)= kn"t,, exp(—n) [9]
eiexp(—e,)=(tos/1,,4)n" exp(=n) = fn" exp(-n) [10]
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Figure 7: Schematic representation of a steel sheet with preexisting defect. Plane strain conditions

An approximate solution to equation [8] is the following:
£,=¢€,=n—n{l— f) [11]

Figure 8 presents the variation of £, (limit deformation) as a function of the defect factor /-f for
values of n = 0.05, 0.15 and 0.25 respectively. It may be observed that for thickness tolerances of
f =0.990, inferior to the ones admitted in the Euronorm EN 10051:199 (Continuously hot-
rolled uncoated plate, sheet and strip of non-alloy and alloy steels. Tolerances on dimensions and
shape) in hot rolled products ( /= 0.975), and superior to cold ones ( f = {).995), with values

of n= 0.1 the sheet may present necking, as if it were cold-worked rolled before withstanding
substantial homogeneous deformations. Thus, if the f factor and thickness tolerances of the sheet
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are added to the decrease in the » value as the grain size diminishes (UFG steels), cold work
forming in biaxial expansion will not withstand homogeneous deformations as required by the
manufacturing process.
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Figure 8: Maximum uniform strain as a function of initial imperfection l-f in the steel sheet for n
coefficient values of 0.05, 0.15 and 0.25

4. Conclusions.- Steels standardized by Euronorm EN-10149-2 in its raw state of hot rolling
are in fact UFF (UFG) steels, showing yield stresses in the interval of 315 to 700 MPa and strain
hardening coefficients that decrease with yield stress but superior to 0.1.

There are two factors that result in the extinction of the n coefficient, that disable cold-work
operations. The first one is an excessively small grain size close to 1lum (16-17 ASTM), which
makes uniform deformation processes and strain hardening impossible.

The second one is that thickness tolerances, necessarily admitted in hot and cold rolled products
(0.975<f<0.995) have an impact in the form of defects in products manufactured by biaxial
drawing, so for values of » lower than 0.1 (which means that maximum homogeneous

deformations £, reaches 0) the steel may not be cold formed.
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Abstract

Double-phase steels are an excellent alternative in the production of automotive parts that
require high mechanical resistance, high impact strength and elevated elongation. These
materials are produced using low-alloy steels as a basis, reducing costs and resulting in a
combination of martensite and ferrite structures with ultrafine grain sizes. These characteristics
are accomplished through a strict control of rolling conditions: strain rate, cooling rate and direct
quenching. This work presents the results of tension testing of two types of double phased steels,
along with microstructural characterization, in order to understand the effect of the advanced
thermomechanical controlled rolling processes on the formation of the microstructure and the
resulting mechanical properties.

Introduction

As structural materials, double-phase steels (DP) show excellent mechanical properties,
which also allow weight reduction in the design of mechanical parts, particularly in the
automotive industry, due to a high strength — elongation ratio, excellent impact response and
consequently, the possibility of using thinner sections [1].

The microstructure of these steels is usually a soft phase (normally ferrite) combined with
the dispersion of a hard phase (almost always martensite with traces of bainite). This
microstructure results, mechanically, in a soft yield behavior, low yield stress / tension stress
ratio and elevated formability [2].

The production of these steels is achieved by the use of thermomechanical hot rolled
processes at temperatures close to A, where the strict control of the rolling parameters and the
cooling rate allow finished products that present grain sizes close to 1 pm, also known as
ultrafine grained steels (UFG) [3,4].

The strength of the DP steels is related with the amount of plastic deformation applied
during the thermomechanical processes in the intercritic region, due to the formation of
substructures in the ferrite. The epitaxial ferrite (phase that grows with thermomechanical
processes) is the reason why the tension stress improves while increasing the reduction in the
transverse area during rolling. This is achieved without a significant reduction in the ductility of
the material [5].
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In this type of steels, the reduction in grain size has a very important effect in the strain
hardening coefficient n from the plastic behavior equation: o = K&". The n parameter must have
a value higher than 0.1 in order to allow forming of final parts [6,7].

Although the use of microalloying elements (like Cr or Ni) may result in an increase in
strength, it also has a detrimental effect in the material’s formability during manufacturing, that
makes the low alloy steels (C, Si and Mn) ideal candidates in order to obtain ultrafine grained
microstructures, as well as the geometry of final products (drawing, bending, etc.) [8].

In this research, two double-phase steels with ultrafine grain sizes are investigated
analyzing their phase percentage (martensite and ferrite), as well as their low-alloy chemical
composition, and linking these parameters with their mechanical properties, which result in very
good options for the manufacture of automotive parts with high strength/weight ratio.

Experimental Procedure

The present work used steel strips with 1.35 mm in thickness (t), of two types of double-
phase steels (DP600 and DP780). These steels have a chemical composition with the following
ranges: 0.03-0.1 %C, 0.04-0.6 %Si, 1.5-2.1 %Mn, <0.015 %P and <0.010 %sS.

The strips were made with advanced thermomechanical controlled rolling processes
(ATMCRP) from its raw rolled state in the ArcelorMittal de Avilés facilities in Oviedo, Spain.
This process consists in the control of the speed and amount of deformation of sheets at adequate
times and temperatures to achieve the dual microstructure, in the following steps:

1. Homogenization. The slabs obtained by continuous casting with 200~250 mm in
thickness, are maintained at temperatures of 1200~1250 °C to start with a
recrystallized structure.

2. Roughing. In reversible rolling trains (husk tool and roughing tool), approximately 10
passes are made to reduce the thickness to ~20 mm and maintaining a temperature of
1200~1100 °C.

Waiting. Betore the finishing train, the material is cooled to 1100~1000°C.

4. Finishing. Consists in a train of hot or semicontinuous bands (7 boxes). The
temperature drops to 850 °C, obtaining a thickness of ~1.5 mm.

5. Controlled cooling. Atomized water is used as a cooling method until it reaches
coiling temperature (~600 °C). During this cooling the partial transformation y—a
takes place (if the cooling rate increases, the ferrite percentage diminishes).

6. Coiling. The sheet is coiled at a temperature of ~600 °C, so that below this
temperature the untransformed austenite becomes bainite-martensite. It is very
important that the coiling window between the ferritic-pearlitic zone (upper) an the
bainitic-martensitic one (lower) matches the mentioned temperature. Below this, with
the steel already coiled, the untransformed austenite will become bainite-martensite.

L2

Figure I Specimen aﬁer eing tension tested showing fracture and rolling direction (arrow)
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To manufacture steel specimens and determine its mechanical characteristics, the ASTM
E8-04 (Standard Tension Testing of Metallic Materials) [9] standard was followed. The samples
were tested in an INSTRON 5583-Standard universal machine with a calibrated extensometer
distance of 50 mm, using a displacement rate of 10 mm/min until the total fracture of the
specimens (figure 1). For each of the steel compositions (DP600 and DP780), two tension tests
were made to corroborate the repeatability of the mechanical behavior. The strain hardening
coefficient was obtained following the ASTM E646-78 standard [10], for each of the specimens
tested.

In order to microstructurally characterize the samples, a metallographic cutter was used
to cut the specimens and observe longitudinal sections of them. Traditional grinding and
polishing techniques were used to obtain mirror finish, and they were etched in a nitric acid 2%
solution (nital-2). Metallographic characterization was made through optical microscopy with a
Nikon Epiphot equipment with 10x, 20x and 40x lenses. Quantitative analysis of the grain sizes
of the ferrite and the martensite, was made using a Buehler Omnimet image analyzer connected
to the optic microscope.

Results

Figure 2 presents the stress-strain (engineering) curves for both the DP600 and the
DP780 steels. From the figure, it is evident that the 780 presents a higher yield and tension
stresses close to 800 MPa, while the DP600, with tension stress close to 650 MPa has a higher
total deformation (A %) before fracture (table 1).
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Figure 2 Stress — Strain engineering curves for both steels

Also, in the DP600 steel, the yield stress is clearly marked (threshold activation stress for
the dislocation movement), in comparison to the DP780 where it was necessary to calculate the
parallel line at a 0.2 % deformation to estimate the yield stress.

Figure 3 presents the linear regression curve of the plastic deformation between the true
yield and the true maximum stresses (logarithms) to calculate the coefficient » (strain hardening
coefficient), when considering the linearity of the equation:

logo =nloge+logK (1)
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where 7 is the slope of the straight line obtained by linear regression, these values are presented
in table 1. Both are higher than 0.1 which means that it is high enough for manufacturing
processes such as bending or drawing, though the DP780 has a higher value due to its higher
strength and lower plasticity.

Table 1 Dual-phase steels mechanical properties
DP600 | DP780
S, (MPa) 353.6 3653
Smax (MPa) 644.6 794.9
A (%) 27.95 20.41
S¢/Smax 0.55 0.46
n 0.2 0.2
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Figure 3 Linear regression for the strain hardening coefficient n for both steels, including the regression equation
and correlation coefficient (R)

Figures 4 and 5 present the microstructure (a), the identification of the phase by the
Buehler Omnimet equipment (b), the ferritic phase grain size histogram (c¢) and the martensitic
phase grain size histogram (d) for both the DP600 and DP780 steels, respectively. It may be
observed that the DP600 steel has a slightly equiaxed microstructure and the elongation of some
grains in horizontal (rolling) direction is also slightly noted. This same rolling effect is clearly
evident in the banded structure of the DP780. The distribution of the ferrite grain sizes indicates
that this phase in the DP600 can be approximated to a normal distribution with mean grain size
between 14 and 15 ASTM G. On the other hand, the DP780 grains are a combination of big and
small ones, with mean grain size of 17-18 ASTM G.

Regardless of the previous, the martensite (figures 4d and 5d) in both steels is presented
as a continuous phase, so it does not allow to determine delimited zones or grains and it is only
possible to calculate its volumetric fraction: close to 20% for DP600 and close to 45% for
DP780.

Figure 6 compares the microstructure of both steels after being tension tested.
Independently of the variation of martensite amount and the banded structure in the DP780, the
ferrite grain size is considerably higher in the DP600 steel (figure 6a).
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Bptern d% oty

Figure 4 Quantitative metallography of the microstructure (a) of the DP600 steel, phases identification (b), ferrite
grain size histogram (c) and percentage amount of martensite (d).

508



(d)
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Figure 5 Quantitative metallography of the microstructure (a) of the DP780 steel, phases identification (b), ferrite
grain size histogram (c) and percentage amount of martensite (d).

Discussion

In these low alloy steels, the ATMCRP rolling process achieves, independently of the
chemical composition of the steel, double-phase ferritic-martensitic structures with different
amounts of martensite (in this case between 20 and 45%) or different ferrite grain sizes (from 14
to 18 ASTM G). Controlled rolling, controlled cooling and direct quenching simultaneously
contribute in the modification of the static and dynamic recrystallization mechanisms of the y—>a
transformation, as well as non-diffusive processes of the martensitic formation by accelerated
cooling.
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Comparing figures 2, 4d and 5d, it is evident that the DP780 steel is more resistant than
the DP600 due to its higher martensite amount in its microstructure, because this phase’s
geometry is an effective barrier to dislocations in deformation, while the higher plasticity in the
DP600 can be directly attributed to the higher ferrite amount and a higher grain size (figures 4¢
and 5c¢).

When observing the stress-strain curve (figure 2) close to the yield stress, the DP600 steel
shows instability at this point (564 MPa), which means that the material plastic deformation
process is mainly controlled by the deformation of grains or ferritic zones (as shown in figure
6a). On the other hand, the sofiness of the DP780 curve indicates that the interaction between the
martensitic and ferritic phases (hard and soft) results in a plastic deformation with a » coefficient
of 0.2. This plastic deformation coefficient in both steels is high enough to allow subsequent
processes (drawing and bending) in the manufacture of parts. In other works [11-14], it has been
observed that a » coefficient lower than 0.1 results in an instability during the rolling process, as
well as during the manufacture of finished products (specially automotive ones). Therefore, the
controlled rolling processes (ATMCRP) are very attractive in order to obtain products with low
Sy/Smax ratio (table I), tension stresses between 650 and 800 MPa and plastic deformations
between 12 and 20%, specifically designed to fulfill applications of low—weight products and/or
high mechanical reliability.

Conclusions

The advanced thermomechanical controlled rolling processes (ATMCRP) allow,
specially through direct quenching of the steel sheets, modifications in the amount of martensite
present in the double-phase steels, as well as the size and distribution of the soft ferrite grains,
which mechanically results in finished products with tension stresses reaching 800 MPa, which is
only possible for a low alloy steel if the formed microstructure is of the ultrafine grained type
(>15 ASTM G).

It is also very important that the strain hardening coefficient » presents a high enough
value (>0.1), in order to avoid instabilities and defects during the drawing and bending processes
used in the manufacture of products from the automotive industry or others. Otherwise, the steel
may have very limited or non practical applications.
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Abstract

Steels with ultrafine grained structure may present superplastic behavior at specific temperatures
and strain rates that allow the grain boundary sliding mechanisms to be activated. The work
presents high temperature tension tests in a low carbon, low alloy steel obtained by advanced
thermomechanical controlled rolling processes, showing at 800°C elongations as high as 200%.
The microstructure of the steel was analyzed in order to identify ferrite and pearlite grain
boundaries, and their interaction after the specimens were deformed, showing intergranular
decohesions, restored ferrite grains and elimination of banded structure, which are evidence of
superplastic mechanisms in this material which is, in fact, ultrafine grained as demonstrated by
quantitative metallographic techniques and grain size distribution analysis.

Introduction

Ultrafine grained steels (grain size d~1~5 wm) are currently intensively studied worldwide, as
they offer a solution to finding very high strength materials. They also present high toughness and
are produced from standard steel compositions (which reflects in low cost) [1].

Recent works have shown that the ultrafine grained structure may be obtained in a hot rolling mill
by Advanced Thermomechanical Control Rolling Processes (ATMCRP) and not only from small
scale laboratory tests [2.3]. However, under some circumstances these materials may present an
important disadvantage as they exhibit unstable plasticity upon yielding, severely restricting its
potential uses [4]. In order to avoid this instability [5] the mechanical behavior of the steel must
show a strain hardening coefficient » (as measured by tension test with the ASTM standard)
higher than 0.1, in its hot rolling raw state. If this is achieved, the steel can be used for cold-work
operations such as bending, stretching and drawing and in commercial applications such as
automotive and other manufacturing industries [2].

The HSLA steels described in Euronorms 10149-2 and 10051 are examples of these materials, as
well as other construction steels or automotive special steels (just as the ones described in the
ultralight steel auto body — ULSAB project), resulting in lower cost materials and a step forward
in the research for better materials in industry, such as lightweight structures and components with
very good weldability and easier to recycle, all of this, reducing the cost of the alloy and meeting
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high specifications with steels that have a lower amount of alloying elements and that are
considered high-tech [6]. Furthermore, ultrafine grained steels (UFG) may be applied in the future
in most of the steel markets and can be used in other industrial applications, such as the ones that
require superplastic behavior, just as this work demonstrates.

A large number of non-ferrous alloys show superplasticity behavior during isothermal tensile
testing. This behavior is characterized by large elongations, usually higher than 100% and
sometimes reaching 1000% or more. Superplasticity, object of numerous research activities that
started in the 1960~1970s, has the following properties:

— high strain rate sensitivity to the flow stress as the essential and unique characteristic of
superplasticity [7],

— strong variation of properties as a function of grain size and strain rate [8],

— relevance of grain boundary sliding in the deformation mechanism [9],

— vacuum forming of the metal sheet when deformed against the die [10] and

— grain boundary sliding by diffusion and accommodation processes [11].

In other words, in order for the superplastic behavior to show high strain rate sensitivity, high
temperature testing (> 2 Tn), a fine microstructure and a relatively low strain rate are required
[12-14].

As an example of this, the work presents the high temperature superplastic behavior of an UFG
steel microalloyed with Ti-Nb obtained by ATMCRP at the Arcelor Mittal factory in Verifia
(Gijon, Spain), as materials of this type can show this behavior when certain conditions are met
[15,16]. The characteristics of the steel, delivered in the form of 27.6mm in thickness sheets, are
described in the experimental procedure.

Experimental procedure

The specified chemical composition for this steel (in weight %) according to the Euronorm is: C
0.168, Mn 1.361, Si 0.453, P 0.022, S 0.009, Cu 0.026, As 0.003, Al 0.028, Cr 0.035, Ti 0.026, V
0.002, Nb 0.033, Mo 0.004, Ni 0.031, Sn 0.002, Al (soluble) 0.027, B 0.0001, N 0.0055, Zr
0.0000, Ca 0.0001, O 0.0000, H 2.00 ppm, B (soluble) 0.0000. In the same way, the specified

mechanical properties are: higher yield stress (o) = 447 MPa, rupture stress (o,,,, ) = 567 MPa,
yield elongation with Ly of 50 mm (EI) = 31 % and impact resistance at -20 °C (KCV) =96 J.

The samples for the tests were obtained from the steel sheet in an axis parallel to rolling direction
and were machined in a cylindrical shape: 10 mm in diameter and calibrated gage length of either
Lo =57 or Lo =30 mm (ASTM E21-05 standard).

High temperature tension tests were made at different temperatures between 600 and 900°C (50°C
intervals) and different crosshead speeds in order to define the temperature interval in which the
steel would show a superplastic behavior. After defining a temperature in which the material
presented this characteristic, more test were made using different crosshead speeds in order to
determine the optimum strain rate at which the steel behaves superplastically. An INSTRON 1195
model equipment for traction test with a load capacity of 100 kN was used along with an
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INSTRON 3112 model furnace which allows reaching temperatures as high as 1000°C. The tests
were made without a protective atmosphere at speeds between 0.05 and 10 mm/min. Before the
tests were performed, uniform heating from room to test temperature was made, lasting 1 hour,
followed by a 5~10 min of stabilization. Variations of temperature inside the furnace were of
maximum +£10°C.

Considering the expression o = K™ (where K is a function of the temperature), the previous
deformation the steel may have suffered and the grain size, coefficient m expresses the sensitivity
of the applied tension to strain rate as follows:

- [log(o'y2 lo, )j )

log éoz / éo1

being o, and &, the yield stress at 0.2% and the initial strain rate, in tests made at 2 different
strain rates.

Taking into account that the steel can present superplastic behavior in the intercritic A;-Ajs range,
when the structure is biphasic (a + y) [10], the dilatometry absolute curve of the steel was
obtained using specimens of length L, = 57.2 mm and diameter D = 10 mm using a Griffin
dilatometer with a Sullivan potentiometer and a Chromel-Alumel thermocouple.

Metallographic observations were carried out before and after the high temperature tests were
made, analyzing the transverse sections of the samples in an axis parallel to the rolling direction.
For most of the samples, normal grinding, polishing and etching with Nital-2 solution procedures
were used. A Nikon Epiphot metallographic equipment connected to a Buehler Omnimet image
analyzer, which allows the automated counting of features using linear intersection techniques and
point counting over a mesh superposed to the microstructure image at 400 and 600x were used in
the analysis in order to determine the ASTM grain size and its distribution of either all the grains
of the steel or only the ferrite. A sufficient amount of micrographs (a minimum of 5), were used
during counting.

The metallographic observation was also used to analyze different types of structural damages
produced during superplastic deformation of selected samples.

Results

Figure 1 presents the dilatometry test for the steel where A; and A; values were registered at 720
and 820°C respectively, and relatively match the values expected from the Andrews formulas
[17] Ay = 726°C and Az = 840°C. The figure shows the heating and the cooling curves which
present, as expected, different A; and As values, though it confirms that at 800°C the material
would be in its a + vy state.

Figure 2 presents the engineering traction curves for samples tested at six different temperatures
and a crosshead speed of 5 mm/min. As expected, the higher the temperature the lower the
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maximum stress the sample may withstand, which for 600°C is above 200 MPa and for 900°C is
below 80 MPa. It is noteworthy that at 800°C the elongation of the sample is higher than 100%.

In figure 3, as the crosshead speed is 10 times lower than in figure 2, the steel shows lower
maximum stresses and for 600, 650 and 750°C, the evidence of more than 1 necking phenomena
which results in descending and ascending zones. Again, at 800°C the elongation surpasses 100%.
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Figure 2. Engineering stress-strain curves at different temperatures and 5 mm/min crosshead
speed
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Figure 3. Engineering stress-strain curves at different temperatures and 0.5 mm/min crosshead
speed

948



Considering an even lower crosshead speed (figure 4), the low strain rate promotes at 650 and
700°C the formation of multiple necks shown as ripples in the curves. All these figures indicate
that a temperature above 750 and below 850°C results in a smooth deformation and very high
elongations of the sample which is an indication of superplasticity.

Stross (Pa]
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Htrain fromdring

Figure 4. Engineering stress-strain curves at different temperatures and 0.2 mm/min crosshead
speed

Once figures 2, 3 and 4 were analyzed and 800°C was determined as a temperature in which the
material may present superplastic behavior, traction tests at different crosshead speeds were made
with this temperature value (figure 5). Though some ripples are evident during deformation at 5
mm/min, this phenomenon is increased at 0.5 mm/min. The smooth deformation of the samples is
only achieved when the crosshead speed is lowered to 0.2 mm/min. For 0.2 and 0.1 mm/min, the
elongation of the samples is close to 200%, as shown in figure 6, which compares a specimen with
Lo=30 mm with the samples deformed at 800°C and three different crosshead speeds.

B
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Figure 5. Engineering stress-strain curves at 800°C and different crosshead speeds

The microstructural analysis of the steel in its raw state (figure 7), and analyzing the grain size
distribution indicates a 12 ASTM G grain size mean value, which corresponds to approximately 5
pm. This size is small enough for the material to show, under the proper conditions of temperature
and strain rate, a superplastic behavior. It is also evident from figure 7 that the hot rolling
direction (horizontal axis) produces ferrite and pearlite bands and oriented microstructure.
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Figure 6. Elongation of samples with orlglngl Lo=30 mm (a) after traction testing at 800°C with
0.5 (b), 0.2 (c) and 0.1 (d) mm/min crosshead speeds

Nuinber of objils

Fig 7. Hot rolled raw state microstructure (a), déteéted grain pattern (b) and ASTM G grain size
distribution histogram (c)

On the other hand, figure 8 presents the same analysis on the hot rolled raw state material, but
only measuring the ferrite grains. The mean value of the ferrite grains distribution is closer to 13
ASTM G, which means that the small and soft ferrite grains are responsible for the superplastic
behavior.

Figure 9 shows the microstructure of a sample after being superplastically deformed at 800°C (0.1
mm/min crosshead speed) at a zone 15 mm from the rupture of the specimen. The banded oriented
structure has almost disappeared and restored ferrite grains are observed. Also, figure 10, shows
characteristics of the structure at the same zone with evidence of decohesion between the ferrite
and/or the ferrite-pearlite grains of different types. These are evidence of superplastic mechanisms
acting during deformation of the sample [18].
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Mumber of chisnls

Fig 8. Hot rolled raw state microstructure (a), detected ferrite phase (b) and ASTM G ferrite grain
size distribution histogram (¢)

Fig 9. Micrograph of a specimen superplastically deformed at 800°C at a zone close to rupture (15
mm away from it). Restored ferrite (R) is observed.

Fig 10. Micrograph of a specimen sﬁperplasticélly deformed at 800°C at a zone close to rupture
(15 mm away from it). w-shaped decohesion between ferrite-ferrite-pearlite (w), rr-shaped
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decohesion between ferrite and pearlite (rr), ferrite-pearlite decohesion (f) and ferrite-ferrite (r) or
pearlite-pearlite decohesion (p) are observed.

Discussion

The tension testing of the steel at high temperature indicates that both the temperature of the test
and the strain rate must be adequate to obtain a superplastic behavior (approximately 200% of
elongation). Though the curves shown in figure 2 have the usual shape of a tension test, as strain
rate becomes lower (figure 3), uncommon behavior, represented by the formation of more than
one neck during plastic deformation, becomes evident. Moreover, it is clear that at 800°C (figures
2, 3 and 4) the material presents elongation much higher than at any other temperature.

The microstructure of the steel shown in figure 7 is formed by ferrite and pearlite bands, typical in
construction steels which have suffered a peritectic reaction and solidification under non-
equilibrium conditions. As the partition coefficient for carbon, alloying elements (Mn and Si) and
impurities (P, S) in this steel, is lower than 1, the microstructure cannot be regenerated during
soaking treatment before hot-rolling [17].

Table I presents the values of o, and £ at a temperature of 800°C. If, considering the

superplastic notation [19], the dependence of stress with strain rate is analyzed (figure 11a), a
clear zone II behavior is observed, indicating that the transition from zone I (creep) to zone II is
not evident as much lower strain rates should be tested in order to observe it. It is also clear that at
higher strain rates, a zone III behavior emerges [11]. The regression lines, also indicated in figure
11a, have slope values of ~0.6 for zone Il and ~0.1 for zone III. When the strain rate sensitivity
coefficient m lies between 0.3 and 0.7, superplasticity is achieved [19].

Table I. Tension testing results obtained with different strain rates at 800°C

insigzlc:l:lfgnth Crosshead.speed Strain rate Yield stress Elongation
(mm) (mm/min) (1/s) (MPa) (%)
non-
30 0.01 7.00x10° 9.9081 (creep) determined
30 0.05 2.78x107 26.88 137.5
30 0.1 5.56x107 33.75 189.0
30 0.2 1.11x10™ 51.80 191.3
57 0.5 1.46x107* 5435 111.4
30 0.5 2.78x10™ 56.21 116.7
57 5 1.46x107 68.67 109.2

Ashby and Verrall have proposed the following constitutive equation that relates tension, strain
rate, grain size and temperature [11]:

o 980 P7_072F}DV[L+ZE;QE} )

 kTd? d d D

v

952



where ¢ is strain rate, Q atomic volume of ferrite, T absolute temperature, k Boltzmann constant,
o applied stress] interfaciala/a energy, d grain size, D  diffusion coefficient for the ferrite
volume, 6 grain boundary thickness and Dg diffusion coefficient for the ferrite grain boundary. For
ferrite, at 800°C, the values of D,, Q,I" and § are approximately 4x10 16 m¥s, 12.2x10°° m? , 0.6
J/m? and 5x10'° m respectively.

An approximate value for the diffusion coefficient (equation (2)) can be calculated through data
(o0,¢) of the material deformed in superplastic conditions obtained in tests at 750 and 800°C. An

approximation to the previous formula for constant grain size (5pm in this case) is the following:

gxo” exp(— %) 3)

where QO is the activation energy for the diffusion, R is the constant for ideal gasses and 7 is a
coefficient approximately equal to 7/m [12].

Equation (3) results in:

. G n
&)&_ — Y800 exp[_ _Q( 1 _ 1 ):‘ (4)
€0 \ O, R\1073 1023
And using the data: £, =5.56x10"s" and o, =33.75MPa at 800°C (1073 K) and
£150 =2.92x107s™" and o,  =3247MPa at 750°C (1023 K) for m ~ 0.3 (superplastic behavior

threshold), results in a value of O =~ 97050.024 J/mol . Therefore,

~-10
Docex( wjzl.SSSlxlO"S:4><1()““’(1+M&j (5)

Pl 83141073 5%10° D

V

where

=5 -10
nD, , 1.8851x10 n(5x10_6 ) 15100 (@t 800°C) ©
dD, 4x10 5x10
In other words, the diffusivity in grain boundaries is three orders of magnitude higher than the
bulk diffusivity. Therefore, the diffusion through grain boundaries is the one ruling the process of
intergranular sliding in superplasticity, which has been extensively studied [20].

If the slope m of the yield stress of figure 11a is calculated between each pair of data from tested
specimens, as indicated in equation (1), figure 11b indicates that a maximum value of m will be
reached at a strain rate close to 0.8x10™ s, which, at 800°C will be the best deformation rate in
order to obtain superplasticity in this steel.
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(b)

(a)

Figure 11. Influence of strain rate on yield stress (a) and superindex m (b) of equation (1) in
superplastic behavior at 800°C.

Figure 9 presents after deformation, ferrite grains of a larger size which are slightly elongated in
the rolling direction with evidence (subgrains) of having suffered dynamic recovery during
deformation. Furthermore, figure 10 shows:

e decohesions shaped as w and r, mainly located in the ferrite/pearlite (previous austenite grains)
interphase, which is an unequivocal proof of intergranular sliding during the deformation
process.

¢ small cavities in the o-pearlite (previous austenite grains) interphase, which shows different
deformation capacity for each of these phases.

e null evidence of generalized grain growth during deformation, as grain size is very similar to the
original one.

e grain (or grain groups) sliding and rotating, a consequence of superplastic deformation.

Conclusions

HSLA steels microalloyed with Ti — Nb and obtained by ATMCRP are usually ultrafine grained
steels with grain sizes lower than 5 pm. Also, when deformed at high temperatures (750 — 800 °C)

in the intercritic region (o + y), a superplastic behavior is shown with elongations higher than 100
%.

The mechanism described by Ashby-Verrall seems to be the most appropriate to describe this
superplastic behavior: rotation and sliding of grains activated by diffusion processes at the grain
boundaries.
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For this steel, the strain rate at which the material presents the best superpliastic behavior at 800°C
is of 0.8x107 ™.

Though these steels may show superplastic deformation at high temperature, this deformation
does not imply a generalized grain coarsening of the microstructure even when the strain rate is
very low (107 s™).
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Abstract

Steels with ultrafine grained structure may present superplastic behavior at specific temperatures and strain
rates that allow the grain boundary sliding mechanisms to be activated. The superplastic behavior implies
deformation to large strains by grain-boundary sliding with diffusional accommodation, as described by the
Ashby-Verrall model. The work presents high temperature tension tests in a low carbon, low alloy steel
obtained by advanced thermomechanical controlled rolling processes, showing at 800°C elongations as high
as 200%. The microstructure of the steel was analyzed in order to identify ferrite and pearlite grain
boundaries, and their interaction after the specimens were deformed. Microanalytical techniques (Optical and
SEM) show evidence of: damage growth that prevents the development of higher elongations to failure, non-
uniform flow (relative movement-rotation of grains in close proximity to each other) and intergranular non-
superplastic deformation (quasi-uniform flow); thus leading to premature failure.

Resumen

Los aceros con estructura de grano ultrafino pueden presentar comportamiento superpldstico a temperaturas y
velocidades de deformacién especificas, que faciliten la activacion de los mecanismos de deslizamiento de
fronteras de grano. El comportamiento superpldstico implica deformaciones elevadas por procesos de
deslizamiento de fronteras de grane con acomodo de materia por difusion, tal como lo describe el modelo de
Ashby-Verrall. El trabajo presenta pruebas de tension a temperatura elevada en aceros de bajo carbono y baja
aleacién obtenidos por procesos avanzados de rolado controlados termomecanicamente, mostrando a 800°C
elongaciones de hasta el 200%. La microestructura del acero se analizé para poder identificar las fronteras de
grano de la ferrita y de la perlita, y su interaccion después de que la probeta fue deformada. Las técnicas de
microanalisis (Optico y SEM) muestran evidencia de: crecimiento de defectos que impiden alcanzar
elongaciones a ruptura mayores, flujo no uniforme (movimiento-rotacién relativo de granos préximos entre
si) y deformacién intergranular no-superplastica (flujo cuasi-uniforme), resuitando todo esto en fractura
prematura.

Keywords: superplasticity, wltrafine grained, strain rate m coefficient, boundary sliding, high-strength low
alloy steels (HSLA steels)

Palabras clave: superplasticidad, grano ultrafino, coeficiente m de velocidad de deformacion, deslizamiento
de fronteras, aceros de alta resistencia 'y baja aleacion.
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boundaries, and their interaction after the specimens were deformed. Microanalytical techniques (Optical and
SEM) show evidence of: damage growth that prevents the development of higher elongations to failure, non-
uniform flow (relative movement-rotation of grains in close proximity to each other) and intergranular non-
superplastic deformation (quasi-uniform flow); thus leading to premature failure.

Resumen

Los aceros con estructura de grano ultrafino pueden presentar comportamiento superplastico a temperaturas y
velocidades de deformacién especificas, que faciliten la activacion de los mecanismos de deslizamiento de
fronteras de grano. El comportamiento superplastico implica deformaciones elevadas por procesos de
deslizamiento de fronteras de grano con acomodo de materia por difusion, tal como lo describe el modelo de
Ashby-Verrall. El trabajo presenta pruebas de tension a temperatura elevada en aceros de bajo carbono y baja
aleacion obtenidos por procesos avanzados de rolado controlados termomecanicamente, mostrando a 800°C
elongaciones de hasta el 200%. La microestructura del acero se analiz6 para poder identificar las fronteras de
grano de la ferrita y de la perlita, y su interaccion después de que la probeta fue deformada. Las técnicas de
microandlisis (optico y SEM) muestran evidencia de: crecimiento de defectos que impiden alcanzar
elongaciones a ruptura mayores, flujo no uniforme (movimiento-rotacion relativo de granos proximos entre
si) y deformacion intergranular no-superplastica (flujo cuasi-uniforme), resultando todo esto en fractura
prematura.

Keywords: superplasticity, ultrafine grained, strain rate m coefficient, boundary sliding, high-strength low
alloy steels (HSLA steels)

Palabras clave: superplasticidad, grano ultrafino, coeficiente m de velocidad de deformacion, deslizamiento
de fronteras, aceros de alta resistencia 'y baja aleacion.

1. Introduction

Superplasticity is the ability of polycrystalline solids (metals) to achieve extremely high and uniform
elongations (from 100 to 1000%) when applying tensile stresses. The high dependency between the creep
tension stress and the strain rate results in the lack of necking (or a series of diffuse necks) along the test zone
of a specimen [1].



From a microstructural point of view, superplasticity is achieved when two mechanisms take place in the
material: grain boundary migration and grain boundary shearing/sliding. Theoretical and microstructural
models agree that the most important feature of this behavior is the grain boundary sliding (GBS).
Nevertheless, dislocations or diffusion in grains or in zones near grain boundaries are necessary in order to
maintain the superplasticity of the material [2].

Four essential characteristics [3] are required in a material for it to be considered superplastic: a stable
microstructure of fine equiaxed grains [4], m coefficient (strain-rate sensitivity exponent; o = K - £€™) values
between 0.3 and 0.7, slow strain rates (10~ to 10™ s} and grain boundaries of the material that allow grain
sliding and rotation when stress is applied [5].

In addition to the previous requirements, it is necessary to deform the material at the right temperature which
is a fundamental characteristic in some superplastic behavior models, such as the one established by Ashby
and Verrall [6]. Their model proposes a theory (Grain Boundary Sliding, Diffusion Accommodated Flow Rate
Controlling) to describe superplasticity taking into account two mechanisms: (a) the diffusion-accommodated
flow (D-A flow), consisting of GBS along with material transport through grain boundary and bulk crystal
diffusion [7] to maintain grain continuity (this phenomena dominates in the low stress regime, strain rates less
than 10 s) and (b) the ordinary power-low creep (dislocation creep) which is a quasi-uniform flow
mechanism that results in grain-elongation as dislocations accumulate as cells, storing energy; this last
mechanism dominates at sufficient high stresses (strain rates higher than 107 s™). In the intermediate stress
range, both mechanisms compete in order to achieve the superplastic behavior.

The work presents the high temperature superplastic behavior of an UFG steel microalloyed with Ti-Nb
obtained by Advanced Thermomechanical Control Rolling Processes (ATMCRP) at the Arcelor Mittal
factory in Verifia (Gijon, Spain), as materials of this type can show this behavior when certain conditions are
met. The characteristics of the steel, delivered in the form of 27.6 mm in thickness sheets (around one inch),
are described in the experimental procedure. The HSLA steels described in Euronorms 10149-2 and 10051
are examples of these materials, as well as other construction steels or automotive special steels (just as the
ones described in the ultralight steel auto body — ULSAB project), resulting in lower cost materials and a step
forward in the research for better materials in industry, such as lightweight structures and components with
very good weldability and easier to recycle, all of this, reducing the cost of the alloy and meeting high
specifications with steels that have a lower amount of alloying elements and that are considered high-tech [8].
Furthermore, ultrafine grained steels (UFG) may be applied in the future in most of the steel markets and can
be used in other industrial applications, such as the ones that require superplastic behavior, just as this work
demonstrates.

Ultrafine grained steels (grain size d =~ 1~5um) are currently intensively studied worldwide, as they offer a
solution to finding very high strength materials. They also present high toughness and are produced from
standard steel compositions (which reflects in low cost) [9]. Recent works have shown that the ultrafine
grained structure may be obtained in a hot rolling mill by ATMCRP and not only from small scale laboratory
tests [4,10]. However, under some circumstances these materials may present an important disadvantage as
they exhibit unstable plasticity upon yielding, severely restricting its potential uses [11]. In order to avoid this
instability [12] the mechanical behavior of the steel must show a strain hardening coefficient » (as measured
by tension test with the ASTM standard) higher than 0.1, in its hot rolling raw state. If this is achieved, the
steel can be used for cold-work operations such as bending, stretching and drawing and in commercial
applications such as automotive and other manufacturing industries [4].

A large number of non-ferrous alloys show superplasticity behavior during isothermal tensile testing. This

behavior is characterized by large elongations, usually higher than 100% and sometimes reaching 1000% or

more. Superplasticity, object of numerous research activities that started in the 1960~1970s, has the following

properties:

e high strain rate sensitivity to the flow stress as the essential and unique characteristic of superplasticity
(131,

e  strong variation of properties as a function of grain size and strain rate [14],

e relevance of grain boundary sliding in the deformation mechanism [3],




e  vacuum forming of the metal sheet when deformed against the die [15] and
e  grain boundary sliding by diffusion and accommodation processes [6].

In other words, in order for the superplastic behavior to show high strain rate sensitivity, high temperature
testing (> ¥z T,,), a fine microstructure and a relatively low strain rate are required [16-18].

2. Experimental procedure and Results

The specified chemical composition for this steel (in weight %) according to the Euronorm is: C 0.168, Mn
1.361, Si 0.453, P 0.022, S 0.009, Cu 0.026, As 0.003, Al 0.028, Cr 0.035, Ti 0.026, V 0.002, Nb 0.033, Mo
0.004, Ni 0.031, Sn 0.002, Al (soluble) 0.027, B 0.0001, N 0.0055, Zr 0.0000, Ca 0.0001, O 0.0000, H 2.00
ppm, B (soluble) 0.0000. In the same way, the specified mechanical properties are: higher yield stress (o) =
447 MPa, rupture stress (Gpqx) = 567 MPa, yield elongation with Ly of 50 mm (El) = 31 % and impact
resistance at -20 °C (KCV) =96 J.

As an ultrafine grained microstructure is essential to obtain a superplastic behavior, the steel was produced by
ATMCRP, which manly consists of three steps:
1. roughing (in order to reduce the thickness of the slab),
2. waiting period (where the material is cooled between 850 and 1000°C) to obtain Ti and Nb carbides
and
3. finishing (where the deformation is accumulated in the austenite in order to obtain the finest ferrite
possible after the allotropic transformation), in the same fashion as described in previous works [10].

The samples were obtained from the steel plate in an axis parallel to rolling direction and were machined in a
cylindrical shape: 10 mm in diameter and calibrated gage length of either Lo = 57 or Lo = 30 mm (ASTM
E21-05 standard). High temperature tension tests were made at different temperatures between 600 and 900°C
(50°C intervals) and different crosshead speeds in order to define the temperature interval in which the steel
would show a superplastic behavior. After defining a temperature in which the material presented this
characteristic, more tests were made using different crosshead speeds in order to determine the optimum
strain rate at which the steel behaves superplastically. An INSTRON 1195 model equipment for traction test
with a load capacity of 100 kN was used along with an INSTRON 3112 model furnace which allows reaching
temperatures as high as 1000°C. The tests were made without a protective atmosphere at speeds between 0.05
and 10 mm/min (strain rates in the range of 1073 — 105s~1). Before the tests were performed, uniform
heating from room to test temperature was made, lasting 1 hour, followed by a 5~10 min of stabilization.
Variations of temperature inside the furnace were of maximum +10°C.

Considering the expression 0 = K™ (where K is a function of the temperature), the previous deformation the
steel may have suffered and the grain size, coefficient m expresses the sensitivity of the applied tension to
strain rate as follows:

log(O'y2 /C'y1 )
m= (b
loglé,, /€, e

being o ) and é‘o the yield stress at 0.2% and the initial strain rate, in tests made at two different strain rates.

Metallographic observations were carried out before and after the high temperature tests were made,
analyzing the transverse sections of the samples in an axis parallel to the rolling direction. For most of the
samples, normal grinding, polishing and etching with Nital-2 solution procedures were used. A Nikon Epiphot
metallographic equipment connected to a Buehler Omnimet image analyzer, which allows the automated
counting of features using linear intersection techniques and point counting over a mesh superposed to the
microstructure image at 400 and 600x were used in the analysis in order to determine the ASTM grain size
and its distribution of either all the grains of the steel or only the ferrite. A sufficient amount of micrographs
(a minimum of 35), was used during counting. The metallographic observation was also used to analyze



different types of structural damages produced during superplastic deformation of selected samples. A
scanning electron microscope (SEM) JEOL JSM-3600 with an electroprobe analyzer OXFORD model 6587
was used to observe characteristics such as decohesions and identify small precipitates.

Figure 1 presents the engineering tensile curves for samples tested at six different temperatures and a
crosshead speed of 5 mm/min. As expected, the higher the temperature the lower the maximum stress the
sample may withstand, which for 600°C is above 200 MPa and for 900°C is below 80 MPa. It is noteworthy
that at 800°C the elongation of the sample is higher than 100%.

In figure 2, as the crosshead speed is 10 times lower than in figure 1, the steel shows lower maximum stresses
and for 600, 650 and 750°C, the evidence of more than one necking phenomena results in descending and
ascending zones. Again, at 800°C the elongation surpasses 100%.
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Figure 1: Engineering stress-strain curves at different temperatures and 5 mm/min crosshead speed
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Figure 2: Engineering stress-strain curves at different temperatures and 0.5 mm/min crosshead speed

Considering an even lower crosshead speed (figure 3), the low strain rate promotes at 650 and 700°C the
formation of multiple necks shown as ripples in the curves. All these figures indicate that a temperature above
750 and below 850°C results in a smooth deformation and very high elongations of the sample which is an
indication of superplasticity.
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Figure 3: Engineering stress-strain curves at different temperatures and 0.2 mm/min crosshead speed

Once figures 1, 2 and 3 were analyzed and 800°C was determined as a temperature in which the material may
present superplastic behavior, tensile tests at different crosshead speeds were made with this temperature
value (figure 4). Though some ripples are evident during deformation at 5 mm/min, this phenomenon is
increased at 0.5 mm/min. The smooth deformation of the samples is only achieved when the crosshead speed
is lowered to 0.2 mm/min. For 0.2 and 0.1 mm/min, the elongation of the samples is close to 200%. Table 1

presents the results obtained from the tensile tests made at 800°C at different strain rates and different types of
tests (tension, superplastic and creep tests).

Stiess [thPa]

St frntiind

Figure 4: Engineering stress-strain curves at 800°C and different crosshead speeds
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Table I: Tests made at 800 °C using different strain rates

The microstructural analysis of the steel in its raw state (figure 5), along with the analysis of grain size
distribution, shows a 12 ASTM G grain size mean value, which corresponds to approximately 5 pum. This
value is small enough for the material to show, under the proper conditions of temperature and strain rate, a

superplastic behavior. It is also evident from figure 5 that the hot rolling direction (horizontal axis) produces
ferrite and pearlite bands and oriented microstructure.
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Figure 5: Hot rolled raw state microstructure (a), detected grain pattern (b) and ASTM G grain size
distribution histogram (c)

On the other hand, figure 6 presents the same analysis on the hot rolled raw state material, but only measuring
the ferrite grains. The mean value of the ferrite grains distribution is closer to 13 ASTM G, which means that
the small and soft ferrite grains are responsible for the superplastic behavior.
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Figure 6: Hot rolled raw state microstructure (a), detected ferrite phase (b) and ASTM G ferrite grain size
distribution histogram (c)

Figure 7 shows the microstructure of a sample after being superplastically deformed at 800°C (0.1 mm/min
crosshead speed) at a zone 15 mm from the rupture of the specimen. The banded oriented structure has almost
disappeared and restored ferrite grains are observed. Also, figure 8, shows characteristics of the structure at
the same zone with evidence of decohesion between the ferrite and/or the ferrite-pearlite grains of different
types. These are evidence of superplastic mechanisms acting during deformation of the sample [19].
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Figure 7: Micrograph of a specimen superplastically deformed at 800°C at a zone close to rupture (15 mm
away from it). Restored ferrite (R) is observed.

Figure 8: Micrograph of a specimen supérplaétically deformed at 800°C at a zone close to rupture (15 mm
away from it). w-shaped decohesion between ferrite-ferrite-pearlite (w), rr-shaped decohesion between ferrite
and pearlite (1), ferrite-pearlite decohesion (f) and ferrite-ferrite (r) or pearlite-pearlite decohesion (p) are
observed.

3. Discussion

The tension testing of the steel at high temperature indicates that both the temperature of the test and the strain
rate must be adequate to obtain a superplastic behavior (approximately 200% of elongation). Though the
curves shown in figure 1 have the usual shape of a tension test, as strain rate becomes lower (figure 2),
uncommon behavior, represented by the formation of more than one neck during plastic deformation,
becomes evident. Moreover, it is clear that at 800°C (figures 1, 2 and 3) the material shows elongations with
higher values in comparison to other temperatures.

The microstructure of the steel shown in figure 5 is formed by ferrite and pearlite bands, which are features
commonly found in construction steels that were modified by a peritectic reaction and solidification under
non-equilibrium conditions. As the partition coefficient for carbon, alloying elements (Mn and Si) and
impurities (P, S) in this steel, is lower than one, the microstructure cannot be regenerated during soaking
treatment before hot-rolling [20]. Figure 9 shows a comparison between the material in its hot rolled raw state
(a) and after tension tested (b). In the initial microstructure both ferrite and pearlite grains are continuous and
elongated in the rolling direction, while the ferritic volume fraction is higher than the pearlitic one, which is
~30%. On the other hand, the microstructure of the high temperature tested specimen shows the following:

e crystals of ferrite and pearlite, homogeneously distributed as there is a rearrangement of the initial

banded structure,
e  grain size remains stable {(~13 ASTM).
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Figure 9: Microstructure of steel in its Hot Rolled Raw State Condition (a) and the steel tested at 800°C and
5.5x107° 57" strain rate (b)

If the superplastic behavior models [21] are used to analyze the relation of stress with strain rate (figure 10), it
is evident that:
e A zone II behavior is observed.
e  The transition from zone I (creep) to zone II is not evident as tests at lower strain rates should be
made in order to observe it.
e At higher strain rates, zone I1I behavior emerges [6].

The regression lines, also indicated in figure 10a, have slope values of ~0.6 for zone II and ~0.1 for zone 111
When the strain rate sensitivity coefficient m lies between 0.3 and 0.7, superplasticity is achieved, figure 10b.
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Figure 10: Influence of strain rate on yield stress (a) and superindex m (b) of equation (1) in superplastic
behavior at 800°C.



Ashby and Verrall have proposed the following constitutive equation that relates tension, strain rate, grain

size and temperature [6]:
so 28R 0nr], ) 76Dy .
kTd d d D,

where £ is strain rate, £ atomic volume of ferrite, T absolute temperature, k Boltzmann constant, o applied
stress, [ interfacial o/a energy, d grain size, D, diffusion coefficient for the ferrite volume, 8 grain boundary
thickness and Dp diffusion coefficient for the ferrite grain boundary. For ferrite, at 800°C, the values of D,, Q,
I' and § are approximately 4x107'° m%/s, 12.2x107° m’, 0.6 J/m? and 5x10° m respectively [22].

An approximate value for the diffusion coefficient (equation (2)) can be calculated through data (&, £ ) of the

material deformed in superplastic conditions obtained in tests at 750 and 800°C. An approximation to the
previous formula for constant grain size (Sum in this case) is the following:

goco” exp(— —1%) (3)

where () is the activation energy for the diffusion, R is the constant for ideal gasses and # is a coefficient
approximately equal to //m [10}].

Equation (3) results in:

Ea00 _| Do expl _Q(L_L) (4)
by | O RL1073 1023

Y50

And using the data: 8800=5.56X10ﬁ5s_1 and Ty =34 4MPa at 800°C (1073 K) and

E50 =2.92x 107°s™ and o, = 32.47MPa at 750°C (1023 K) for m = 0.3 (superplastic behavior
threshold), results in a value of @ = 97050.024 J/mol [22]. Therefore,

2 -10 D
Docl10™| exp(-w):l.8851x10_9 —4x107 1+’—[(5X—10_6—)~i )
s 83141073 5x10° D,

where

75D, _ 1.8851x10” #{sx10™)

- PITeT %10 oc 1.5 10° (at 800°C) (6)
vV

In other words, the diffusivity in grain boundaries is three orders of magnitude higher than the bulk
diffusivity. This calculation confirms that the diffusion through grain boundaries is the one ruling the process
of intergranular sliding in superplasticity, which has also been concluded by other authors [23].

Figure 7 presents the microstructure after deformation: there are ferrite grains of a larger size, slightly
elongated in the rolling direction, with evidence (subgrains) of having suffered dynamic recovery during
deformation. Furthermore, figure 8 shows:
e decohesions shaped as w and r, mainly located in the ferrite/pearlite (previous austenite grains)
interphase, which is an unequivocal proof of intergranular sliding during the deformation process.



e small cavities in the a-pearlite (previous austenite grains) interphase, which shows different
deformation capacity for each of these phases.

e null evidence of generalized grain growth during deformation, as grain size is very similar to the
original one.

e  grain (or grain groups) sliding and rotating, a consequence of superplastic deformation.

During superplastic deformation, the decohesions of the ferrite and pearlite bands occur as a consequence of
intergranular sliding of the ferrite within the austenite grains (the two components of the steel at the
deformation temperature), as shown in figure 1la by SEM analysis. Superplastic flow stops when the
intergranular damage and decohesions between matrix and inclusions take place leading to a ductile fracture
(figure 11b).

. . A A e
Figure 11: Decohesions or microcavitations between the ferrite and pearlite during superplastic deformation
(R-shaped crack) (a) and as a consequence of a conventional high-temperature deformation (decohesions
between matrix and hard constituent) (b).
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Figure 12: SEM micrograph showing a titanium carbonitridé and niobium carbide.

The role of decohesions is evident if the role of Ti and Nb carbides (or carbonitrides) is taken into account as
these particles are not dissolved during the 800°C test (figure 12), as these precipitates anchor the grain
boundary and prevent the grain growth during rolling, which is accompanied by the formation of v - pancaked
grains and deformation bands. Consequently, a larger number of nucleation sites are made available for the



y—a transformation. This allows the formation of an ultrafine microestructure, fulfilling the requirements for
both strength and toughness [24,25].

4. Conclusions

Commercial weldable HSLA steels microalloyed with Ti/Nb and obtained by ATMCRP present ultrafine
grained microstructures and superplastic behavior (elongations higher than 100%) when deformed in the
ferrite-austenite region at temperatures in the range of 750-800°C with strain rates between 107 and 107 s,

The Ashby-Verrall model is suitable to describe the superplastic behavior of the steel. The most important
feature of this model is the grain boundary sliding (GBS} and rotation, along with bulk crystal diffusion to
maintain the continuity of the steel. The optimum superplastic behavior is found at 800°C with a strain rate of
10% s

The Ashby-Verrall Model is confirmed through the existence of decohesions, as a consequence of massive
sliding during deformation, leading to localized necking and failure. Though these steels may show
superplastic deformation at high temperature, this deformation does not imply a generalized grain coarsening
of the microstructure even when the strain rate is very low (107 s™).
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Abstract

Certain materials can show superplasticity when traction tested at temperatures higher than 50% of their
melting point and with low strain rates (¢ < 1072 s™1), showing very high elongations (>100%) without
localized necking and mainly intergranular fractures. This behavior requires that the starting grain size is
small (<10 um) so the flow of matter can be non-homogeneous (sliding and rotating of the grain boundaries,
accommodated by diffusion).

This works presents the superplastic characteristic of a shipbuilding steel deformed at 800°C and a strain rate
slower than 1072 s7*. The fine grain size (5 um) is obtained when using Nb as a microalloying element and
manufactured by controlled rolling processes (3 stages). After the superplastic deformation, the steei presents
mixed fractures: by decohesion of the hard (pearlite and carbides) and ductile (ferrite) phases and by
intergranular sliding of ferrite/ferrite and ferrite/pearlite, just as it happens in the stage III of the creep
behavior. This is confirmed through the Ashby-Verrall model, according to which the dislocation creep

(power-law creep) and diffusion creep (linear-viscous creep) occur simultaneously.

Keywords: superplasticity, ultrafine grained, strain rate m coefficient, boundary sliding, high-strength low

alloy steels (HSLA steels)



1. Intreduction

A material is considered to have superplastic behavior when it shows extremely high and uniform elongations

(from 100 to 1000%) under tension stress: a lack of localized necking or a series of diffuse necks along the

test zone resulting from a combination of the creep tension stress and the strain rate suffered by the

polycrystalline arrangement {1]. Two mechanisms are considered to take place in the material: grain boundary
migration and grain boundary shearing/sliding. Theoretical and microstructural models agree that the most
important feature of this behavior is the grain boundary sliding (GBS). Nevertheless, dislocations or diffusion
in grains or in zones near grain boundaries are necessary in order to maintain the continuity of the material

(and avoid ductile decohesions) [2].

Four conditions must be met [3] in order for a material to show superplasticity:

e  astable microstructure of fine equiaxed grains [4],

e m coefficient (strain-rate sensitivity exponent; ¢ = K - £€™) values between 0.3 and 0.7,

e slow strain rates (107 to 107 s™') and

e grain boundaries of the material that allow grain sliding and rotation when stress is applied [5].

In addition to the previous requirements, it is necessary to deform the material at the right temperature which

is a fundamental characteristic in some superplastic behavior models, such as the one established by Ashby

and Verrall [6]. Their model proposes a theory (Grain Boundary Sliding, Diffusion Accommodated Flow Rate

Controlling) to describe superplasticity taking into account two mechanisms:

a) the diffusion-accommodated flow (D-A flow), consisting of GBS along with material transport through
grain boundary and bulk crystal diffusion [7] to maintain grain continuity (this phenomena dominates in
the low stress regime, strain rates lower than 10~ s7') and

b) the ordinary power-law creep (dislocation creep) which is a quasi-uniform flow mechanism that results in
grain-elongation as dislocations accumulate as cells, storing energy; this last mechanism dominates at
sufficient high stresses (strain rates higher than 107 s™). In the intermediate stress range, both
mechanisms compete in order to achieve the superplastic behavior.

The work presents the high temperature superplastic behavior of an UFG steel microalloyed with Ti-Nb

obtained by Advanced Thermomechanical Control Rolling Processes (ATMCRP) at the Arcelor Mittal

factory in Verifia (Gij6n, Spain), as materials of this type can show this behavior when certain conditions are



met. The characteristics of the steel, delivered in the form of 27.6 mm in thickness sheets (around one inch),
are described in the experimental procedure. The HSLA steels described in Euronorms 10149-2 and 10051
are examples of these materials, as well as other construction steels or automotive special steels (just as the
ones described in the ultralight steel auto body — ULSAB project), resulting in lower cost materials and a step
forward in the research for better materials in industry, such as lightweight structures and components with
very good weldability and easier to recycle, all of this, reducing the cost of the alloy and meeting high
specifications with steels that have a lower amount of alloying elements and that are considered high-tech [8].
Furthermore, ultrafine grained steels (UFG) may be applied in the future in most of the steel markets and can
be used in other industrial applications, such as the ones that require superplastic behavior, just as this work

demonstrates.

Ultrafine grained steels (grain size g &~ 1~5um) are currently intensively studied worldwide, as they offer a
solution to finding very high strength materials. They also present high toughness and are produced from
standard steel compositions (which reflects in low cost) [9]. Recent works have shown that the ultrafine
grained structure may be obtained in a hot rolling mill by ATMCRP and not only from small scale laboratory
tests [4,10]. However, under some circumstances these materials may present an important disadvantage as
they exhibit unstable plasticity upon yielding, severely restricting their potential uses [11]. In order to avoid
this instability [12] the mechanical behavior of the steel must show a strain hardening coefficient # (as
measured by tension test with the ASTM standard) higher than 0.1, in its hot rolling raw state. If this is
achieved, the steel can be used for cold-work operations such as bending, stretching and drawing and in
commercial applications such as automotive and other manufacturing industries [4]. Also, in order for the
superplastic behavior to show, high strain rate sensitivity, high temperature testing (> % T,), a fine
microstructure and a relatively low strain rate are required [13-15].
As an ultrafine grained microstructure is essential to obtain a superplastic behavior, the steel was produced by
ATMCRP, which manly consists of three steps:

e roughing (in order to reduce the thickness of the slab),

e delay time (where the material is cooled between 1000 and 850°C) to obtain Ti and Nb carbides and

e finishing (where the deformation is accumulated in the austenite in order to obtain the finest ferrite

possible after the allotropic transformation), in the same fashion as described in previous works [10].



In order to achieve this small grain size microstructure, the composition of the steels is very important. Figure
1 shows the changes in grain size during the roughing process for both a steel microalloyed with Nb and one
without it. It is clear that the alloying element promotes a smaller grain size and prevents growth after rolling
passes. On the other hand, Figure 2 compares the recrystallization kinetics (amount of recrystallized grains) of
steels with and without Nb, showing that the microalloying element delays the recrystalization process, and

allows the production of steels with smaller (ultrafine) grains [16].

sl

Figure 1. Grain size vs. time in the roughing process of steels with and without Nb
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Figure 2. Evolution of recrystallization kinetics during the finishing passes of steels with and without Nb



2. Experimental procedure and Results

The specified chemical composition for this steel (in weight %) according to the Euronorm is: C 0.168, Mn
1.361, Si 0.453, P 0.022, S 0.009, Cu 0.026, As 0.003, Al 0.028, Cr 0.035, Ti 0.026, V 0.002, Nb 0.033, Mo
0.004, Ni 0.031, Sn 0.002, Al (soluble) 0.027, B 0.0001, N 0.0055, Zr 0.0000, Ca 0.0001, G 0.0000, H 2.00
ppm, B (soluble) 0.0000. In the same way, the specified mechanical properties are: higher yield stress (o) =
447 MPa, ultimate tensile stress (G,q,) = 367 MPa, yield elongation with Ly of 50 mm (El) = 31 % and
impact resistance at -20 °C (KCV) =96 J.

The samples were obtained from the steel sheet in an axis parallel to rolling direction and were machined in a
cylindrical shape: 10 mm in diameter and calibrated gage length of either Lo = 57 or Lo = 30 mm (ASTM
E21-05 standard). High temperature tension tests were made at different temperatures between 600 and 900°C
(50°C intervals) and different crosshead speeds in order to define the temperature interval at which the steel
would show a superplastic behavior. After defining a temperature in which the material presented this
characteristic, more tests were made using different crosshead speeds in order to determine the optimum
strain rate at which the steel behaves superplastically. An INSTRON 1195 model equipment for traction test
with a load capacity of 100 kN was used along with an INSTRON 3112 model furnace which allows reaching
temperatures as high as 1000°C. The tests were made without a protective atmosphere at speeds between 0.05
and 10 mm/min (strain rates in the range of 1072 — 10%s™1). Before the tests were performed, uniform
heating from room to test temperature was made, lasting 1 hour, followed by a 5~10 min of stabilization.
Variations of temperature inside the furnace were of maximum +10°C.

Figure 3 presents the true tensile curves for samples tested at six different temperatures and a crosshead speed
of 5 mm/min. As expected, the higher the temperature the lower the maximum stress the sample may
withstand, which for 600°C is above 200 MPa and for 900°C is below 80 MPa. It is noteworthy that at 800°C
the steel shows the highest value for true strain (~0.7) and almost steady state regime, like in secondary creep
(which is an indication of superplasticity) [17].

Once 800°C was determined as a temperature in which the material may present superplastic behavior, tensile
tests at different crosshead speeds were made with this temperature value (Figure 4). Though some ripples are
evident during deformation at 5 mm/min, this phenomenon is increased at 0.5 mm/min. The smooth

deformation of the samples is only achieved when the crosshead speed is lowered to 0.2 mm/min. For 0.2 and



0.1 mm/min, the true strain of the samples is close to 100%. Table I presents the results obtained from the

tensile tests made at 800°C at different strain rates and different types of tests (tension and superplastic tests).
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Figure 3: True stress-strain curves at different temperatures and 5 mm/min crosshead speed (L, = 57mm)
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Figure 4: Engineering stress-strain curves at 800°C and different crosshead speeds

Considering the expression

{where K is a function of the temperature), the previous deformation the

steel may have suffered and the grain size), coefficient m expresses the sensitivity of the applied tension to

strain rate as follows:

log(o_v2 / o, )

m= — (D
logigo2 &, ’ e



being o, and £, the yield stress at 0.2% and the initial strain rate, in tests made at two different strain rates.

Figure 5 presents the logarithm of yield stress versus the logarithm of strain rate, where two different slopes
of the data may be identified as a zone II and zone I1I behaviors of the typical sigmoidal high temperature
curve [7]. Also figure 5b presents the values of the m coefficient with a maximum of ~0.6 which is in the

superplastic range, for a strain rate of ~5.5x107 7.

(mLm) (mm\/]ltnin) o,(MP2) | A (%) : log®) | log(sy)
. 57 5 700 | 1092 | 146503 | -2.84 | 1.845
Non S‘tlps"'t‘;p‘as"c 30 0.5 573 927 | 278E-04 | -3.56 | 1.758
¢ 57 0.5 458 | 1114 | 146504 | -3.84 | 1.660
3 0.2 52.8 1913 | 1.10B-04 | -3.96 | 1.723
57 0.2 37.6 | >110.0 | 585605 | 423 | 1575
Superplastic tests
30 0.1 344 181.7 | 556E.05 | 425 | 1.537
30 0.05 274 1375 | 278605 | -456 | 1438

Table I: Tests made at 800°C using different strain rates
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Figure 5. Influence of strain rate on yield stress (a) and super-index  (b) in superplastic behavior at 800°C




Metallographic observations were carried out before and after the high temperature tests were made,
analyzing the transverse sections of the samples in an axis parallel to the rolling direction. For most of the
samples, normal grinding, polishing and etching with Nital-2 solution procedures were used. A Nikon Epiphot
metallographic equipment connected to a Buehler Omnimet image analyzer, which allows the automated
counting of features using linear intersection techniques and point counting over a mesh superposed to the
microstructure image at 400 and 600x were used in the analysis in order to determine the ASTM grain size
and its distribution of the ferrite grains. A sufficient amount of micrographs (a minimum of 5), was used
during counting. The metallographic observation was also used to analyze different types of structural
damages produced during superplastic deformation of selected samples. A scanning electron microscope
(SEM) JEOL JSM-5600 with an electroprobe analyzer OXFORD model 6587 was used to observe
characteristics such as decohesions and identify small precipitates.

The microstructural analysis of the ferrite grains in the steel in its raw state (Figure 6), along with the analysis
of grain size distribution, shows a 13 ASTM G grain size mean value, which corresponds to approximately
5 um. This value is small enough for the material to show, under the proper conditions of temperature and
strain rate, a superplastic behavior. It is also evident from Figure 6 that the hot rolling direction (horizontal

axis) produces ferrite and pearlite bands and oriented microstructure.

Nuimbarof abjects

Figure 6: Hot rolled raw state microstructure (a), detected ferrite grain pattern (b) and ASTM G grain size
distribution histogram (c)



Figure 7 shows the microstructure of a sample after being superplastically deformed at 800°C (0.1 mm/min
crosshead speed) at a zone 15 mm from the rupture of the specimen. The banded oriented structure has almost
disappeared and restored ferrite grains are observed. Also, Figure 8 shows characteristics of the structure at
the same zone with evidence of decohesion between the ferrite and/or the ferrite-pearlite grains of different

types. These are evidence of superplastic mechanisms acting during deformation of the sample [18].

Figure 7: Micrograph of a specimen superplastically deformed at 800°C at a zone close to rupture (15 mm
away from it). Restored ferrite (R) is observed.

Figure 8: Micrograph of a specimen superplastically deformed at 800°C at a zone close to rupture (15 mm
away from it). w-shaped decohesion between ferrite-ferrite-pearlite (w), rr-shaped decohesion between ferrite
and pearlite (1), ferrite-pearlite decohesion (f) and ferrite-ferrite (r) or pearlite-pearlite decohesion (p) are
observed.

3. Discussion
The microstructure of the steel shown in Figure 6 is formed by ferrite and pearlite bands, typical in

construction steels which have suffered a peritectic reaction and solidification under non-equilibrium

conditions. As the partition coefficient for carbon, alloying elements (Mn and Si) and impurities (P, S) in this



steel, is lower than one, the microstructure cannot be regenerated during soaking treatment before hot-rolling
[19]. In the initial microstructure both ferrite and pearlite grains are continuous and elongated in the rolling
direction, while the ferritic volume fraction is higher than the pearlitic one, which is ~30%.

If the original banded microstructure is compared to the one of the sample tested at 800°C and 0.1 mm/min
(Figures 9a and 9b), it is clear that the bands have not completely disappeared though the ferrite phase has
suffered restoration without a significant grain size enlargement. If these two microstructures are compared to
the sample tested at 750°C and 0.1 mm/min (Figure 9¢), a clear difference can be observed, as testing at a
lower temperature results in a complete dissapearence of the pearlitic bands, being replaced by ferrite grains

and precipitates (mostly carbides).

Figure 9. Microstructure of the steel in its hot rolled raw state (a), tested at 800°C and 0.1 mm/min crosshead
speed (b) and tested at 750°C and 0.1 mm/min crosshead speed (¢)

Figures 7 presents after deformation, ferrite grains of a larger size which are slightly elongated in the rolling

direction with evidence (subgrains) of having suffered dynamic recovery during deformation. Furthermore,

Figure 8 shows:



e decohesions shaped as w and r, mainly located in the ferrite/pearlite (previous austenite grains)
interphase, which is an unequivocal proof of intergranular sliding during the deformation process.
e small cavities in the a-pearlite (previous austenite grains) interphase, which shows different
deformation capacity for each of these phases.
e null evidence of generalized grain growth during deformation, as grain size is very similar (or even
slightly smaller, <5 pm) to the original one.
e  grain (or grain groups) sliding and rotating, a consequence of superplastic deformation.
Figure 10 shows evidence of decohesions which are evidence of superplastic behavior in the steel and
consequence of the grain sliding. Also, Figure 11 shows another type of decohesion resulting from boundary

sliding of three grains (one grain displaces the other two).

,
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Figure 11. SEM micrograph of the steel tested at 800°C showing a w-shaped decohesion

Furthermore, decohesions between ferrite and pearlite may result in cavities with evidence of ductile
deformation of the softer phase, as shown in Figure 12. Superplastic flow stops when the intergranular

damage and decohesions between the matrix and inclusions leads to ductile fracture.



Figure 12. SEM micrograph of the steel tested at 800°C showing a ferrite-pearlite (ductile) decohesion

The importance of decohesions is evident if the role of Ti and Nb carbides (or carbonitrides) is taken into
account as these particles are not dissolved during the 800°C test (figure 12): these precipitates anchor the
grain boundary and prevent recrystailization and grain growth during rolling at the finishing stage, which is
accompanied by the formation of y - pancaked grains and deformation bands. Consequently, a larger number
of nucleation sites are made available for the y—a transformation. This allows the formation of an ultrafine
microestructure, fulfilling the requirements for both strength and toughness [20,21].

The initial composition (Nb and Ti content) of the steel, and the evidence of an ultrafine microstructure after
ATMCRP indicate that the role of NbC and Ti(C,N) are very important during both reom temperature and
high temperature deformation of the material. Figure 13 shows a particle precipitated at grain boundaries
which was initially formed as a titanium carbonitride and then became a substrate for a niobium carbide layer,

as confirmed by other authors [20].



Figure 13. SEM micrograph showing a titanium carbonitride and niobium carbide (a), dot mapping of
titanium (b) and dot mapping of niobium (b)

If at a lower magnification, precipitates are observed (Figure 14), it is evident that most of the titanium
carbonitrides grow along the former pearlite bands, and as previously mentioned the niobium carbides appear
at the same spots using the titanium precipitates as a substrate.

Figure 15 presents curves of the Ashby-Verrall model for a metallic polycrystalline arrangement for grain
sizes of 1, 5 and 10 um. The use of the o/p ratio, where p is the shear modulus, allows the comparison of the
experimental data with models for an arrangement of polycrystalline metallic mateials, and where u (~70 GPa
at 800°C in this steel) is a function of the testing temperature [6].The dashed line indicates the values obtained
from the high temperature tests of this steel, which lay very closely to the 5 pm curve, though with lower
amplitude. This behavior may be explained as a reduction in yield stress caused by the banded structure, even
though grains are of the ultrafine type. Consequently, the Ashby-Verrall model seems to be an appropriate
description of the relations between temperature, yield stress, strain rate and grain size of the mechanical

behavior of this steel.



Figure 14. SEM micrograph showing a string of titanium carbonitrides and niobium carbides (a), dot mapping
of titanium (b) and dot mapping of niobium (¢)
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Figure 15. Theoretical curves (Ashby-Verrall model) of logarithm of yield stress/shear modulus vs. logarithm
of strain rate considering different grain sizes as well as for the steel investigated (dashed line)



4. Conclusions

Commercial weldable HSLA steels microalloyed with Ti/Nb and obtained by ATMCRP present ultrafine
grained microstructures and superplastic behavior (elongations higher than 100%) when deformed in the
ferrite-austenite region at 800°C with strain rates close to 5x107 s,

The microstructural analysis of decohesions at the steel after testing confirm grain sliding phenomena
described by the model and are also clear evidence of superplasticity. The role of precipitates is not limited to
the formation of ultrafine microstructure during ATMCRP, but is also very important during high temperature
tests as they prevent grain growth and maintain mechanical strength acting as grain boundary dislocation
barriers.

The Ashby-Verrall model is suitable to describe the superplastic behavior of the steel. The most important
feature of this model is the grain boundary sliding (GBS) and rotation, along with bulk crystal diffusion to

maintain the continuity of the steel.
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Structural ultrafine grained steels obtained by advanced controlled
rolling
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Abstract:

Steels with ultrafine grains (lower than 5 um), usually known as ultrafine ferrite or ultrafine grained
materials, are presently the object of intense research, because of the improvement in resisiance and fracture
foughness they may reach compared to conventional steels (with grain sizes above this value). This work
shows that the forenamed steels designated in the Ewronorm EN 10149-2, manufactured by advanced
techniques of controlled rolling and mainly used in automotive industry, have an ultrafine grain size, in the
range of 2.5 to 3.5 um, with elastic yield stresses higher than 400 MPa. Based on the Morrison-Miller
criterion, it is shown that values of the strain hardening “n” coefficient lower than 0.08 would make the

industrial application of these steels unfeasible.”

Key words: ultrafine grained steels, mechanical properties, manufacturability, strain-hardening.

1. Introduction

In recent years an increasing interest has been developed in both industrial and laboratory levels, for
the production of none-alloyed, low-alloyed and micro-alloyed steels with ultrafine grains (UFF-ultrafine
ferrite, UFG-ultrafine grained) defining these steels as those with ASTM G grain size higher than 12 (Sum or
less)™ 1t is expected from this new generation of steels, a higher resistance and fracture toughness at
temperatures below 0°C. Two tendencies appear as fundamental: laboratories dedicated to scientific research
and not connected to the steelmaking industry, that pursue this objective using techniques that involve large
deformations (SPD process: severe plastic deformation) with deformations e=4, and that of labs directly inside
or linked to the industrial process -which is the case of the Sid-met-mat group of ETSIMO (Spain)- that use
advanced technologies in thermomechanical controlled rolling processes {ATMCRP) and propose an
alternative in the mass production of UFF (or UFG) steels. This is possible!! due to recent advancements in the
steelmaking industry: improvements in both information technologies and process automation have allowed
the crossover from laboratory to industrial level of UFG steels, now commonly used (particularly in the
automotive sector).

The present work shows that steels specified in Euronorm UNE — EN 10149-2 are in fact UFF steels
which ArcelorMittal de Asturias (Spain) produced 305,000 Tons of hot rolled structural strip steels in 2010,
and from those, 60,000 Tons were delivered in raw hot-rolled conditions in different specifications indicated
by the Euronorm. Tables I and II, with data extracted from the mentioned standard, indicate the range of
chemical composition and mechanical properties expected from these steels.

‘Biography: R.Gonzalez (1967 - ), Male, PhD. in Materials Science, full time researcher at the School of
Engineering of Panamerican University and member of The Mineral, Metals & Materials Society, E-mail:
robglezi@up.edu.my, Received Date:




2. Experimental Work and Results

This work contemplates four steels included in the Euronorm and detailed in Tables I and II: S315,
5420, S500 and S600, respectively alloyed with Nb or Nb/Ti, in the form of steel sheet and with thickness
below or equal to 5 mm obtained by ATMCRP (hot-rolled raw state) in the factory of ArcelorMittal in Avilés
(Oviedo, Spain). This process consists in the control of the speed and amount of deformation of sheets at
adequate times and temperatures to achieve the UFG microstructure, in the following steps:

1. Homogenization. The slabs obtained by continuous casting (approximately 230x1580x7120 mm) are
maintained at temperatures of 1200~1250°C to start with a recrystallized structure.

2. Roughing. In reversible rolling trains (husk tool and roughing tool), approximately 10 passes (with rolling
speeds between 2~3.25 m/s) are made to reduce the thickness to ~40 mm (approximately 20 mm per pass)
and maintaining a temperature of 1200~1100°C.

3. Waiting. Before the finishing train, the material is cooled to 1100~1000°C.

4. Finishing. Consists in a train of hot or semicontinuous bands (7 boxes). The temperature drops to §50°C,
obtaining a thickness of ~5 mm.

5. Controlled cooling. Atomized water is used as a cooling method until it reaches coiling temperature
(~600°C).

6. Coiling. The sheet is coiled at a temperature of ~600°C. It is very important that the coiling cooling rate
results in a ferritic-pearlitic ultrafine structure.

The laboratory chemical analysis (Table III), performed on two samples for each steel, included the
following: C and S were analyzed by combustion in a LECO CS-200 equipment; the remaining elements by
optic emission spectrometry in an ARL 3460 system. As expected from the Euronorm specification and
manufacturing process, S500 and S600 are microalloyed with Nb/Ti and high Mn within the specification
range.

Name | Material | C% | Mn% | Si% | P% S% Al Nb% | V% | Ti% | Mo% | B%
number | max | max | max | max | max" | total % | max? | max® | max? | max | max
min
S315 | 1.0972 | 0.12 | 1.30 {0.50 | 0.025 | 0.020 | 0.015 0.09 | 020 | 0.15 - -
S355 | 1.0976 | 0.12 | 1.50 | 0.50 | 0.025 | 0.020 | 0.015 0.09 | 020 | 0.15 - -
S420 | 1.0980 | 0.12 ] 1.60 [ 0.50 | 0.025 ] 0.015 | 0.015 0.09 | 020 | 0.15 -- -
S466 | 1.0982 | 0.12 | 1.60 | 0.50 | 0.025 ] 0.015| 0.015 0.09 | 020 | 0.15 - --
S500 | 1.0984 | 0.12 | 1.70 | 0.50 | 0.025 | 0.015 | 0.015 0.09 | 020 | 0.15 -- -
S550 | 1.0986 | 0.12 | 1.80 | 0.50 | 0.025 | 0.015 | 0.015 0.09 | 020 | 0.15 - —
S600 | 1.8969 | 0.12 | 190 | 0.50 | 0.025 | 0.015| 0.015 0.09 | 020 | 022 | 0.50 | 0.005
S650 | 1.8976 10.12 | 2.00 | 0.60 | 0.025 | 0.015| 0.015 0.09 | 020 | 0.22 | 0.50 | 0.005
S700 | 1.8974 [ 0.12 | 2.10 | 0.60 | 0.025 | 0.015| 0.015 0.09 | 020 | 022 | 0.50 | 0.005

Table 1. Chemical compesition of thermomechanically rolled steels.
Note: 1) If ordered, the sulphur content shall be max. 0.01%. 2) The sum of Nb, V and Ti shall be max. 0.22%.

Tension testing was made in longitudinal samples extracted from the steel sheet, with calibrated length
Lo in accordance to UNE-EN 10002-1 standard. The equipment used was an INSTRON 5583 machine, with a
150 kN capacity load cell, specially adapted for tension testing of either hot or cold rolled plane products. The
parameters evaluated (Table IV) were: higher yield stress, lower yield stress, yield elongation, rupture stress,
elongation before rupture, lower yield/rupture stress ratio and strain hardening coefficient n. All the steels
comply with the specifications of the EN 10149-2 standard, with the exception of the S600 yield stress which
is at the limit of the specification. Engineering stress-strain curves for the samples are presented in Figure 1
adding as comparison the ones for ULC steel (0.003% C, 0.15% Mn, 0.07% Ti) indicated as IF and with extra-
deep-drawing quality ( #=0.25); and a dual phase steel (0.1% C, 0.55% Si, 1.6% Mn, 0.005% B), indicated as
DP with commercial quality (#=0.22).



Name | Material | Minimum | "Tensile | Min percentage elongation at Bending at
number yield strength fracture 180° min.
strength [MPa] Ift<3 Ift=3 mandrel
[MPa] PLo=80 ILo=5.65VS, diameter
mm
S315 | 1.0972 315 390 -510 20 24 Ot
S355 | 1.0976 355 430 — 550 19 23 0.5t
S420 | 1.0980 420 480 — 620 16 19 0.5t
S460 | 1.0982 460 520 — 670 14 17 1t
S500 | 1.0984 500 550 — 700 12 14 1t
S550 | 1.0986 550 600 — 760 12 14 1.5t
S600 | 1.8969 600 650 — 820 11 13 1.5¢
S650 | 1.8976 650 700 — 880 10 12 2t
S700 | 1.8974 700 750 - 950 10 12 2t

Table II. Mechanical properties for thermomechanically rolled steels.
Note: 1) The values for the tensile test apply to longitudinal test pieces. The values for the bent test apply to transverse test pieces. For thickness t>8 mm,
min. yield strength can be 20 MPa lower. 2) Ly is the initial length of the tension test sample. 3) Sy is the initial width of the tension test sample.

Sample C Mn Si S P Ti Nb Al
8315 0.07 | 033 | 0.01 | 0.013 | 0.008 -- 0.023 | 0.042
S420 0.10 | 047 | 0.01 | 0.010 | 0.016 -- 0.044 | 0.029
S500 0.09 | 141 | 0.02 | 0.012 | 0.019 | 0.075 | 0.047 | 0.031
S600 0.09 | 145 1 0.02 | 0.008 | 0.019 | 0.074 | 0.047 | 0.026

Table I1I. Chemical analysis of the four steel samples tested

Sample S315 | S420 | S500 | S600
Thickness/mm 4.0 5.2 4.5 2.3
Higher vield stress/MPa 369 465 630 585
Lower yield stress/MPa 357 449 618 581
Yield elongation/% 0.5 2.0 2.3 0.6
Rupture stress/MPa 421 534 678 661
Elongation before rupture/% 20 27 26 16
Lower yield/rupture stress ratio 0.85 0.84 0.91 0.88
Strain hardening coefficient 0.19 0.16 0.10 0.10
G (ASTM) 13.0 13.3 14.2 13.9
o (ASTM) 1.50 1.47 1.05 1.20
L (um) 3.5 3.1 2.3 2.5

Table 1V. Mechanical properties and quantitative metallographic results.
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Figure 1. Engineering tensile curves for the investigated steels.

Metallographic analysis were carried out in the transverse section of the steel sheet parallel to the
rolling direction, followed by mechanical grinding, 6 and 1 um diamond paste polishing and using a 0.05 um
y-alumina solution to achieve mirror finish. The etch to reveal microstructures was Nital-2, a 2% nitric acid
solution in alcohol. Quantitative metallography was made using a Nikon-Epiphot equipment and, because



these are UFF steels, to evaluate the ASTM G grain size, optical objectives Mx higher than 100x were used,
just as recommended by the ASTM E-112 standard. The formula!":

G = G'+6.64log (=) (1
was used to convert grain size. To quantitatively determine the statistical distribution of grain sizes (mean
linear intercept L), a Buehler Omnimet image analyzer connected to the Nikon-Epiphot microscope was used,
in accordance to the already quoted E 112 standard, and to the extended E 1181-02 version.

The intercept measurements are automatically made by the equipment with lines traced over the
micrograph at 0, 45, 90 and 135 degrees of the rolling direction. The distribution of grain sizes (histogram)
follows a log-normal law. As the relation between ASTM G number and linear intercept sizes is:

G = —3.356 — 6.644log L(mm) )

©}

Figure 2. Métall?éraphic 1maéz sample S315 (a), along with detected grain pattern (b) and ASTM G grain size
distributien histogram (c).

Figure 3. Metallographic image sample S420 (a), along with detected grain pattern (b) and ASTM G grain size
distribution histogram (c).

#of absts
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Figure 4. Metallographic image sample S500 (a), along with detected grain pattern (b) and ASTM G grain size
distribution histogram (c).

Figure 5. Metallogl:aphlc m;age sable S600 (a) along with detected grain pattern (b)
distribution histogram (c).



The statistical distribution of frequency versus G size is of the normal type. Thus, the mean grain size

G and standard deviation o; were determined using 6 micrographs for each steel and reporting the average

value and standard deviation (Table IV). The values indicate (Figures 2, 3, 4 and 5) that these are in fact UFF

steels with mean grain size values in the range of 13~14 ASTM (3.5 ~ 2.5 um).
The optical micrographs of these steels, have the following common characteristics:

e Slight banding of the ferrite-pearlite structure in the rolling direction, where the volume fraction of
pearlite, also quantitatively analyzed, never surpasses 5%, therefore making the structure, from a
mechanical point of view, as single-phased.

e “Pancake” structure of the ferrite phase, inherited from the controlled rolling process, with elongated
grains in the rolling direction, which makes indispensable, as indicated before, to measure intercepts in
lines with different angles to obtain a correct L value.

e The structures are recrystallized, though no evidence of sub-grains was found, typical in restored states.

Discussion

As already indicated, the works published in the last decade on UFF steels are abundant, using
different technologies, all of them developed until now in a laboratory level, with examples such as:
¢ Hot-rolling processes, followed by large deformations in warm temperature and rapid cooling developed at

the Max Planck Institute (Germany), have produced grain sizes close to 1.6 um P,

e Dynamic Strain Induced Transformation - DSIT processes of hot-rolled sheets performed at Deakin
University, Australia, with large deformations (¢ &~ 3) in the A; — Aj;, interval, followed by controlled
cooling, reaching grain sizes close to 0.5 pm 571,

e  Severe Plastic Deformation - SPD and Accumulative Roll Bonding - ARB on steel and aluminum sheets at
the Universities at Osaka and Tokyo, Japan, subjected to various cycles of deformation (cumulative
deformation er4¢q; ~ 5) and subcritic annealing. Grain sizes of 0.2 um may be reached &%

e Rapid Transformation Annealing - RTA processes which consist in large cold reductions of thickness in
steel sheets (1 < & < 3), followed by flash-annealing (lasting a few seconds) at subcritic (<A.,), intercritic
(A <T<Ag) or complete austenization temperatures. The University of Aachen, Germany and CEIT de
Guipuzcoa, Spain have obtained grain sizes with values of 2 to 3 um!'. Similar procedures have been
used in the R&D division of Tata Steel (India), working with low carbon martensitic steels!'>).

All the research groups just mentioned have found what Howe!', very wisely, has defined as the
Achilles’ heel of the UFF materials: there is an inferior limit for the grain size of these steels below which they
are not able to homogenously strain-harden and are, therefore, unviable for processes of drawing and/or
expansion cold-forming. The demonstration of this, is based in the works of Morrison" and Morrison and
Miller"* and focuses on the 1 coefficient of strain hardening, quoted in texts on metallic materials'"**!, and its
correlation to grain size. In a resumed way, the argument is the following: when tested in tension, ductile
materials -such as steel- show a response in the uniform deformation plastic zone that fits a Ludwik-Hollomon
law type:

g=Kg" 3)
where o is the true tension stress, ¢ the true strain, X a proportional constant and » the strain hardening
coefficient.

Figure 6 presents the /K value plotted versus ¢ for the investigated steels. On the other hand, ductile
materials (steels included) also show a relation -based on deformation by dislocation movement- between yield
stress s, and grain size, consistent with the Hall-Petch formula:

sy = So + kd~1/2 @



where s, is the engineering lower yield stress, s, is the Peierls tension or resistance of the crystal lattice to the
movement of dislocations, & is a constant function of the chemical composition of the steel and d is the grain
size, usually expressed in mm.

o o1 02 03 04 05 08 OF 03 09 1 T1 12 13 14 1§
.

Figure 6. s/K as a function of ¢

There are numerous theories (and formulas) to correlate composition, structure and mechanical
properties of low, medium and high C steels, as well as stainless steels!!"****1 all of them considering as
starting point the Hall-Petch law and using linear regression multivariable methods: a relation is established
between the yield stress s, and the inverse square root of grain size. This law may also be applied to the
fracture stress s, and transition temperature (ITT), both of them very important in the design and application of
structural steels, as the following examples show:

1) According to Pickeringm] for low C, ferritic-pearlitic, weldable steels, the formulas may be:
sy(MPa) = 54 + 32(%Mn) + 83(%Si) + 354(%N;) + 17d~1/2 (5)
sy(MPa) = 295 + 28(%Mn) + 83(%Si) + 4(%pearlite) + 8d~1/2 (6)
with the alloying elements and pearlite expressed in weight percentage and grain size in mm. Not considering
(as a first approximation) the influence of alloying elements:
e 0% pearlite steel (pure ferrite) as in an IF steel

sy(MPa) = 54 + 17d~1/2 (7
sy (MPa) = 295 + 8d~1/2 (8)
sy =8, »>d Y2 =268->d=14um 9)
Substituting in formulas (7) and (8):

Sy =5, = 510MPa (10)

e 15% pearlite steel (~0.1% C) as in low-carbon mild steel
sy =8, >d Y%~ 334 >d=09um (1
sy = sy = 620MPa (12)

e 25% pearlite steel (~0.2% C) as in structural steel

sy =5, >d Y2 ~379>d=07um (13)
5y =5, = 700MPa (14)

If s, (and s,) are plotted against d "2 or d, it follows that the minimum grain size (critical size) that
cancels the ductility of the steel is close to 1 um.
2) According to Gawne and Lewis®* the correlations would be the following:

sy(MPa) = 27 + 22d™'/2 + 165(%C) + 470(%P) + 3000(%N;) + 60(%S) — 665(%S)  (15)

su(MPa) = 150 + 16d~Y? + 335(%C) + 600(%P) + 4505(%Nf) + 77(%Si) — 845(%S) (16)
with the numbers expressed in the same way as formulas (5) and (6). Using the same assumptions as in the
previous case:

e 0% pearlite steel (pure ferrite) as in a IF steel
sy(MPa) =~ 27 + 22d=1/2 (17
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5,(MPa) = 150 + 16d~1/2 (18)

sy =5, >d Y2 =205->d=24um (19)
Substituting in formulas (15) and (16):

Sy = 8, = 480MPa 20)

e 15% pearlite steel (~0.1% C) as in low-carbon mild steel
sy =5, >d Y2 ~237-d=18um (1)
sy = s, ~ 565MPa 22)

e 25% pearlite steel (~0.2% C) as in structural steel

sy =5, > d V2~ 2683 >d=14um (23)
sy = 5, = 650MPa 24)

In other words, the resulting critical grain sizes are above 1 um and, therefore, mechanical resistances
lower than those predicted by Pickering'”\. In any case, both works agree in a ferrite critical grain size of about
1 pm that will annul ductility. A 2.5 pm grain size (ASTM 14) would be a more conservative value, and in this
case, the presence of a hardening phase (peatlite) diminishes the critical grain size. These two conclusions are
very important in the process of designing UFF steels.

By accepting expressions (3) and (6), it may also be deduced the existence of a functional relation
between the strain hardening coefficient 7 and grain size d, known as the Morrison law!'*:

n=5/(10 +d1/2) (25)
with d as grain size in mm. This formula, which establishes an inverse proportional relation between n and d, is
particularly relevant for UFF (UFG) steels.

Steels that present a tensile curve with a higher yield stress, lower yield stress (s,) and yield elongation
by propagation of Liiders bands (plastic instability prior to uniform deformation), of & value (true Liiders
strain), may loose their capacity for homogenous deformation if the following condition™ is verified:

&g =n (26)

Therefore, non-homogenous Liiders deformations eliminate the capacity for strain hardening of the
steel. Applying formulas (3) and (26) and relationships between engineering and true stress, it follows that:

sy(1+e)=Ke 27
where, taking logarithms in both sides of the equation and regrouping, leads to the expression:
1n55:sL—n1neL =n(l—1Inn) 28)

y
Figure 7 presents the analytical expression for this last formula, where the limit curve, which

corresponds to the g, = n criterion is plotted, and separates the upper part of stable steels (n > g,) from the
unstable ones (n < g,). The first ones overpass the yield elongation and strain harden, while the second ones
(n < &) fail to accomplish these aspects. On the figure, the UFF steels investigated in this work are presented,
along with the reference DP and IF steels, all of them in the stable plastic deformation zone.

Stable Piastic Deformation Zone

3 8315 e
°

Unstable Plastic Deformation Zone

0.08 013 0.18 @23 028
n

Figure 7. K/s, in accordance to eq 28



From these considerations it may be deduced that there is a “natural” inferior limit imposed to UFG
steels and their corresponding grain size d and homogenous deformation #, utterly connected to the
deformation by dislocation movement and pile-up strengthening behavior'®!. In all cases the » coefficient
should be higher than 0.08 (as may be seen in Figure 8). For n=0.1, the Morrison law (equation 25) requires a
0.6 um grain size that seems excessively small, though, as reported by Tsuji et al.’®! in an exhaustive work
carried out on commercial aluminum alloys (1100 quality) and ULC IF steels (%C<0.003, microalloyed with
Ti), the critical grain size in these materials is close to 1 um, beneath which the yield stress and tensile stress
match up, making uniform deformation impossible, at least at room temperature. Figure 9 presents both the
ASTM G grain size (on the left) and the mean linear intercept L in um (on the right) as a function of the n
coefficient for the four steels investigated. In the case of L (lower part of the figure) a second-degree-fit curve
indicates a value below 2 pm for the 0.08 n coefficient limit. In a similar way (upper part of the figure), the
ASTM G grain size is shown, along with the upper and lower limits for a 95% confidence level of these
measurements. The second-degree-fit curves indicate that for an n value of 0.08, the corresponding mean grain
size is close to 14.
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Figure 9. Mean linear intercept L grain size as a function of strain hardening coefficient n, and also average ASTM G
number, along with 95% confidence level upper and lower limits for the four ultrafine grained steels investigated.

To conclude, as there is a correlation between the value of the sy/s, ratio and the n coefficient (as
shown in Figure 8) there is a minimum value n =~ 0.08 for which s,/s, has a value lower than 1 and a threshold
for uniform plastic deformations. Thus, microalloyed UFF ferrite-pearlite steels obtained by ATMCRP may
reach 600 MPa in yield stress with limit values of n = 0.1 and d = 2.5 ym. Increasing the yield stress over
600 MPa (5650 and S700 steels of the EN 10149-2 standard) would imply a raise in the Mn content, addition
of Mo and microalloying B (besides Ti/Nb). These steels, after controlled rolling and rapid cooling will
present, in the hot rolling raw state, ferritic-pearlitic-bainitic-martensitic structures: they are dual and multi-
phase steels with ultrafine grain sizes below 2 um. The work “Fundamentals of Dual-Phase steels”**) explains
the possibilities of strain hardening and cold work manufacturing on these materials, product of the increase in
the n coefficient”®. These dual-phase steels are a new class of high-strength low alloy (HSLA) materials
characterized by a microstructure consisting of a dispersion of about 20 — 30 % of hard martensite islands in a
soft, ductile ferrite matrix, although small amounts of bainite, pearlite, and retained austenite may also be



present. These steels have a number of unique properties (sometimes called multi-phase properties), which
include:
- continuous yielding behavior (no yield point and ludering elongation),
- alow 0.2 percent offset yield strength (= 300 MPa),
- ahigh tensile strength (= 600 MPa),
- ahigh work hardening rate,
- an unusually high uniform and total elongation. The high work-hardening rate results in a yield
strength of 500 MPa after only 5 ~ 10 % deformation.
As a result, in formed parts dual-phase steels have a yield strength comparable to that of other 600

MPa HSLA steels (S600) and much better ductility. More importantly, the high work-hardening rate,
combined with the high uniform elongation of these steels, gives them a formability equivalent in stretching to
that of much lower strength sheet steels (deep-drawing quality and drawing-quality). As a result these steels
are an attractive material for weight-saving applications in automobiles.

Dual-phase steels can be produced either in the hot-rolled state (S650 and S700) or by intercritical
heat treatment with either continuous annealing or box annealing technologies. Actual production has
concentrated on using continuous-annealing processing lines because of higher production rates, better
uniformity of properties, and the possibility to use lower alloy steels #271,

RLTRE & S e
image sample DP showing ferrite (a), along with detected grain pattern (b) and ASTM G grain
size distribution histogram (c)

Figure 11. Metallographic image sample DP showing martensite (a), along with detected grain pattern (b) and martensite
volume fraction histogram (c)

Figures 10 and 11 show the micrograph, ASTM grain size distribution and presence of ferrite and
martensite respectively in a DP600 (in hot rolled state as demanded by RUR Group) steel, which has been used
as a reference in this work. This material is also an ultrafine grained steel, and the reason for its low s,/s, ratio
(high ductility) is the residual stresses introduced by the austenite during the martensitic transformation, after
cooling into a ferritic matrix. In other words, the transformation occurs at low temperature (below 500°C)
causing the ferritic phase to withstand the volume expansion (2~4 %). As a result, both a high dislocation
density and residual stresses are generated at the ferritic phase surrounding martensite. In a simplified
interpretation of the phenomena, the deformation pattern takes the form of thin bands of alternated deformed
and not-deformed regions, parallel to the rolling direction. This pattern causes continuous yielding, which is a
consequence of its yielding nucleation at many points in the sheet''>***. This mechanical behaviour is similar
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to pre and post-tensioned steel reinforced concrete: steel bars work in tension (like ferrite) and bainite and
martensite in compression (like concrete), increasing ductility and delaying fracture of the composite.

3. Conclusions

Low C steels microalloyed with Nb/Ti and ferritic-pearlitic structures standardized by UNE EN
10149-2, manufactured by ATMCRP in the ArcelorMittal de Asturias (Spain) factories are mainly used in
automotive applications (fittings and reinforcement parts).

Denominations S315 to S600 investigated in this work have grain sizes lower than 5 um (12 ASTM)
and may be classified as UFF steels. Grain size is mainly in the 13~14 ASTM (3.5 to 2.5 um) interval.

The strain hardening coefficient # is, in all cases, higher than 0.1, which makes them suitable for not-
too-demanding cold work (bending and drawing), as indicated by the mentioned Euronorm.

If an excessive grain size refinement (reaching values close to 1 pum) results in a coefficient n value
lower than 0.08, the steel would be plastically unstable (Liiders deformations): strain hardening would be
impossible and the material industrially (in practice) unacceptable.

Microalloyed ferritic-pearlitic ultrafine grained steels with yield stresses higher than 600 MPa
(including dual and multiphase steels), slightly alloyed with Mn/Mo, microalloyed with Ti/Nb/B and
manufactured by ATMCRP, present second phases of the bainitic-martensitic type and reach values of n >
0.1, and thus, higher than the »=0.08 critical value.

The authors wish to thank the Research and Hot Coil Products Department of the ArcelorMittal in
Asturias (Spain) Factories (formerly Ensidesa, CSI Planos, Aceralia and Arcelor). They also acknowledge Ms.
Teresa Iglesias and Ms. Bertha Mendieta for their invaluable help in experimental work and text and figures
revisions.
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