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Abstract 
The present thesis provides thorough investigations on the industrial 

fabrication of hot-rolled ZnCuTi sheets regarding the continuous casting 

process, the subsequent thermal treatment and the final hot rolling process. As 

an additional, more fundamentally aimed investigation along with a possible 

application in the field of bioabsorbable stents, the same bulk ZnCuTi alloy was 

highly deformed by high-pressure torsion in order to provoke the formation of 

an ultra-fine grained microstructure exhibiting extraordinary strength. 

The key outcome of the investigations on the commercial production of 

hot-rolled ZnCuTi was the determination and semi-empirical quantitative 

description of the predominant microstructure forming mechanism during hot 

working. The coarse grained solidification structure issued from the continuous 

casting process is not significantly influenced by the applied industrial thermal 

treatment, but strongly modified by continuous dynamic recrystallization 

during hot rolling. The initiation and saturation state of recrystallization were 

empirically determined by flow curve analysis of laboratory compression tests 

as a function of the deformation parameters. The analytically predicted re-

crystallization behaviour was successfully validated by microstructure analysis 

of samples processed both in the laboratory and in the industrial line covering a 

wide range of hot working parameters. Additional measurements of the 

development of the recrystallized grain size have completed the observations 

on the hot working behaviour of ZnCuTi. Microstructure properties of the 

hot-rolled end product can now be adjusted by making use of the developed 

predictions. 

The prospective application of low-alloyed Zn as bioabsorbable implant was 

driven ahead through investigations on severe plastic deformation of ZnCuTi. 

The comparison of HPT deformed ZnCu and ZnCuTi demonstrated that the 

TiZn16 intermetallic phase particles present in ZnCuTi enable the development 

of an UFG structure, which exhibits twice the hardness of the CG state. This 

approach could be used to process strengthened stents composed of Zn alloyed 

with small amounts of Ti. Indeed, further questions like ductility and 

workability of the UFG structured alloy have to be clarified, but the results 

open a new avenue for processing extraordinary strong, low-alloyed zinc 

alloys. 

 

Resumen 
Esta tesis recoge, en primer lugar, una investigación exhaustiva sobre la 

fabricación industrial de  chapas de aleación  ZnCuTi con respecto al proceso de 

colada continua, el tratamiento térmico posterior y el siguiente proceso de 

laminación en caliente. En segundo lugar, describe los resultados de una 

investigación adicional y más fundamental (aunque llevada a cabo para 
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explorar una posible aplicación biomédica del zinc para stents vasculares 

bioabsorbibles). La misma aleación ZnCuTi fue fuertemente deformada a 

temperatura ambiente por torsión bajo alta presión para desarrollar una 

microestructura de granos ultrafinos (próximos al rango nanométrico) que le 

confiere una resistencia mecánica extraordinaria. 

El resultado clave de las investigaciones sobre la producción comercial del 

ZnCuTi laminado en caliente fue la determinación y descripción cuantitativa 

semi-empírica del mecanismo dominante en la formación de la microestructura 

final de las chapas. La estructura de solidificación de granos gruesos provocada 

por el proceso de colada continua no se altera significativamente por el 

tratamiento térmico industrial previo a la laminación, pero ésta la modifica 

fuertemente por un proceso de recristalización dinámica continua. La iniciación 

y la saturación de la recristalización en términos de las variables asociadas al 

proceso de deformación se han determinado empíricamente mediante un 

análisis de las curvas de flujo plástico obtenidas por medio de ensayos de 

compresión de laboratorio. Las predicciones del comportamiento de 

recristalización hechas a partir de ecuaciones derivadas de ese análisis se 

verifican satisfactoriamente cuando se aplican al proceso industrial, como se ha 

comprobado mediante una comparación de muestras procesadas en el 

laboratorio y en la línea industrial, obtenidas en un amplio rango de parámetros 

de trabajo en caliente. Medidas adicionales de la evolución del tamaño de grano 

recristalizado han completado las observaciones sobre el comportamiento de 

trabajo en caliente de ZnCuTi. Se dispone, por tanto, ahora, de una herramienta 

para adecuar los parámetros del proceso industrial a la obtención de 

propiedades microestructurales pre-establecidas del producto final laminado en 

caliente.  

En cuanto a la segunda parte del trabajo de la tesis, la aplicación prospectiva del 

Zn de baja aleación como material para implantes bioabsorbibles exige 

aumentar la resistencia mecánica del zinc muy por encima de la actual. El 

trabajo se ha centrado en las posibilidades que ofrece la nanoestructuración por 

deformación plástica severa (procesos SPD). En concreto se ha sometido a 

ZnCuTi y ZnCu al proceso HPT (torsión bajo alta presión). La comparación de 

estructuras y propiedades mecánicas de ambas aleaciones tras HPT muestra 

que las partículas de fase intermetálica TiZn16 presente en ZnCuTi dan lugar a 

una estructura de UFG que exhibe el doble de la dureza del estado 

convencional de la aleación (grano micrométrico). La resistencia alcanzada es 

totalmente extraordinaria para zinc tan bajo en elementos de aleación (de 

hecho, esa aleación sería biocompatible) y este enfoque puede ser utilizado para 

procesar stents de casi zinc puro (con un pequeño contenido de titanio) o para 

otras aplicaciones que requieran muy alta resistencia en aplicaciones de zinc. 
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Zusammenfassung 
Der industrielle Herstellungsprozess warmgewalzter ZnCuTi Bleche wurde in 

der vorliegenden Arbeit hinsichtlich des formgebenden Stranggussverfahrens, 

der anschließenden Wärmebehandlung und des finalen Warmwalzprozesses 

eingehend untersucht. Als zusätzliche, grundlegend ausgerichtete Forschungs-

arbeit, wurde die gleiche ZnCuTi Legierung durch einen high-pressure torsion 

Prozess extrem plastisch verformt, was zur Bildung eines ultrafeinkörnigen 

Gefüges mit außerordentlicher Festigkeit führte.  

Das Hauptresultat der Untersuchungen über die kommerzielle Herstellung von 

warmgewalztem ZnCuTi war die Bestimmung und semiempirisch-quantitative 

Beschreibung des aktiven Mikrostrukturbildungsmechanismus während der 

Warmumformung. Die grobkörnige Erstarrungsstruktur, eingestellt durch das 

kontinuierliche Gießverfahren, wird durch die anschließende Wärme-

behandlung nur unwesentlich beeinflusst, jedoch stark durch kontinuierliche 

dynamische Rekrstiallisation während des Warmwalzens. Initiierung und 

Sättigung dieses Rekristallisationsmechanismus wurden empirisch durch eine 

Fließkurvenanalyse von Labordruckversuchen in Abhängigkeit der 

Verformungsparameter bestimmt. Die analytisch vorhergesagte Re-

kristallisationsstruktur wurde erfolgreich experimentell innerhalb einer großen 

Bandbreite an Umformtemperaturen und Verformungsgeschwindigkeiten 

durch Mikrostrukturanalysen von Laborproben und industriell hergestellter 

Proben verifiziert. Die Bestimmung der parameterabhängigen Rekristal-

lisationskorngrösse rundet die Untersuchungen des Warmumformverhaltens 

von ZnCuTi ab. Ein adäquates Werkzeug zur Vorausbestimmung der 

Mikrostruktureigenschaften des warmgewalzten Endprodukts wurde somit 

erschaffen.  

Die zukunftsweisende Anwendung der niedrig legierten Zn Legierung als 

bioabsorbierbares Implantat wurde durch die Forschungsarbeit über extreme 

plastische Verformung von ZnCuTi vorangetrieben. Der Vergleich von 

hochverformtem ZnCu und ZnCuTi hat gezeigt, dass fein verteilte Partikel der 

intermetallischen Phase TiZn16 in ZnCuTi für die Ausbildung einer 

ultrafeinkörnigen Struktur, mit der doppelten Härte der konventionellen 

Struktur, verantwortlich sind. Dieser Ansatz kann dazu verwendet werden, um 

bioabsorbierbare Stents aus Zn, legiert mit geringen Mengen an Ti, mit der 

erforderlichen Festigkeit auszustatten. 
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1 Introduction: Aims and scope 

The title of this doctoral thesis, “Thermomechanical and microstructural 

properties of ZnCuTi under different deformation conditions”, already states 

that the following scientific research is not only based on a single theoretical or 

experimental discourse. 

On the one hand, the “different deformation conditions” consist of the 

simultaneous application of temperature and plastic deformation by hot-rolling 

and on the other hand of severe plastic deformation (SPD) introduced by 

high-pressure torsion (HPT) at room temperature. These two different 

deformation methods and their impact on both, the mechanical properties and 

the microstructural evolution, are researched in order to further develop two 

different application fields of the alloy: firstly, its most usual application as 

corrosion-resistant architectural material for roofs, façades or appliances, and 

secondly, a new potential application as biomedical material. 

Including the material-scientific characterization of the quasi non-deformed 

state of the basic raw material, the thesis gives in-depth information about the 

microstructure, texture and mechanical properties of the ternary 

Zn-0.16wt%Cu-0.08wt%Ti alloy in very different deformation states (as-cast, 

after heat treatment and industrial rolling, after severe plastic deformation). 

 

1.1 Industrial processing – Twin-roll casting, heat 

treatment and hot rolling  

Sheet metal applications in the outdoor area need to provide not only great 

corrosion resistance but also high creep resistance for dimensional stability 

under varying weather conditions. The further development of conventional 

wrought zinc alloys concerning these structural applications like roofing, 

flashing and other architectural elements, showed that hot-rolled zinc sheets 

containing small amounts of copper and titanium provide excellent creep 

behaviour. They also have other favourable properties, such as suitability for 

several joining processes subsequent to rolling, pronounced resistance to grain 

coarsening at elevated temperatures and attractive visual appearance [1].  

The mechanical properties of these sheets are particularly sensitive to the 

process parameters of hot-rolling, i.e. rolling temperature, rolling speed and 

applied reduction [2, 3, 4]. The relationship between the rolling variables and 

the resulting microstructure of the final product has not been well understood 

or, at least, it has not been published in the open literature so far.  

Therefore, a research project was established with ASLA (Asturiana de 

Laminados S.A.), one of the leading companies in the production of ZnCuTi 

sheets. Besides the characterization of the twin-roll cast and heat-treated 
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ZnCuTi EN988 bulk material, the main goal of the project was the investigation 

of the thermomechanical behaviour of the alloy under hot-rolling conditions, in 

order to get a clearer understanding of the dominating recrystallization 

mechanism during processing. Having the microstructural development of the 

alloy under control, above all the evolution of its grain size, allows to adapt the 

production process towards desired and improved mechanical properties of the 

final product. ZnCuTi sheets could then be tailored to customer requests and 

replace other commercially accepted alloys currently used for architectural 

purposes, like zinc-coated steel, aluminium or copper alloy sheets.  

 

1.2 ZnCuTi as UFG structure forming alloy – Severe 

plastic deformation 

Besides its main large-scale application, another prospective application of 

ZnCuTi or a close derivative of this alloy could be in the field of bioabsorbable 

implants. This is a totally new idea issued from this thesis. Of course the 

development of this idea requires further research beyond that made in this 

thesis, including corrosion studies and in-vivo tests, but a key aspect of the use 

of the alloy for bioabsorbable implants (arterial stents) has been studied and 

solved. 

Bioabsorbable implants are increasingly used due to the function of the medical 

implant is fulfilled quite often in a limited time. If the implant material was 

absolutely inert it could be permanently left in place, although it would 

represent a foreign body origin of mechanical hindrances; but mostly it will also 

be degraded by the fluids of the body releasing undesirable or toxic elements. 

Often the implant is to be removed in a second surgical intervention. Implants 

made with biocompatible materials susceptible of slow dissolution by the body 

fluids avoid this second surgery and are eagerly researched today. Some 

implant applications require relatively high mechanical resistance and several 

metallic alloys have been tested for such applications. Among them, 

magnesium is the only material clinically used today for bioabsorbable vascular 

stents, although its rate of in-vivo dissolution is not the optimal one (it corrodes 

too fast [5]). 

Recently, Bowen et al. [6] have shown that the physiological corrosion rate of 

pure Zn is ideal for bioabsorbable vascular stents; hence Zn could be a better 

candidate than Mg for this particular type of application. The toxicity of zinc is 

very low compared to other metallic ions of similar chemical properties and the 

human body possesses efficient mechanisms to maintain zinc homeostasis 

despite important zinc intake doses. In fact, a far from negligible daily intake of 

Zn is necessary for humans to maintain good health. Besides its 

biocompatibility, some properties of Zn, though not extraordinary, are 
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comparable to those of several accepted implant materials (a density like 

stainless steel, an elastic modulus comparable to pure titanium). However, the 

use of pure Zn for stents requires further development: its plastic strength is 

very low. It is to be increased in order to avoid recoil of a vascular stent after 

implantation and expansion. If Zn strengthening by heavy alloying with 

undesirable elements is discarded, a problem then arises, because strengthening 

of pure Zn by conventional thermomechanical processing methods [7, 8] does 

not provide the necessary increment in strength. 

In the case of permanent biomedical implants, where titanium alloys are the 

material of choice, nanostructured pure titanium obtained by an SPD method 

(equal channel angular extrusion, ECAE) is offered as an alternative to the 

Ti-6Al-4V alloy for dental implants [9]. It is a successful use of a nanostructured 

bulk material, a topic that, in the last years received high degree of scientific 

attention in materials science [10]. The small grained structure of metals 

provides with exceptional mechanical characteristics compared to their 

conventionally grained (CG) state [11]. Some ultra-fine grained (UFG, grain size 

𝐷∼100-1000 nm) and nanocrystalline (NC, 𝐷<100 nm) materials show 

extraordinary properties like high ductility [12], superplasticity at low 

temperatures [13, 14] or an improved corrosion resistance [15]. However, 

mostly they are famous for exhibiting high hardness and strength [10, 16, 17]. 

The high-strengthening predicted by the Hall-Petch relationship opens the 

possibility of enhancing the mechanical properties of pure metallic or 

low-alloyed technical components without changing their chemical 

composition, and thus maintaining the advantages of the use of quasi pure 

metals. Heavy alloyed nanostructured materials can be only used if they 

possess intrinsic barriers to corrosion, like SPD processed stainless steel [18]. 

The problem with bulk pure Zn is that, because of its low melting point, 

nanostructuring by SPD or by any other method does not provide with the 

necessary strength [19]. However, in the research to be presented, a method is 

developed consisting of severe plastic deformation of our ZnCuTi alloy by 

high-pressure torsion, which imparts an extraordinary strength enhancement. 

The quasi pure character of the metal is maintained, besides the fact that the 

small Cu and Ti contents of the alloy are acceptable for the application 

proposed without representing any toxicity. The evolution of the structure of 

the ZnCuTi alloy during HPT until reaching the desired UFG structure and its 

associated mechanical properties have been thoroughly studied. Additionally, 

the same investigation has been carried out on a ZnCu alloy with the same Cu 

concentration of the reference alloy with a view to especially point out the 

influence of Ti in the properties gained by HPT. This allows to conclude that a 

low alloyed ZnTi composition should be the choice for this application.
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1.3 Brief summary of the research performed in this 

thesis  

The scheme shown in Figure 1 gives an overview of the industrial production 

line applied by ASLA for the manufacture of hot-rolled ZnCuTi sheets (solid 

line) and the non-commercial severe plastic deformation of ZnCuTi done in 

laboratory (dashed line).  

 

 

Figure 1: Scheme of the industrial production process of ZnCuTi in ASLA. Additionally, 
the non-commercial enhancement of the alloy by severe plastic deformation is 
presented. Solid lines show the production flow of the hot-rolled final product, whereby 
the dashed line refers to HPT laboratory processing (CEIT).  

The bordered sections refer to chapters in which the different material states are 

investigated. The remaining production stages have not been studied in this 

doctoral thesis.  

The material properties of the bulk continuously cast ZnCuTi sheets (about 8 

mm thick) established by the horizontal twin-roll casting process and the 

influence of the subsequent thermal treatment on its microstructure and 

mechanical properties are covered by chapter 2. Proceeding from this raw 

material, the thermomechanical behaviour of the alloy is investigated in 

chapter 3 in order to gain information about the predominant recrystallization 

mechanism during hot-rolling and its relationship with the rolling process 

variables. In chapter 4, the bulk as-cast and heat-treated sheets serve as basic
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material for the high pressure torsion process causing the formation of an UFG 

microstructure. The nanostructuring process and the microstructure and 

properties it imparts are thoroughly studied. 

 

2 Investigations on industrial twin-roll cast and 

heat-treated ZnCuTi 

In this chapter, the basic raw material is investigated concerning its 

material-specific features originating from the applied continuous casting and 

heat treatment procedures. Besides a literature review of phase diagram studies 

and existing investigations on Zn-cast microstructures, an experimental 

research has been performed which includes the chemical characterisation of 

the cast product, the macro-/microstructure and texture relations of the typical 

horizontal twin-roll cast structure as well as the impact of the applied heat 

treatment on microstructure and mechanical properties. Hereinafter, the bulk 

continuously cast and thermal treated products are called “as-cast sheet” and 

“heat-treated sheet”, respectively.  

Furthermore, the observed phase-constituents (the intermetallic phase TiZn16 

and the surrounding solid solution ZnCuTi matrix) are micro-mechanically and 

crystallographically characterized by nanoindentation and OIM-EBSP 

(orientation imaging microscopy - electron back-scattered patterns). The 

experimentally derived elastic properties of the solid solution matrix 

(indentation modulus) are validated with the help of a mathematical model for 

calculating the indentation modulus of arbitrary anisotropic solids as a function 

of the indentation direction.  

 

2.1 Theoretical, experimental and technological 

background 

2.1.1 Literature review  

In the following, basic alloy-specific information about Zn-rich ZnCuTi is 

presented from literature. Phase diagram studies provide an evaluation of the 

expected phase constituents (in thermodynamical equilibrium). Their actual 

morphology and distribution are discussed on the basis of available researches. 

 

Phase diagram studies 
The designated composition of the cast product is mentioned as 0.16 wt% Cu 

and 0.08 wt% Ti, besides Zn. The production follows the EN988 standard and 
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the allowed departures defined by the above mentioned standard are given in 

Table 1. 

 

Table 1: Chemical composition of ZnCuTi sheets defined in the EN988 standard. 

Element Chemical composition (wt%) 

Zn Zn 99.995 (EN1179) 

Cu 0.08-1.0 

Ti 0.06-0.2 

Al ≤0.015 

 

The binary ZnCu phase diagram is presented in Figure 2. Although no detailed 

description of the solidification behaviour below 100 °C regarding the Zn-rich 

corner exists, a maximum solubility of 0.8 wt% Cu at room temperature 

corresponding to the thermodynamic equilibrium state is reported by Wegria 

[20].  

 

 

Figure 2: ZnCu binary phase diagram [21]. A maximum solubility of 0.8 wt% Cu in Zn at 
room-temperature is found at the thermodynamical equilibrium state [20]. 

Consequently, a complete dissolution of the entire alloyed Cu amount in the 

hexagonal closed packed Zn matrix phase as solid solution is expectable. 
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On the contrary, a eutectic reaction between Zn and Ti is established at the 

composition of 0.08 wt% Ti, indicated by the Zn-rich corner of the binary ZnTi 

phase diagram (Figure 3). The alloy becomes hypoeutectic during the 

solidification from the liquid state, which results in the formation of the 

intermetallic phase TiZn16 and hcp α-Zn. 

 

 

Figure 3: Zn-rich corner of the ZnTi binary phase diagram [redrawn from 22, 23, 24]. At a 
Ti content of 0.08 wt% the hypoeutectic reaction causes the formation of the intermetallic 
phase TiZn16 and α-Zn. 

A temperature decrease in equilibrium conditions from 419.1 °C causes the 

solidification of α-Zn with an increasing Ti content in solid solution (originating 

from approximately 0.01 wt% Ti, reaching 0.02 wt% Ti at the eutectic line). 

From 418.6 °C, the eutectic solidification of the remaining liquid phase (Zn with 

0.21 wt% Ti) to α-Zn and the orthorhombic intermetallic phase TiZn16 takes 

place. The formed α-Zn contains 0.02 wt% of Ti in solid solution, whereby the 

rest of the Ti remains in TiZn16. Up to room temperature, the composition of 

both microstructure constituents remains nearly constant. 

The pre-established assumptions seem to be valid focusing the Zn-rich part of 

the ternary phase diagram of ZnCuTi (Figure 4). Although Schuster et al. [25] 

predict a small fraction of fcc TiCu2Zn22 in the thermodynamical equilibrium, 
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this phase is not expected for the cast product from the industrial continuous 

casting process due to the high cooling-rate [26]. 

 

 

Figure 4: Ternary ZnCuTi phase diagram - phase equilibria in the solid state [25]. TiZn16 
phase formerly assumed to be TiZn15 [27]. 

To sum up, the entire Cu amount and approximately 0.02 wt% Ti are dissolved 

in the Zn matrix phase. The remaining Ti (about 0.06 wt%) forms the 

intermetallic phase TiZn16 resulting in a volume fraction of approximately 

1.41% (calculated from the atomic weights of Zn and Ti, 65.37 and 47.9, 

respectively). 

 

Morphology and distribution of the intermetallic TiZn16 
Detailed studies about the influence of composition and cooling-rate on the 

solidification morphology of the intermetallic phase TiZn16 in Zn-rich ZnTi 

alloys have been carried out by Spittle [28, 29]. According to Spittle, the main 

distinction appears between slowly furnace cooled and quenched hypoeutectic 

or hypereutectic alloys. These studies are the principal guideline for the 

expected microstructure of the investigated ZnCuTi alloy concerning the 
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appearance of the intermetallic phase, whereby the focus is placed only on 

hypoeutectic alloys. 

The following optical micrographs from [28] show the microstructures 

associated with a slowly furnace cooled (Figure 5) and a quenched hypoeutectic 

ZnTi alloy (Figure 6). There is little difference in Ti content between the slowly 

cooled and quenched alloys from Spittle [28] as well as the ZnCuTi alloy 

investigated in this study. Therefore a meaningful comparison can be drawn.  

 

 

Figure 5: Microstructure of a hypoeutectic Zn-0.09wt%Ti alloy, furnace cooled at 
5 °C/min (x250 optical microscope image) [28]. Big-sized primary Zn solid solution 
dendrites (white areas) are surrounded by the regular eutectic matrix.  

The slowly cooled structure contains primary Zn solid solution dendrites 

surrounded by a regular eutectic matrix. The eutectic structure appearing in the 

interdendritic spaces arose from the regular eutectic growth of the remaining 

liquid (simultaneous solidification of both phases). 

In contrast, the rapidly cooled structure of Figure 6 appears to be irregular [28]. 
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Figure 6: Microstructure of a hypoeutectic Zn-0.07wt%Ti alloy, quenched in water from 
500 °C (x400 optical microscope image) [28]. Second phase plates (appearing as black 
lines) intersperse the matrix phase.  

The higher cooling-rate provokes a refinement of the hexagonal close packed 

Zn alloy matrix dendrites which are interspersed with thin plates of the 

orthorhombic TiZn16 phase. The second phase solidifies separately in the 

interdendritic spaces of the matrix phase, as opposed to the regular eutectic 

growth observed in the slowly cooled alloy. The spacing of the intermetallic 

phase is much smaller than in the regular structure shown in Figure 5. The 

irregular eutectic structure, known as “divorced” structure [29], is to be 

expected in the industrially cast ZnCuTi alloy due to the applied high 

cooling-rate.  

 

2.1.2 Twin-roll casting process 

Continuous casting of zinc alloy strips is done either in horizontal twin-roll 

casting (TRC) machines (Figure 7a), as in the case of ASLA, or in movable 

flexible twin-belt machines (e.g., Hazellett design Figure 7b). The terminology 

for the different directions and sections present in the cast plates is designated 

as follows: The rolling direction (RD) points to the exit direction of the caster, 

whereby the transverse direction (TD) lies in the rolling plane prependicular to 
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RD and the normal direction (ND) is perpendicular to the plate surface. The 

plane defined by ND and RD is the longitudinal section, by ND and TD the 

cross section and by RD and TD the planar section.  

 
Figure 7: Schematic sketch of: a) horizontal twin-roll caster (1, water-cooled rolls; 2, 
nozzle; direction terminology explained by black arrows) and b) Hazelett twin-belt caster 
(1, water-cooled belts; 2, rolls; 3, nozzle or tundish melt feeding). 

The used twin-roll caster is characterized by rapid solidification of the injected 

melt in contact with the water-cooled rolls, followed by some hot/warm plastic 

deformation of the strip, obliged to pass between the vertical throat left by the 

coaxial cylinders (Figure 7a). The gap between the ceramic nozzles of the 

injector measures about 9.5 mm, whereby the solidified cast strip leaves the 

caster with a width of 1 m and a thickness of 8 mm. The two identical 

water-cooled cylinders with a diameter of 660 mm guarantee the forward feed 

of the cast product. In this way, an approximate extraction velocity of 0.5 m/min 

is established. After the casting process, the continuous cast sheets are wound 

up to coils of about 10 t of weight. The advantage of the TRC method in 

comparison to other continuous casting methods lies in the ease of maintenance 

attributed to the simple construction.  

Other fabricators (such as UMICORE) utilize casting machines of the Hazelett 

design, which are based on several water-cooled, metallic belts driven by four 

cylinders, as can be seen in Figure 7b. A detailed description of this casting 

process can be found in [30].  

In the case of TRC machines, the heat transfer during the solidification process 

occurs throughout the contact to the cooled cylinders, whereby the isothermal 

surfaces are bent due to the cylinder geometry. On the contrary, the 

solidification concerning the twin-belt casting process takes place between the 

water-cooled parallel belts which leads to plane and parallel isothermal 

surfaces.  

In literature, no description about the solidification structure of twin-roll cast 

Zn strips exists, so that theoretical assumptions about the expected 

solidification morphologie and texture in the case of TRC are set out in the 

1

2

1 2

3

a b
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following. The considerations are based on ZnCuTi cast structures produced by 

the Hazelett procedure and investigations on the crystallographic preferred 

solidification directions in the case of pure Zn.  

 

Expected morphology and texture of ZnCuTi twin-roll cast strips 
The macroscopic structure of ZnCuTi continuous cast bands processed in a 

Hazelett machine (Figure 8) consists of a columnar grain structure, which grows 

perpendicular to the free band surfaces. A thin layer of fine equiaxed grains can 

be observed at the surface and in the mid plane between the large columnar 

grains [20]. 

  

 

Figure 8: Microstructure of the longitudinal section of continuous cast ZnCuTi bands (9 
mm in thickness) of different Cu and Ti contents using a Hazelett caster [20]. a) 
0.05 wt% Cu and 0.049 wt% Ti; b) 0.20 wt% Cu and 0.10 wt% Ti; c) 0.30 wt% Cu and 
0.15 wt% Ti; d) 0.77 wt% Cu and 0.14 wt% Ti. 

According to Wegria [20], the solidification structure strongly depends on the 

Ti content. By increasing it, the proportion by volume of columnar to equiaxed 

grains decreases rapidly and thus the average grain size. An increased Cu 

content causes merely a weak grain refinement of both, columnar and equiaxed 

grains.  

In the case of TRC, a similar layer of equiaxed small grains (chill zone) can be 

expected to form at the surface in direct contact with the cold cylinders. Once 

the first solid layer is complete, the solidification process is continued by the 

growth of a columnar grain structure spatially oriented perpendicular to the 

curved chill surface (oriented radially regarding the water-cooled rolls – bent 

isothermal surface). Finally, the columnar grains will be mechanically tilted by 

the rolling deformation (plane strain compression) between the cylinders before 
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leaving the continuous casting machine. Considering the Ti content of the 

investigated alloy, an approximate quantitative proportionality of equiaxed and 

columnar grains indicated in Figure 8a is to be expected. Figure 9 illustrates the 

expected solidification behaviour of the molten material in contact with the cast 

cylinders. 

 

 

Figure 9: Illustration of the expected solidification structure based on the schematic 
sketch of TRC (Figure 7a). Structure composed of fine equiaxed and columnar grains 
growing perpendicular to the cylinder surface, casting direction points to the left. 

The equiaxed chill surface layer forms by rapid lateral growth of nuclei in the 

supercooled liquid adjacent to the surface of the cylinders. This will result in a 

texture, dominated by the faster lateral growing dendritic arms parallel to the 

surface. In contrary, beyond that surface layer, once the supercooling has been 

removed by latent heat evolution, planar front growth will take place and 

columnar grains will arise from the competitive dendritic growth of grains from 

the solid/liquid front normal to the chill surface. The crystallographic 

orientation parallel to their columnar direction will be dominated again by the 

faster growing dendritic direction of the alloy. Such structure and texture 

transition is generally observed in metals or alloys solidified in cold moulds 

[31, 32]. For pure Zn or Zn-rich hcp alloys, the preferred growth direction in 

solidification is 〈11̅00〉, followed by 〈112̅0〉 and 〈0001〉 [32–37]. However, there 

is some controversy connected with this, as some authors reported 〈112̅0〉 as the 

preferred growth direction of Zn [38]. Either way, the preferred growth in 

〈11̅00〉 (or, alternatively in 〈112̅0〉 directions) leads to: 

(i) strong textures with (0001) planes parallel to galvanized films or 

chill surfaces  

(ii) columnar structures with grains growing approximately parallel to 

〈11̅00〉 directions (or, in order to be more comprehensive on 

account of the above mentioned controversy, on the faster dendritic 

Zn growth direction, with (0001) planes parallel to the growth 

axis). 
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Consequently, a layer with (0001) texture is expected at the surface of TRC Zn 

plates plus a tilted 〈11̅00〉 fibre texture in the body of the plate (alternatively, a 

tilted 〈112̅0〉 fibre texture if 〈112̅0〉 was the preferred Zn growth direction). The 

angle of tilt will depend, for a given composition of the alloy, on the ratio of the 

opening of the nozzle to the solid plate thickness, the extraction speed and the 

cooling-rate. On account of the curvature of the cylinders and the expected 

shape of the liquid-solid interface between them, the inclined solidified grains 

will point opposite to the exit direction from the rolls. In this research, the TRC 

casting parameters were not modified. 

 

2.1.3 Industrial and laboratory heat-treatment 

Previously to the rolling process, the as-cast coils are heat-treated in a radiant 

tube heater in order to obtain the desired initial rolling temperature. The 

furnace containing several coils allows a maximum nominal temperature of 

623 K and the actual temperature value is determined after the coil has been 

lifted out of the furnace. Extensive studies about the influence of temperature 

set point, position of the coil in the furnace and other factors, as outdoor 

temperature or exact coil weight on the actual temperature values are not yet 

available from the industry. Due to the difficult controllability of industrial 

heat-treatment, the influence of temperature and time on the properties of the 

as-cast material was investigated in the laboratory in order to easily cover a 

wide range in temperature and time. Samples from various industrially treated 

coils are taken into account as reference.  

The studies on the impact of the thermal treatment shall define the margin of 

possible adjustable initial material states previous to the industrial rolling 

process. Therefore, the most important mechanical properties (macroscopic 

Young´s modulus, Vickers hardness and tensile test behaviour with regard to 

different directions within the cast plate, i.e. RD and TD) and the associated 

microstructural as well as textural changes before and after varying time 

temperature treatments were examined in this work. 

 

2.1.4 Microstructure constituents ZnCuTi and TiZn16 

In this section, a study is presented which is conducted to determine and 

compare the micro-mechanical and crystallographical properties of the solid 

solution ZnCuTi matrix and the intermetallic phase TiZn16.  

Micro-scale mechanical and crystallographical characterisation methods of each 

phase imply a minimal volumetric size of the microstructure constituents to be 

tested. The sizes present in the industrial as-cast state are not adequate, not 

even valid for nanoindentation testing. In order to provoke the formation of a 
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regular eutectic solidification structure (including bigger sized TiZn16 plates in 

comparison to the divorced structure expected from TRC casting, see chapter 

2.1.1), a selective remelting with a slow cooling-rate and a subsequent diffusion 

annealing was applied on the provided as-cast material. The additional 

diffusion annealing was performed in order to promote diffusion processes 

between the separated second phase particles to become big enough for 

nanoindentation testing and EBSD mapping (Ostwald ripening of the second 

phase).  

The obtained results are a combination of mechanical properties and 

corresponding crystallographic orientations. They serve to gain information 

about the hardness and the anisotropy of the elasticity (indentation modulus) of 

both phases (there is little experimental knowledge about the TiZn16 phase).  

A mathematical simulation of the orientation dependent elastic deformation 

behaviour, i.e. calculated indentation modulus as a function of the indentation 

direction concerning the crystal unit cell, was conducted to validate the analysis 

of the test results in the case of the solid solution ZnCuTi matrix. Furthermore, 

the crystallographic data from the intermetallic phase particles and their 

surrounding matrix phase (obtained by EBSD mappings covering both phases) 

was used to determine the orientation relationship originating from 

solidification. 

The current research is mainly considered to fill a gap in the literature about the 

mechanical properties of the intermetallic TiZn16. A brief review of existing 

literature information on both phases is given below. 

 

Data on the intermetallic phase TiZn16 

The structure of the intermetallic second phase TiZn16 is orthorhombic. Its 

physical and elastic properties are given in Table 2. 

 

Table 2: Physical and elastic properties of TiZn16. 

Property Density (mg/m-3) Bulk modulus (GPa) 

 7.01 78.3 

Observations Exp., RT DFT calc., 0K 

Reference [39] [40] 
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Data on the hexagonal ZnCuTi solid solution phase 
The density or elastic properties of the hexagonal closed packed Zn matrix with 

small amounts of Cu and Ti in solid solution are expected to be close to the 

known values for pure Zn given in Table 3. 

 

Table 3: Physical and elastic properties of pure Zn. 

Property Density (mg/m-3) Bulk modulus 

(GPa) 

Young´s modulus 

(GPa) 

 7.14 73.0 99.0 

Observations Exp., RT Extrap., 0K Exp., RT 

Reference [1] [41] [41] 

 

Comment 
With respect to the elastic properties of TiZn16, only its single-crystalline bulk 

modulus at 0 K, 𝐵0 = 78.3 GPa, is known (from first-principles DFT - density 

functional theory calculations) [40]. It is in the same order of magnitude of the 

bulk modulus of Zn (73.0 GPa extrapolated to 0 K [41]). Merely the Vickers 

microhardness (0.245 N) of a sputtered TiZn16 film was experimentally 

determined by Trampert [42] and it is about 1.75 GPa. No other values for the 

mechanical properties were found in literature, neither experimentally 

measured nor derived from atomistic calculations for TiZn16. 

 

Crystallographic orientation relationship 
The crystallographical solidification relationship of needle-shaped TiZn16 

precipitates (in fact, plate-shaped, apparently needle-like in a planar section) 

and their surrounding Zn matrix within a 0.14 at% Ti alloyed Zn single crystal 

was recently studied by Bockzal et al. [43]. Pole figures determined by EBSD of 

both phases are shown in Figure 10. 
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Figure 10: Orientation relationship between the Zn matrix phase (a) and the TiZn16 
intermetallic (b) determined from EBSD measurements applied on a 0.14 at% Ti alloyed 
Zn single crystal. The orientations of the Zn single crystal matrix as well as the TiZn16 
precipitates were rotated in the same way in order to get the 〈𝑎〉 Zn axis parallel to the Y 

pole figure direction and the 〈𝑐〉 Zn axis parallel to Z [43]. 

The approximate orientation relationship between intermetallic phase and 

matrix phase was determined to be (0001)〈112̅0〉 Matrix || (010)[001] TiZn16 

[43]. 
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2.2 Experimental methods and analysis procedures 

The experimental procedures for determining the chemical composition as well 

as the mechanical, macro-/microstructural and textural properties of the as-cast 

and differently heat treated bulk material are described in the following section. 

Furthermore, the methods and prior preparation steps for the micro-mechanical 

and crystallographical characterisation of the intermetallic TiZn16 and the 

surrounding ZnCuTi matrix are presented.    

 

2.2.1 Investigation methods concerning the bulk as-

cast sheets 

Chemical composition 
In order to determine the chemical composition and homogeneity of the as-cast 

sheets, Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) 

was used to determine the Ti and Cu contents of as-cast sheets from different 

production batches. This analytical technique uses emission spectroscopy for 

the detection of characteristic wavelengths of ions and atoms, which are excited 

by inductively coupled plasma. The intensities of the emission spectra indicate 

the concentration of the related element within a sample. A more detailed 

description of the ICP method can be found elsewhere [44]. 

In total, sheets from two different production batches were examined in an 

ICP-OES Varian 725-ES test apparatus. Their production dates cover a long 

period of time in order to represent the product quality throughout time.  

The compositional homogeneity within the cross section of the cast strips was 

determined by investigating three different locations: samples from both the 

two edges and the middle of each sheet were analysed (exact sample location: 

mid plane of the cross section in all cases, 1 cm away from the free lateral 

surface for the edge samples). 

 

Temperature-time treatments 
The time and temperature parameters of the heat treatments applied by ASLA 

in the industrial radiant tube heater are shown in Table 4. The sample material 

was taken from differently treated coils and the final sample geometry was 

achieved by electrical discharge machining (EDM). The extended treatments, 

performed in the laboratory of CEIT, are listed in Table 5. The annealing 

treatments for the given times and temperatures were performed in a chamber 

furnace under argon atmosphere. 
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Table 4: Time and temperature parameters of the thermal treatments done by ASLA in 
the industrial tube furnace (coils weighting several tonnes). 

Table 5: Time and temperature parameters of the thermal treatments done in laboratory 
of CEIT in a chamber furnace under argon atmosphere (small samples). 

 

Macro-/microstructure and Macro-/microtexture 
The samples for microscopic imaging techniques were mounted in 

cold-hardening resin and the subsequent grinding and polishing operations 

ended by performing a long stage of automatic polishing with colloidal silica to 

ensure that all plastically deformed layers had been removed. This last 

polishing stage is necessary to avoid mechanical damage when polishing a 

material as relatively soft as zinc. 

Different etching methods for producing a pronounced grain contrast (FeCl3 

and HCl diluted in ethanol) and for emphasizing the second phase particles 

(HNO3 diluted in ethanol) were applied as required. Optical reflecting light 

observations were done in a Zeiss AX10 microscope providing additional 

examination possibilities like polarized light imaging or automatic overview 

map creation.  

The scanning electron microscope investigations were done in a high-resolution 

JEOL FEG-SEM provided with an EDX (energy dispersive X-ray spectroscopy) 

module for chemical analysis and a module for automated acquisition and 

interpretation of Kikuchi patterns (OIM-EBSP), the latter used for microtexture 

observations and grain size determination. 

Macrotextures were characterized by X-ray diffraction pole figures, measured 

in a Philips X-pert texture goniometer employing Cu-Kα radiation.  

 

ASLA 473 K 518 K 573 K 623 K 

1 h     

3 h     

6 h  x x x 

12 h     

CEIT 473 K 523 K 573 K 623 K 

1 h x x x x 

3 h x x x x 

6 h x x x x 

12 h x x x x 
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Vickers hardness measurements 
The as-cast and thermal treated samples were mounted in cold-hardening resin 

and prepared in the same way as the samples for microscopic imaging 

techniques in order to produce equal measuring conditions. The hardness 

measurements were performed in accordance with the ASTM standard E92-82. 

Eight indents on each treated sample in normal direction (ND) were produced 

with a Mitutoyo AVK - C200 Vickers hardness indenter and a force of 2x9.81 N 

(HV2) applied during an indentation time of 10 s. The diagonal lengths of the 

indents were determined using an optical microscope. 

 

Tensile testing 
The investigation of the tensile test behaviour was limited to one as-cast and 

one industrially heat treated band (only 623 K treating temperature for 6 h). 

Triplicated tensile test samples of ASTM geometry, central uniform elongation 

of 32 mm, 6 mm of width and 8 mm thickness were EDM machined from 

full-thickness bands in transverse (TD) and rolling (RD) direction. Static tests at 

room temperature were performed in accordance with the ASTM E8M-04 

standard in an INSTRON 4505 machine under displacement control at a 

constant displacement rate of 9.6 mm/min, which is equivalent to an initial 

strain-rate of 5x10-3 s-1. A clip-gauge extensometer of 25 mm in length was used 

for strain measurement in the central region of the sample. 

 

Determination of the macroscopic Young´s modulus 
The macroscopic Young`s modulus was determined by using the ultrasonic 

measurement module Krautkramer Branson USN-52. Thereby, the Young´s 

modulus is computationally determined by measuring the time of travel of 

ultrasonic impulses through the test piece. A further description of the test 

method can be found in [45]. For this purpose, plates were EDM machined from 

the as-cast and industrially treated material (518 K, 573 K and 623 K treating 

temperature, each for 6 h) with dimensions of 50x50x8 mm. The Young`s 

modulus was measured in rolling direction (RD), normal direction (ND) and 

transverse direction (TD).  
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2.2.2 Micro-scale characterization of the microstructure 

constituents 

Selective remelting and annealing 
The received as-cast material was re-melted and, after 5 h at 873 K, slowly 

furnace cooled (0.5 K/min) to 673 K. This temperature was held for 48 h and 

subsequently decreased at the previously used cooling-rate to room 

temperature. The samples were vacuum-encapsulated in glass tubes prior to 

melting and heat treating in a muffle furnace, in order to avoid any chemical 

reactions with the atmosphere during long-term treating. 

 

Nanoindentation 
The micro-mechanical properties of the second phase and the surrounding 

ZnCuTi matrix were determined at room temperature by nanoindentation 

measurements applied in a Nanoindenter G200 (Agilent Technologies). The 

standard continuous stiffness measurement (CSM) method [46, 47], which 

allows the determination of the indentation stiffness at any point of the loading 

curve, was used for obtaining the indentation modulus and hardness as a 

function of indentation depth. It has to be noted, that the indentation modulus 

for isotropic materials can be directly related to the Young´s modulus and is 

equal to 𝐸/(1 − 𝜗2) (𝐸: Young´s modulus, 𝜗: Poisson ratio). In the case of 

anisotropic materials the experimentally determined indentation modulus is 

itself anisotropic and corresponds more to a combination of different elastic 

constants due to the complex stress state of the sample material beneath the 

indenter tip, i.e., it is influenced by the crystallographic orientation of the 

sample to the indentation direction and the indenter shape [48].  

The indents were performed with a three-sided Berkovich diamond tip up to an 

indentation depth of 500 nm in the case of the TiZn16 particles and up to 

2500 nm in the case of the ZnCuTi matrix, in both cases at a constant hardness 

strain-rate of 0.025 s-1. The mechanical parameters were averaged over the 

values determined by the CSM method within equal indentation depth ranges 

(see chapter 2.5.2). By indenting 10 different TiZn16 particles with one single 

indent each and the surrounding ZnCuTi matrix of each particle with 2x2 

indentation fields located in the interdendritic regions of different matrix 

grains, an acceptable statistical coverage of crystallographic orientations was 

achieved.  
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Crystallographic characterization of the indented areas 
The crystallographic data of 5 indented particles including their adjacent matrix 

was collected by EBSD, in order to determine the crystallographic relationship 

which emerged from solidification. The obtained data serves also to correlate 

the indentation modulus of the second phase derived from nanoindentation 

with its corresponding orientation. EBSD mappings of 5 fields of 2x2 

indentations on the ZnCuTi matrix have been used to determine the anisotropic 

elastic deformation behaviour of the matrix phase (same way as in the case of 

TiZn16: indentation modulus as a function of crystallographic orientation). 

 

Computer based simulation of the indentation modulus of the 

matrix phase 
The experimentally determined correlation between the indentation modulus of 

the ZnCuTi matrix phase and their corresponding crystallographic orientation 

was compared with calculated indentation moduli as a function of different 

crystallographic directions. The applied computation was based on a 

mathematical model proposed by Vlassak et al. [49], whereby the indentation 

moduli of pure Zn monocrystals were calculated depending on different 

indentation directions concerning the crystallographic unit cell. The elastic 

properties of pure Zn should not be significantly influenced by adding small 

amounts of Cu and Ti, thus the calculated behaviour can also be predicted for 

the solid solution matrix phase. Furthermore, the model considers the influence 

of the indenter shape on the indentation modulus in the case of elastically 

anisotropic materials (in this case, three-sided Berkovich tip). In this way, a fair 

comparison can be achieved between experimentally determined and simulated 

indentation moduli. The single-crystalline elastic constants were necessary for 

the calculation. These are well known for Zn; for the intermetallic, no literature 

data is available, therefore no simulation of the elastic anisotropy of TiZn16 

could be provided. 
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2.3 Results: Properties of as-cast ZnCuTi 

2.3.1 Chemical homogeneity 

The following results from the ICP measurements applied in Figure 11 show 

the cross-sectional chemical concentration of Ti and Cu at the edges and in the 

middle of the two examined as-cast strips, named band 1 and 2. Changes in the 

chemical composition provoked by the thermal treatment are not expected; 

therefore the measurements are restricted to the as-cast state. 

 

 

Figure 11: Cross-sectional alloy content in wt% of the as-cast strips determined by ICP. 
a) Cu content; b) Ti content. 

The chemical variation is highlighted by the 95% confidence interval regarding 

the mean value, which was calculated by averaging the test results of all 

locations from band 1 and 2 for the corresponding element. Nearly all 

individual measurements are located within the upper and lower bound values 

of the 95% confidence interval of the mean. We therefore conclude that the 

chemical homogeneity of the material is very high, with no local measurement 

farther from the mean than twice the standard deviation.  

The finally obtained chemical composition was averaged to be 0.159 wt% Cu 

and 0.086 wt% Ti besides Zn, very close to the nominal composition 

 

2.3.2 TRC induced macro-/microstructure 

The brittle fracture surface produced by longitudinal shear of the cast plate 

(Figure 12, viewing direction in transverse direction of the interior of the as-cast 

strip; exit direction from the caster points to the left) indicates that the major 

part of the observed section is occupied by coarse, long columnar grains. This 

so called “chevron pattern” structure is marked by the glossy surface of the 

grains fractured by cleavage and orientated approximately ±30° to rolling 

direction.  
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Figure 12: As-cast TRC ZnCuTi plate. Brittle fracture surface produced by longitudinal 
shear of the plate, exit direction from the caster points to the left. The observed “chevron 
pattern” structure consists of coarse, long columnar grains. 

Metallographic observations provide a clear view of the expected surface layer 

(described in chapter 2.1.2) and the underlying “chevron pattern” structure 

shown above. At the chill surface of the band, which solidifies rapidly in 

contact with the cooled cylinders (“chill zone”), a distinct layer of fine equiaxed 

grains is formed (highlighted in Figure 13 by dashed white lines). Its thickness 

varies from 20 to 50 µm in the examined section of Figure 13a; other sections 

were found with thicknesses up to 80 µm. The grain-size of the surface layer 

was determined from a 100 x 150 µm EBSD mapping performed in the upper 

longitudinal section of the cast plate (Figure 20a) by using the intercept line 

length method (taking into account grain boundaries of strong misorientation 

> 12°) with intercepts parallel to the strip surface. On average it was 

1.79 ± 0.38 µm in the examined region.  

 

 

Figure 13: a) Surface of the longitudinal section of as-cast ZnCuTi. Optical micrograph, 
etched with HNO3 diluted in ethanol. Local thicknesses of the surface layer are indicated 
by dashed white lines. Etching reveals that the TiZn16 phase arose from eutectic 
decomposition in interdendritic regions of the Zn-rich phase. Dashed black line indicates 
the growth direction of the columnar grains schematically. b) Scanning electron 
microscope image showing the surface layer and the underlying columnar grain structure 
of the longitudinal section, varying depth of the surface layer marked by dashed white 
lines. 

8mm
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From this equiaxed zone, a columnar grain structure proceeds with elongated 

grains approximately ±30° inclined to rolling direction. The preferred grain 

growth direction of the columnar grains can be observed in Figure 13a by 

focussing on the emphasized second phase plates (dashed, black line).  

The cross-section of the elongated interior grains (viewing direction in the 

planar section), shown in Figure 14a, indicates their columnar form.  

 

 

Figure 14: a) Section of a columnar grain region cut parallel to the rolling plane (rolling 
direction points downwards) at 1/4 of thickness below the surface, optical micrograph 
etched with FeCl3 and HCl in ethanol. b) As-cast TRC plate, 8 mm thick: longitudinal 
section, optical micrograph of central region (unetched sample under polarised light). 
Deformation twins attest the occurrence of some plastic deformation after solidification, 
exit direction from the caster points to the left (RD). 

The presented microstructures consist of coarse grains interspersed with 

abundant lenticular deformation twins originating from some plastic 

deformation directly after solidification (introduced during the passing of the 

strip through the vertical throat of the coaxial TRC cylinders), which cut 

through entire grains or cross through other twins. Figure 14b shows the 

resulting “chevron pattern” structure under polarised light. The structure starts 

to grow from both faces of the cast plate until clashing in the mid-plane. No 

central equiaxed grain region between the columnar sections has been observed 

in our samples. The average grain size of the interior structure was determined 

by applying a 2x2 mm EBSD mapping in the interior longitudinal section 

(Figure 21a) and performing the intercept line length method with intercepts 

parallel to rolling direction (with respect to orientations >12°). The average 

value was determined to be 45.6 ± 2.8 µm. Their average diameter of the section 

perpendicular to the growth direction has to be estimated smaller, considering 

an approximate 30° inclination of the grains, i.e. in the order of the half of this 

value (multiplied by sin (30°)).  
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Additionally, the as-cast structure was investigated concerning the 

solidification morphology of the intermetallic TiZn16.  

 

 

Figure 15: Distribution of the intermetallic phase emphasized by an etching procedure 
with HNO3 diluted in ethanol. Second phase plates appear as black pattern. a) Equiaxed 
surface layer. b) Interior columnar grain structure, image plane is the planar section. 

Figure 15a shows its distribution within the equiaxed surface layer regarding 

the planar section. The plate-like second phase occupies interdendritic spaces 

and forms a reticule-structure without any clear directionality or homogeneous 

distribution of the interdendritic spaces. However, the interdendritic spaces 

become homogenously distributed in the columnar grains of the interior (Figure 

15b). The directionality of the plates seems to change due to different matrix 

grain orientations. The divorced structure described in chapter 2.1.1 is evident.  

A detailed investigation of the morphology of the intermetallic plates was done 

by FEG-SEM microscopy. The apparent volume fraction of the intermetallic is 

exaggerated in the optical microscopy images. Figure 16a-c show the 

appearance of the second phase plates of the interior longitudinal section at 

different magnifications in the SEM. The mechanical polishing of the 

investigated samples provokes a slight etching of the matrix phase, whereby the 

harder intermetallic phase is revealed as topographical contrast.  
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Figure 16: FEG-SEM images of the intermetallic TiZn16 in the longitudinal section at 
different magnifications. Second phase slightly etched due to the long polishing stage 
with colloidal silica. 

The plates break through the surface as needle-shaped lamellae; their brittle 

nature is evident due to visible fracture provoked by the plastic deformation in 

the twin-roll caster and during mechanical polishing.  

A prolonged etching procedure with 15% HCl exposes the three dimensional 

complexity of their morphology (Figure 17a and b), not evident in the 2D 

metallographic sections. 
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Figure 17: a) and b) Feather-like laminar structure of the intermetallic phase emphasized 
by a prolonged etching with 15% HCl. c) Field experiment concerning (and confirming) 
the expected “Lotus effect”. The diameter of the resin cylinder embedding the sample is 
30 mm. 

The soft matrix phase was removed due to the etching procedure and the 

lamellar plate-like structure of the intermetallic phase appears. A topographical 

structure with small spaced pits between the second phase plates results, which 

is expected to provoke the “Lotus effect” (hydrophobicity). As can be observed 

in Figure 17c, the etched sample (mounted in black resin) is not wetted by the 

applied water droplet, which objectively illustrates the fine spaced character of 

the divorced structure.   
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2.3.3 TRC induced macro-/microtexture 

As already indicated in chapter 2.1.2, a clear texture difference has been 

detected between the surface and the interior of the strips, concomitant with the 

observed “chevron pattern” macrostructure and their plausible origin.  

At the surface (Figure 18, texture measured in the upper planar section), an 

intense (0001) basal texture with no preferred in-plane orientation is obtained.  

Below the surface (texture measured in the planar section at a depth of 2 mm, 

i.e. at 1/4 of the thickness), a strong 〈11̅00〉 fibre texture tilted approximately 30° 

around transverse direction plus a similarly tilted weak 〈0001〉 fibre texture are 

observed (Figure 19). The fibre textures are not “cyclic”, which means that the 

crystallographic directions normal to the fibres are nearly oriented at random 

around the fibre axis. Heterogeneities of intensity at 90° from the fibres are 

probably due to the coarse grain size and the resulting small number of 

mapped grains.  

 

 

Figure 18: Cast strip surface texture, (0001) and (11̅00) pole figures obtained from X-ray 
diffraction: rolling direction points downwards, transverse direction points to the right. 
Colour code indicates the intensity of the measured reflections in comparison to random 
texture. 
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Figure 19: Interior cast strip texture at 2 mm below the surface, (0001) and (11̅00) pole 
figures obtained from X-ray diffraction: rolling direction points downwards, transverse 
direction points to the right. Colour code indicates the intensity of the measured 
reflections in comparison to random texture. 

The microtexture measurements agree with the observed macrotexture. Figure 

20a shows the inverse pole figure map (colour code corresponds to normal 

direction as viewing direction) of the equiaxed surface layer measured by 

OIM-EBSP in the longitudinal section.  

 

 

Figure 20: a) Inverse pole figure map of the surface layer in longitudinal section (colour 
code corresponds to viewing direction in normal direction). Free surface of the cast strip 
at the top of the mapping. Slight grain coarsening towards the interior is evident. b) 
Corresponding  (0001), (101̅0) and (112̅0) pole figures. 



2 Investigations on industrial twin-roll cast and heat-treated ZnCuTi 

31 

Distorted nearly equiaxed grains are evident. A slight grain coarsening and 

change in crystallographic orientation can be noticed towards the interior of the 

cast plate, which corresponds to the bottom of the EBSD mapping. The related 

pole figures in Figure 20b prove the macroscopically observed intense basal 

texture of the surface layer. 

Figure 21 shows an inverse pole figure map (colour code corresponds to 

transverse direction as viewing direction) of the central region of the 

longitudinal section and Figure 21b and c show the pole figures related to the 

lower and upper part of that region, respectively. 

 

 

Figure 21: a) Inverse pole figure map (transverse direction) of the central region of the 
longitudinal section of as-cast ZnCuTi: rolling direction points to the left. b) and c) Pole 
figures corresponding to respectively lower and upper regions of a). Sense of rolling 
direction RD of the pole figures of the upper part of the picture has been inverted for 
direct comparison with those of the lower part (also inverted with respect to Figure 19). 
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The lower part shows orientations scattered around the tilted 〈11̅00〉 fibre 

texture and the upper part is mainly constituted of the {11̅00}〈112̅0〉 

orientations of that texture (with (0001) parallel to transverse direction). The 

tilting of the fibre texture and the inclination of the grains of the columnar 

structure coincide for both regions of the picture (above or below the mid-plane 

of the strip).  

The textures found allow us to conclude that 〈11̅00〉 is definitively the preferred 

solidification growth direction for low-alloyed hcp Zn and not, as some authors 

dispute, the 〈112̅0〉 orientation. 
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2.4 Effect of the heat treatment 

In this chapter, the impact of the heat treatments applied in laboratory and in 

the industrial production line on the previously described texture and 

microstructure of the as-cast strips is investigated. Additionally, the hardness 

and the tensile test behaviour of the as-cast sheets are compared to those of the 

differently heat-treated material.  

 

2.4.1 Microstructure and texture after heat treating the 

as-cast material 

Microstructure 
A comparison of the grain-structures of the differently heat-treated states can be 

drawn on the basis of the following optical micrographs. Figure 22 represents 

the influence of the treating time at 623 K and Figure 23 includes the 

microstructures obtained at different treating temperatures. 

 

 

Figure 22: Matrix grain structure of the interior planar section treated at 623 K for a) 1 h 
b) 3 h c) 6 h and c) 12 h in laboratory. Optical microscopy. 
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Figure 23: Matrix grain structure of the interior planar section treated at a) 473 K for 12 h 
b) 523 K for 12 h c) 573 K for 12 h in laboratory and d) 623 K for 6 h in industry. Optical 
microscopy. 

As previously mentioned, the as-cast solidification structure (Figure 14a) 

consists of coarse grains interspersed with deformation twins. After treatments 

in laboratory at 623 K (Figure 22a-d), the grain boundaries appear to be 

smoother with less pronounced intergranular disorder, successively with time. 

The number of recognizable twins apparently decreases and the grains possess 

a more equiaxed and finer structure than in the untreated sample. However, 

this result is only achieved at a minimum treating temperature of 623 K (effect 

is objectively fully developed at a minimum time of 6h; although no 

quantitative study of this aspect was performed). Neither the treatment 

performed in the industrial furnace at a temperature of 623 K, nor treatments 

done in laboratory at 𝑇 < 573 K show a similar effect in the investigated time 

range.   

Morphological changes of the intermetallic TiZn16 due to the effect of thermal 

treatment can be observed in the scanning electron microscope images of Figure 

24.  
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Figure 24: FEG-SEM images of the second phase in the planar section of the samples 
treated at a)-b) 623 K for 6 h in the industrial line and c)-d) 623 K for 12 h in the 
laboratory. 

A pronounced globularization of the second phase lamellae resulting from 

treatments at 623 K is evident. After the treatment of 6h at 623 K in the 

industrial line, and more clearly after 12 h at 623 K in laboratory, fragmentation 

of the second phase plates which are separated in rounded particles of about 

100–500 nm diameter appears. Furthermore, the matrix phase becomes more 

polygonized by subgrains than in the as-cast state (Figure 16), whereby in some 

cases subgrain boundaries are pinned at the intermetallic particles. 

 

Texture 
Eventual texture changes provoked by long stage temperature influence were 

studied by investigating the macrotexture of the cast strip heat treated for 6 h at 

623 K in the industrial chamber furnace.  

At the surface layer, an intense basal texture (Figure 25) possessing quantitative 

high similarity to the as-cast state is evident. Any influence of the 

heat-treatment on the texture of the surface layer texture can be excluded. The 



2.4 Effect of the heat treatment 

 36 

interior texture (Figure 26) of the equally treated sample is also 

indistinguishable to the texture before the treatment.   

 

 

Figure 25: Crystallographic texture of the surface layer of the sample treated at 623 K for 
6 h in the industrial chamber furnace. Colour code indicates the intensity of the 
measured reflections relative to random texture. 

 

Figure 26: Crystallographic texture of the interior structure of the sample treated at 623 K 
for 6 h in the industrial chamber furnace. Colour code indicates the intensity of the 
measured reflections relative to random texture. 
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2.4.2 Mechanical properties 

Hardness 
The samples listed in Table 4 and 5 were employed for the determination of the 

hardness evolution according to different treating times and temperatures in 

the laboratory (CEIT) and the industrial line (ASLA). The collected data is 

shown in Table 6.  

 

Table 6: Vickers hardness HV2 of the samples heat treated in the laboratory (CEIT) and 
the industrial line (ASLA). Times and temperatures of the treatments are nominal. 

CEIT ASLA 

Treatment Time 

 

[h]  

Average 

hardness 

[kg/mm2] 

Standard  

deviation 

[kg/mm2] 

Treatment Time  

 

[h] 

Average 

hardness 

[kg/mm2] 

Standard  

deviation 

[kg/mm2] 

as-cast 0 52.42 ±3.43 as-cast 0 52.42 ±3.43 

473 K 1 52.58 ±1.65 473 K 1 - - 

 3 51.04 ±4.18  3 - - 

 6 50.18 ±3.67  6 - - 

 12 51.70 ±1.76  12 - - 

518 K 1 - - 518 K 1 - - 

 3 - -  3 - - 

 6 - -  6 51.80 ±2.49 

 12 - -  12 - - 

523 K 1 51.90 ±3.13 523 K 1 - - 

 3 53.34 ±2.46  3 - - 

 6 50.23 ±3.13  6 - - 

 12 51.55 ±2.14  12 - - 

573 K 1 49.02 ±2.71 573 K 1 - - 

 3 49.30 ±3.29  3 - - 

 6 45.62 ±3.42  6 50.24 ±2.66 

 12 46.69 ±4.65  12 - - 

623 K 1 46.80 ±2.33 623 K 1 - - 

 3 49.14 ±3.92  3 - - 

 6 45.83 ±2.66  6 51.55 ±3.14 

 12 46.47 ±2.18  12 - - 
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In Figure 27, the average hardness values and its standard deviation as a 

function of time for the applied treating temperatures are presented. 

 

Figure 27: Time and temperature dependency of hardness (HV2, kg/mm
2
). The samples 

CEIT correspond to laboratory treatment and ASLA to treatment in the industrial line. 

Taking into account the accuracy of Vickers hardness measurements, which 

according to the ASTM standard E92-82 is around 5%, the hardness values 

show no significant change within the temperatures 473 K and 523 K compared 

to the as-cast state. A loss in hardness of around 5 HV2 (50 MPa) is recognized 

at the treating temperatures 573 K and 623 K for a minimum treating time of 6 

h. The hardness values of the samples treated by ASLA are not significantly 

different from the as-cast state hardness. 

 

Tensile test behaviour 
The tensile deformation behaviour was determined by testing three samples of 

the as-cast state and industrially treated at 623 K for 6 h. Figure 28 and Figure 

29 show the tensile test behaviour in terms of engineering stress and strain 

(𝑒 =
∆𝑙

𝑙
, 𝑠 = 𝐹/𝐴0,) for rolling and transverse direction. The applications of 

Figure 30 and Figure 31 show the same results transformed to true stress and 

true strain (𝜀 = ln (
𝑙

𝑙0
) , 𝜎 = 𝐹/𝐴) whereby in this case, the abscissa shows the 

true plastic strain (𝜀𝑝 = ln (
𝑙

𝑙0
) − 𝜎/𝐸). The elastic deformation was subtracted 

supposing a Young´s modulus of 105.2 MPa in rolling direction and 100.5 MPa 

in transverse direction (see later shown determination of the macroscopic 
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Young´s modulus). The true stress true plastic strain curves are drawn up to the 

maximum uniform elongation (corresponding to the maximum tensile force). 

The same curves are presented in logarithmic coordinates in Figure 32, whose 

slope indicates the strain hardening exponent 𝑛. The measured values are 

collected in Table 7.  

 

Figure 28: Engineering stress strain diagram of the non-treated and heat-treated 
samples loaded in rolling direction. 

.  
Figure 29: Engineering stress strain diagram of the non-treated and heat-treated 
samples loaded in transverse direction.  

AS 
TT 

AS 

TT 
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Figure 30: True stress true plastic strain diagram of the non-treated and heat-treated 
samples loaded in rolling direction up to the maximum uniform elongation. 

 

Figure 31: True stress true plastic strain diagram of the non-treated and heat-treated 
samples loaded in transverse direction until the maximum deformation is reached. 

The anisotropic origin of the tensile test behaviour and its sensibility to the 

thermal treatment is clearly visible. The comparison of the stress strain 

behaviour in TD and RD shows substantial differences between the plastic 

deformation capacities. The anisotropy of the behaviour can be ascribed to the 

crystallographic texture provoked by the casting process. 

The as-cast material does not show any plasticity in transverse direction and 

breaks in a fully brittle manner under macroscopic elastic strain, simply said, 

TT 

TT 

AS 

AS 
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from a practical point of view. Although the plastic deformability in transverse 

direction increases slightly with thermal treatment, it is still negligibly small in 

macroscopic terms. 

In contrast, the plastic deformation of the samples loaded in rolling direction is 

notorious. Both, the as-cast and thermal treated sheets show considerable 

plastic deformation up to the tensile strength. However, with increasing 

elongation beyond the maximum load, necking can hardly be perceived before 

failure (see the macroscopic images of the fracture zones of the thermal treated 

samples loaded in transverse direction (Figure 33a) and rolling direction (Figure 

33b)). The maximum uniform strain is followed by an almost immediate brittle 

break. The thermal treatment leads to an important softening and increased 

ductility, which are mirrored by a much lower elastic limit 𝑅𝑃0.2 and a higher 

uniform elongation 𝐴𝑔. The strain hardening exponent 𝑛 increases (from 0.11 to 

0.13), but the still small value signifies a low strain hardening possibility, which 

is typical of hcp materials.  

 

Figure 32: True stress true plastic strain curves in rolling direction, logarithmic 
coordinates. The straight lines are the average of linear fittings to the three individual 
measurements of each material state. The exponent of the potential fit function is 𝑛. 

The direction-dependent deformation behaviour can also be quantitatively 

assessed by the normal anisotropy index 𝑟, which is the ratio of the plastic 

contractions in width and thickness associated to plastic elongation. Isotropy 

corresponds to an anisotropy index of unity value. The measured average 

𝑟 - value (associated with elongation in rolling direction) of around 0.6 before 

and after heat treatment indicates that the plastic contraction of the band in 

transverse direction is difficult with respect to thinning when the band is 

stretched by tension in rolling direction. Furthermore, the jerky behaviour of 

TT 

AS 
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the stress-strain curves shows that mechanical twinning contributes to 

deformation and leads to visible energy dissipation bursts due to the large grain 

size of the cast structures (large deformation twins suddenly cross big 

intragranular distances). 

 

Table 7: Material parameters determined by tensile testing. 

Test-

direction 

Elastic 

limit 

(eng.) 
𝑅𝑃0.2 

[MPa] 

Elastic 

limit 

(true) 
𝜎𝑦 

[MPa] 

Tensile 

strength 

(eng.) 
𝑅𝑚  

[MPa] 

Uniform 

elongation 

(eng.) 
𝐴𝑔 

[%] 

Tensile 

strength 

(true) 

 

[MPa] 

Uniform 

elongation 

(true) 

 

[%] 

Strain 

hardening 

exponent 
𝑛 

 

Normal 

anisotropy 

index 
𝑟 

 

AS         

1RD 115.4 115.5 136.3 3.31 141.0 3.30 0.10 0.77 

2RD 114.8 115.2 136.7 3.32 141.5 3.30 0.11 0.50 

3RD 106.2 106.2 137.8 4.32 144.0 4.22 0.11 0.63 

mean 112.1 112.3 136.9 3.65 142.1 3.58 0.11 0.63 

TT         

1RD 62.2 62.4 121.6 5.97 129.0 5.80 0.13 0.52 

2RD 67.2 67.4 121.5 6.20 129.2 6.01 0.14 0.64 

3RD 73.2 73.2 120.8 7.30 129.8 7.04 0.13 0.59 

mean 67.5 67.6 121.3 6.49 129.3 6.28 0.13 0.56 

AS         

1TD - - 90.4 - - - - - 

2TD - - 89.3 - - - - - 

3TD - - 91.4 - - - - - 

mean - - 90.4 - - - - - 

TT         

1TD 69.4 69.6 77.9 - - - - - 

2TD 58.1 58.3 68.9 - - - - - 

3TD - - 50.9 - - - - - 

mean 63.8 63.9 65.9 - - - - - 
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Figure 33: Fracture zones of the heat-treated tensile test samples in a) transverse 
direction and b) rolling direction. For each picture, left is the view of two faces of the 
broken sample (dark face corresponds to the section parallel to the thickness), right is 
the view normal to the rolling plane. Notice the influence of the V-structure on the 
fracture path in b). 

In Figure 34a - d the fracture surfaces of an as-cast and thermal treated sample 

tested in each direction of the rolling plane are shown.  

 

 

Figure 34: SEM images of the fracture planes of a) non-treated sample loaded in TD, b) 
heat-treated sample in TD, c) non-treated sample in RD and heat-treated sample in RD. 
In a) and b) rolling direction is the vertical axis, in c) and d) rolling direction points into the 
image plane. 
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The surfaces perpendicular to transverse direction show many large cleavage 

facets which are caused by the trans-crystalline brittle fracture. The thermal 

treatment does not cause any change in the mode of fracture. The V-structure of 

the solidified grains in the longitudinal section is evidenced by the 

crystallographic nature of the cleavage facets (along {0001} planes in the Zn 

alloy). 

The appearance of the fracture surfaces of the samples loaded in rolling 

direction is mostly brittle too. The larger part of the surface consists of cleavage 

facets and only a few microvoids give proof of the partial ductile fracture 

behaviour. The cleavage facets are here more distorted than in the fracture 

surface of the sample tested in transverse direction. Again, the thermal 

treatment does not cause any visible change in the fracture faces.    

 

Young´s modulus 
The results of the Young´s modulus determination by ultrasonic measurements 

in RD, ND and TD are shown in Table 8. In some cases valid measurements 

could not be obtained due to the excessive noise of the signal (the thickness of 

the samples is much smaller than the required sample thickness recommended 

for the test apparatus). 

Table 8: Results of the ultrasonic measurements of the Young’s modulus E in different 
directions within the cast plate; including standard deviation. 

Direction As-cast 518 K; 6 h 573 K; 6 h 623 K; 6 h Average 𝑬 [MPa] 

RD 104.2 107.9 103.6 - 105.2 ±2 

ND 96.0 101.4 104.5 101.7 100.9 ±4 

TD 99.7 - 101.3 - 100.5 ±1 

 

Assuming that the thermal treatment causes no change of the Young´s 

modulus, it has a slightly higher value in rolling direction than in transverse 

and normal direction. The average values agree well with published values of 

the random average Young´s modulus of pure polycrystalline Zn: 99.0 [41].  
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2.5 Properties of ZnCuTi solid solution matrix and 

intermetallic TiZn16 

The micro-mechanical properties of the ZnCuTi hcp matrix and the 

orthorhombic intermetallic TiZn16 determined by nanoindentation are 

presented. In both cases, the indentation modulus is related to the local 

crystallographic orientation at the point of measure. The results are compared 

to the calculated indentation modulus as a function of crystallographic 

indentation direction in the case of the ZnCuTi solid solution matrix. 

Furthermore, the crystallographic orientation relationship between the two 

phases after solidification has been determined. 

 

2.5.1 Microstructure obtained from 

remelting/annealing 

The microstructure produced by the laboratory remelting and annealing 

process consists of a regular eutectic structure of solidification composed of 

globular grains of ZnCuTi interspersed or separated by eutectic regions 

including the intermetallic compound (Figure 35a and b; compare with Figure 

5).  

 

 

Figure 35: a) Optical micrograph of the microstructure from remelting, slow solidification 
and diffusion annealing. Sample etched with HNO3 diluted in ethanol to highlight the 
interdendritic regions composed of ZnCuTi matrix and intermetallic phase. b) Detailed 
view of a bigger-sized TiZn16 particle suitable for nanoindentation. 

Eutectic regions spaced from 20 to 200 µm in thickness are evident. Most of the 

TiZn16 particles which break through the surface appear as needle-shaped or 

point-like (i.e., plate-like or needle-like in 3D). Bigger-sized particles suitable for 

nanoindentation with thicknesses up to 20 µm can be found, which most 

probably arose from the coarsening and merging of closely located particles by 

diffusion processes.  
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Figure 36: a) Optical micrograph of interdendritic regions with TiZn16 particles, etched 
with HNO3 diluted in ethanol. b) Micrograph of the same region under polarised light to 
emphasize different grain orientations and the related location of the interdendritic 
regions. Both phases are optically anisotropic, different coloration means different 
crystallographic orientation. 

The comparative observation of the same region under unpolarised and 

polarised light (Figure 36a and b) indicates the distribution of the interdendritic 

regions over the coarse matrix grain structure. It can be noticed that all grain 

boundaries are occupied by intermetallic particles, but the interdendritic 

regions also pass through the big-sized matrix grains. 
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2.5.2 Mechanical properties determined by 

nanoindentation 

Two examples of nanoindentation measurements (named particle/matrix 1 

and 2) performed in different regions are presented in the following. The SEM 

images of Figure 37 show the nanoindentation imprints on big-sized TiZn16 

particles and the 2x2 indentation fields performed in the surrounding ZnCuTi 

matrix.  

 

 

Figure 37: FEG-SEM images of the imprints produced by nanoindentation: a) and c) 
overview of the ZnCuTi matrix and TiZn16 particle 1 and 2. b) and d) detailed view of the 
TiZn16 indentation imprint and the subsequently performed EBSD measurement of the 
particle orientation and its surrounding matrix.   

Figure 37b and c provide a more detailed view on the particle imprints and 

include the subsequent EBSD mappings for the determination of the particle 

orientation and its surrounding matrix phase, whereby the EBSD mappings 

performed over the 2x2 indentation fields of the matrix are merely indicated. 

The mechanical behaviour of the particle and matrix indentations is presented 

on the basis of the measured load on sample indentation depth, nanohardness 

indentation depth and indentation modulus indentation depth curves of both 

previously presented examples (Figure 38).  
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Figure 38: Deformation behaviour during nanoindentation of the selected 
nanoindentation measurements. Particle and matrix indentations named particle 1/2 and 
matrix 1/2, respectively. Load on sample, nanohardness and indentation modulus vs. 
indentation depth curves. 
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The load on sample vs. indentation depth curves of the indented particles show 

both a discontinuity in deformation behaviour at around 200 nm indentation 

depth. This development results in a loss in nanohardness and indentation 

modulus at the same penetration depth. At higher depths, the mechanical 

properties of the particles seem to approach to the mechanical behaviour of the 

ZnCuTi matrix phase. This behaviour is derived from the limited geometry of 

the particle (the plastic zone penetrates inside the surrounding matrix and, 

finally, the particle itself indents the matrix, as evidenced by the relief around 

the indented intermetallic particle in Figure 37d). 

The mechanical properties of each tested particle show a constant deformation 

behaviour at least until 200 nm of penetration depth, by what the averaging 

range for the determination of the mechanical properties was set between 150 

and 200 nm. The matrix nanohardness and indentation modulus are 

determined by averaging the corresponding values from the same indentation 

depth range. The average hardness values and the standard deviations of 10 

nanoindentation measurements in different interdendritic zones were 

determined as 1.72 ± 0.16 GPa for ZnCuTi and 3.49 ± 1.1 GPa for TiZn16. The 

experimental results of the indentation moduli are presented in the section 

below. 

 

2.5.3 Simulationbased verification of the indentation 

moduli 

The experimentally determined indentation moduli of different oriented 

ZnCuTi matrix grains are compared to calculated orientation dependent 

indentation moduli of pure Zn. The calculation method of [49] simulates the 

indentation modulus of pure monocrystals (using known values of the 

available anisotropic single crystal elastic constants of Zn: 𝐶11 = 165, 𝐶22 =
𝐶11, 𝐶33 = 61.8, 𝐶12 = 31.1, 𝐶13 = 50, 𝐶23 = 𝐶13, 𝐶44 = 39.6, 𝐶55 = 𝐶44, 𝐶66 = (𝐶11 −

𝐶12)/2; [GPa]) as a function of their varying crystallographic orientation. 

Thereby, the tipping angle of the normal of the basal plane of hcp Zn is directly 

related to the indentation direction (other possible rotations of the hcp unit cell, 

for example around its c-axis, are not taken into account due to the elastic 

isotropy in directions parallel to the basal plane attributed to the hexagonal 

symmetry). The experimentally determined indentation moduli are plotted 

against the corresponding grain orientations determined by EBSD mappings of 

the 2x2 matrix indentation fields. The crystallographic information was 

restricted to the Euler angle Φ, which corresponds to the lateral tilting angle of 

the unit cell to the normal plane, respectively the angle between normal to the 

basal plane and indentation direction. The results are presented in Figure 39, in 
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which the nanoindentation examples 1 and 2 shown before are marked with 

circles. 

 

Figure 39: Analytically calculated indentation moduli of pure Zn and experimentally 
determined indentation moduli of ZnCuTi dependent on the angle from the basal to the 
sample surface. 

Although the number of indents for determining the orientation dependent 

indentation modulus is small, it follows a similar trend predefined by the 

simulated indentation modulus in the case of the matrix phase. The strongly 

anisotropic elastic behaviour of Zn is evident.  

In contrast, an anisotropic elastic behaviour is not observed or it is very weak in 

the case of TiZn16, the indentation moduli of the indented particles is nearly 

constant at around 125.1 GPa, although the crystallographic orientations of the 

5 investigated particles are widespread, as can be seen in Table 9 on account of 

the corresponding crystallographic orientations represented by the Euler Φ 

angle. 

Table 9: Indentation moduli and corresponding crystallographic orientations of TiZn16. 

Particle Euler 𝚽 / ° Indentation modulus / GPa 

1 78.4 119.0 

2 84.7 112.4 

3 84.1 128.9 

4 21.5 126.5 

5 52.5 138.7 
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2.5.4 Crystallographic orientation relationship induced 

by solidification 

Due to the needle shape of the monocrystalline particles, their appearing 

morphology at the surface of the sample can qualitatively be related to their 

crystallographic orientation. The optical micrograph (Figure 40) under 

polarised light proves that the morphological appearance of the intermetallic 

phase changes within different oriented matrix grains in some cases, which 

indicates a firmly connected solidification relationship. However, regions in 

which the changing orientation of the matrix grains is not concomitant with 

different shapes of the intermetallic phase can be found, too. 

  

 

Figure 40: Detailed observation of the matrix orientation – particle shape dependency. 
Same particle shape within two differently orientated matrix grains, marked by white 
circle. Changing particle morphology at a matrix grain boundary, marked by black circle.  

The orientation relationship is obtained from an analysis of the crystallographic 

data of the EBSD mappings performed over five indented particles (particle 1-5) 

and their directly adjacent matrix. 

The orientation relationships are presented in Table 10 on the basis of the 

observed crystallographic coincidences of matrix and intermetallic phase.  

In two of the five identified matrix/particle orientation relationships (particle 1 

and 2), only an incomplete coincidence between the two phases could be found 
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(coincidence of only one plane). However, the orientation relationship 

determined by [43], which is (0001)〈112̅0〉 Matrix || (010)[001] TiZn16, was 

proven observing particle 4. Another complete lattice coincidence of both 

phases was found observing particles 3 and 5, and determined as (0001)〈112̅0〉 

Matrix || (100)[010]) TiZn16.  

Table 10: Lattice coincidences determined by EBSD mapping of particle and adjacent 
matrix. 

Particle 1 (0001) 〈112̅0〉 〈101̅0〉 

(100)    

[010]  x  

[001]    

Particle 2 (0001) 〈112̅0〉 〈101̅0〉 

(100)  x  

[010]    

[001]    

Particle 3 (0001) 〈112̅0〉 〈101̅0〉 

(100) x   

[010]  x  

[001]    

Particle 4 (0001) 〈112̅0〉 〈101̅0〉 

(100)    

[010] x   

[001]  x  

Particle 5 (0001) 〈112̅0〉 〈101̅0〉 

(100) x   

[010]  x  

[001]    
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2.6 Discussion and conclusion 

2.6.1 As-cast/heat-treated ZnCuTi sheets 

As-cast ZnCuTi 
The quantitative chemical analysis of two received as-cast strips showed that 

the cast product exhibits uniform chemical homogeneity concerning the 

cross-sectional composition. Furthermore, the chemical stability is maintained 

over at least two production batches, suggesting high-quality continuity of the 

casting process. Spatial segregations at the borders of the as-cast sheet due to 

heterogeneous temperature distributions (caused by locally differing cooling 

rates) can be excluded. The determined average composition was 0.089 wt% Ti 

and 0.159 wt% Cu besides Zn, almost identical to the nominal composition of 

0.08 wt% Ti and 0.16 wt% Cu besides Zn. 

The macrostructure induced by the TRC casting process differs significantly 

from the observed macrostructures of ZnCuTi strips produced in a Hazelett 

caster. The latter induces a thin surface layer of fine equiaxed grains followed 

by enlarged columnar grains growing perpendicular to the rolling plane from 

the free surfaces (Figure 8). In contrast, the longitudinal surface of the TRC strip 

(Figure 12) indicates that the major part of the section is occupied by enlarged 

columnar grains inclined ±30° to the rolling direction. The spatial orientation of 

the columnar grains is initially determined by the heat flow direction when 

their growth is unconstrained and subsequently modified by plane strain 

compression as the strip is forced through the gap between the rolls. The 

resulting tilt angle is likely to depend on the ratio of the opening of the nozzle 

to the solid plate thickness, the extraction speed and refrigeration intensity. The 

isothermal surfaces are parallel in the case of Hazelett casting (solidifications 

takes place between water-cooled parallel belts) and bent in the case of twin roll 

casting (direct solidification of the strip in first contact with the cooled 

cylinders). The two symmetrical columnar layers growing from both free 

surfaces meet at the mid plane, determining a characteristic chevron patterned 

structure visible in the longitudinal section, with the vertex of the V structure 

pointing opposite to the exit direction of the caster. The grain structure of the 

inner layers shows signs of plastic deformation (deformation twins). 

Microstructure observations prove the existence of a thin surface layer of fine 

equiaxed grains (like in the case of Hazelett casting) with an average grain size 

of 1.79 ± 0.38 µm. It forms by rapid lateral growth of nuclei in the supercooled 

liquid in direct contact with the cylinder surfaces. The average diameter of the 

elongated grains was estimated to be 22.8 ± 2.8 µm. No central equiaxed grain 

region has been observed. The lamellar plate-like second phase occupies 

interdendritic spaces between the fine dispersed matrix dendrites (divorced 

structure), as expected from the solidification of the alloy at high cooling-rates. 
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The distribution appears to be disordered within the surface layer, whereby a 

homogenous distribution is found within the internal grains. The intermetallic 

plates seem to change their alignment within different crystallographically 

orientated matrix grains, although no quantitative study concerning the 

solidification relationship of both phases in the divorced structure was 

conducted. 

The combined results of texture measurements and spatial orientation of the 

columnar structure of the strips confirm 〈11̅00〉 as the faster direction of 

solidification for this Zn-rich alloy. Preferred growth in 〈112̅0〉 direction is not 

compatible with the experimental observations. The observed textures 

themselves are also in qualitative agreement with the previous predictions on 

the solidification structure on account of the geometry of the TRC process. The 

surface layer shows a strong (0001) basal texture, compatible with the fast 

lateral growth along the 〈11̅00〉 directions at the contact with the water-cooled 

cylinders of the caster. The columnar regions show a strong fibre texture with 

〈11̅00〉 parallel to the axis of the grains, also explained by being the faster 

direction of solidification growth.  

 

Thermal treatment 
The grain structure consisting of coarse grains interspersed with deformation 

twins remains relatively unaffected due to laboratory treatments up to 573 K 

and industrial treatments up to 623 K. Important developments only occur by 

laboratory treating at 623 K for at least 6 h. The number of deformation twins 

decreases, the grain shape becomes more regular and a subgrain structure 

evolves. Apparently, residual stresses remaining from the casting process are 

relived, whereby the initial grain structure is not significantly changed (except 

short ranged grain boundary migration to energetically favoured 

configurations). No apparent formation of new defect-free grains, like those 

produced by static recrystallization is evident. Furthermore, a pronounced 

globularization of the second phase has taken place after treatments higher than 

623 K for at least 6 h in the laboratory as well as in the industrial line at the 

same treating parameters.  

Noticeable is the difference in hardness of the samples which underwent heat 

treatments with identical nominal parameters in the laboratory and the 

industrial line. Laboratory treatments at T ≥ 573 K for at least 6 h cause a loss in 

hardness of 5 HV2 (50 MPa), although optical microscope observations do not 

show microstructural alterations for the treatments at 573 K. Probably, subgrain 

formation hardly visible using optical microscope techniques already starts 

below 623 K. No detectable softening occurs due to industrial treating.  

The solidification texture, which is scarcely affected by thermal treatment, 

influences strongly the plastic properties and the ductility of the sheet. The 



2 Investigations on industrial twin-roll cast and heat-treated ZnCuTi 

55 

samples tested in transverse direction break in a fully brittle manner with or 

without thermal treatment. The large quantity of brittle cleavage {0001} facets 

in transverse direction (Figure 19) confirms the experimental proven behaviour. 

Tensile testing in rolling direction shows plastic deformation up to 

approximately 4% in the case of the as-cast material and 6.5% in the case of the 

industrially treated material. The macroscopic behaviour of both samples 

loaded in RD manifests some ductility, although the microscopic fracture 

mechanism is brittle cleavage, which gives rise to failure without significant 

necking. Obviously, the thermal treatment in the industrial line at 623 K for 6 h 

causes some microstructure restoration (relief of residual stresses; early 

recovery) which leads to an increased ductility but no microstructural change is 

evident in optical microscope observations or in hardness measurements. 

FEG-SEM imaging shows the starting formation of subgrains, but not as 

pronounced as after laboratory treatments for 12 h at 623 K.  

Despite the strong texture, the measured Young´s modulus is only slightly 

higher in rolling than in transverse and normal direction. The band is almost 

elastically isotropous. 

To conclude, the observed differences in microstructure and hardness response 

of the samples treated at the same nominal parameters in laboratory and 

industry are regarded to be due to the anisothermal treating conditions within 

the industrial line. On the one hand, the permanent exchange of coils in the 

industrial chamber leads to a local decrease in temperature and on the other 

hand coils of several tons need various hours to reach the nominal temperature.  

Following to this study, the treating time in industry was therefore increased to 

24 h at 623 K to guarantee a homogenous temperature distribution within the 

coils for at least 12 h. The aim was to induce a microstructure development 

equal to laboratory treatments at 623 K for 12 h. The obtained relaxed 

microstructure does not significantly influence the microstructure evolution 

during the subsequent rolling process, but the macroscopic rolling behaviour 

was optimized (fracture of the sheet during rolling was less frequent). Also, a 

homogenous temperature distribution within the coil will guarantee constant 

homogeneous state of the sheet and of its hot working temperature, which in 

turn affects the evolution of the grain size during rolling and its homogeneity.  
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2.6.2 ZnCuTi solid solution matrix and TiZn16 

intermetallic  

The selective remelting and slow solidification of the as-cast material provoked 

the expected regular eutectic solidification structure composed of globular 

grains of ZnCuTi interspersed or separated by eutectic regions including the 

intermetallic compound.  

The mechanical properties of the solid solution ZnCuTi matrix and the 

intermetallic phase particles were determined by nanoindentation. The second 

phase is much harder than the matrix phase (3.49 GPa vs. 1.72 GPa at a 

penetration depth of about 175 nm). In both cases there is a size effect in 

hardness, evidenced by the initial decrease of the indentation hardness as a 

function of the penetration depth. The difference between the reported Vickers 

microhardness of TiZn16 (1.75 GPa [42]) and the nanohardness presented here 

can be accounted for by the size effect.  

The experimentally determined elastic anisotropy of the ZnCuTi matrix is 

evident and correlates well with the simulated indentation modulus for 

different crystallographic orientations of the hexagonal unit cell. The 

intermetallic TiZn16 shows almost no elastic anisotropy and its average 

indentation modulus was determined as 125.1 GPa. 

A coincidence crystallographic solidification relation of both phases could not 

be observed in all examined regions. The optical micrograph of Figure 36 shows 

both, matrix grain orientation changes concomitant with a shift in the alignment 

of the second phase plates and no apparent crystallographic changes of the 

second phase at the matrix grain boundaries. The detailed crystallographic 

observation of 5 different areas by EBSD showed that in two cases there is no 

apparent crystallographic coincidence between both phases. One reason for this 

could be that the diffusion annealing performed subsequently to the remelting 

provokes grain boundary migration and therefore local shifts of the coarse 

matrix grains. The initially established orientation between matrix and second 

phase crystals could be influenced due to migrated grain boundaries. However, 

one of the five examined regions showed the orientation relation predicted by 

[43], who investigated a ZnTi alloy of a similar Ti content, and two of them 

another, previously unreported crystallographic coincidence determined as 

(0001)〈112̅0〉 Matrix || (100)[010]) TiZn16. 
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3 Thermomechanical investigations on hot rolling of 

ZnCuTi 

The mechanical properties of the hot-rolled product are mainly influenced by 

the setting parameters of the reversible hot rolling process. The entire 

investigation of the adjustment possibilities concerning improved 

application-oriented properties of the end product like tensile strength, ductility 

or bendability is the aim of a long-termed research procedure, whose basis is 

founded by this work. A material-scientific constitutive description is provided, 

which predicts the occurrence of recrystallization as a function of rolling 

temperature, rolling speed and total reduction and thus provides information 

on the microstructure evolution during hot rolling of ZnCuTi.  

More specifically, the typical flow behaviour of ZnCuTi derived by mechanical 

laboratory testing methods at different strain-rates and temperatures, 

empirically analysed with the help of physically-based constitutive equations, 

leads, in combination with subsequent microstructure examinations, to an 

understanding of the thermomechanical behaviour. Samples from the current 

production process applied by ASLA and test runs in the industrial hot rolling 

mill provide a verification of the predicted microstructure evolution from 

laboratory research. Building on this, future investigations can be conducted 

which relate the induced microstructure of the rolled product to important 

mechanical properties.    

The scientific research starts with an introduction to the operation of an 

industrial reversible hot rolling process and continues with theoretical 

considerations on the occurrence and types of recovery and recrystallization of 

the rolled material. Additionally, a semi-empirical analysis method for the 

interpretation of characteristic flow curves of materials undergoing 

recrystallization is presented. This lays the foundation for the subsequently 

described experimental procedures and obtained results, which are finally 

discussed.  

 

3.1 Theoretical background 

3.1.1 Functionality of the reversible hot rolling process 

Hot rolling of metal is specified as hot working of sheet-like raw material into 

even thinner final products by continuously applying plane strain compression 

in successive passes to the workpiece. The initial workpiece is thereby pushed 

(with the help of friction) into a gap between two parallel rolls rotating in 

opposite sense, which guarantee a defined reduction in thickness concomitant 

with increasing length [50]. In the case of ASLA, the pre-heated raw material is 
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introduced to a 4-high single stand reversible hot rolling mill. The initial 

thickness of 8 mm of the thermal treated sheets is successively reduced to about 

0.6 mm in 5 rolling passes. For better understanding, Figure 41 illustrates the 

reversible hot rolling process.   

 

 

Figure 41: Schematic illustration of the reversible hot rolling process, redrawn from [4].  

1: uncoiler/upcoiler; 2: back-up rolls; 3: working rolls. 

Each rolling pass can be adapted regarding the pass reduction and the applied 

rolling speed, which is determined by the rotational velocities of the back-up 

rolls. The uncoiler and upcoiler velocities are adjusted to provide front and back 

tension of the sheet [4], thus reducing the separating force between the rolls. 

The corresponding approximate mean strain-rate which is applied to the rolling 

sheet in contact with the working rolls is expressed by equation 1: 

𝜀̇ =
𝑣𝑟

√𝑟(ℎ𝑖−ℎ𝑓)
∙ ln (

ℎ𝑖

ℎ𝑓
)  (1) 

The parameter 𝑣𝑟 is the actual tangential velocity of the working rolls and can 

be varied between 50 and 200 m/min in the case of the rolling mill of ASLA. 

Their radius 𝑟 is 198.5 mm and the reduction of the sheet within each rolling 

pass is defined by the initial and final sheet thickness ℎ𝑖 and ℎ𝑓.  

The initial rolling temperature of the first pass is adjusted by the temperature of 

the previous heat treatment (pre-heated coils are introduced directly after heat 

treatment to the rolling mill); the temperatures of the remaining passes are less 
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controllable due to lack of additional heating devices within the rolling mill. 

During rolling, the temperature of the metal decreases in contact with the 

applied lubricant suspension, the working rolls and the water used for 

refrigerating them, but also increases due to plastic deformation heat. 

Furthermore, a loss in temperature takes place during the time the sheet 

material spends on the un-/upcoiler cylinders. The actual working temperature 

is determined by contact thermometers directly several cm before the sheet 

getting in contact with the working rolls (𝑇𝑖) and after leaving them (𝑇𝑓) for 

estimating the actual temperature value (𝑇𝑎𝑣) of the material in contact with the 

working rolls. The two possibilities of significantly influencing the rolling 

temperature are to change the initial temperature of the entering coil, which is 

set by the previous thermal treatment, and to interrupt the rolling process for 

additional heat treatments or cool-downs. Some control is given by the amount 

of refrigeration of the rolls with the lubricant suspension.  

 

3.1.2 Recovery and recrystallization processes 

Number and density of lattice defects, especially dislocation density, get 

increased by applying plastic deformation to metallic materials to a previously 

undeformed material. The density of defects is the result of a dynamic balance 

from defect accumulation and restoration processes. The higher the 

temperature the more active are the restoration mechanisms, mediated by 

dislocation movements like cross slip of screw dislocations and climb of edge 

dislocations, enhanced by thermal activation. The stored energy in the material 

initially increases, its metastable microstructure becoming progressively less 

stable with further straining. In some cases, the dynamic restoration processes 

going on are able to reach a steady state of constant structure/energy through 

continuous internal processes whereby weakly misoriented cellular dislocation 

walls evolve towards highly misoriented grain boundaries.  In another cases, a 

partial or full discontinuous restoration of the defect structure results from 

rearrangement and annihilation processes at a critical dislocation density that 

triggers nucleation and growth of new grains (with migration of grain 

boundaries). These phenomena are respectively called dynamic recovery (and 

continuous dynamic recrystallization in case of it to happen) or discontinuous 

dynamic recrystallization.  

Recovery describes the rearrangement of dislocations into energetically 

favoured structures made of low angle boundaries (LAGBs) (polygonization); 

recrystallization involves the formation of new stress free grains surrounded by 

high angle boundaries (HAGB) [51, 52]. Figure 42 accentuates schematically the 

differences between both mechanisms.  
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The terms “dynamic recovery”, “dynamic recrystallization” mean recovery/re-

crystallization as strain goes on. Both processes can occur statically (without 

concourse of plastic deformation). The dynamic recrystallization so far 

described is similar to the well-known static recrystallization (but for the 

concomitant deformation that again distorts the newly formed grains) [51]. In 

the case of dynamic recovery, a further strain-induced continuous evolution of 

the LAGB structure towards another one composed by new HAGB (different 

from the HAGB remnant from the initial, deformed structure) is described in 

detail below and is now termed “continuous dynamic recrystallization”. 

 

 

Figure 42: Illustration of recovery and recrystallization processes [51]. a) Disordered 
defect structure. b) Rearrangement of LAGBs by recovery. c) Partial formation of new 
grains by recrystallization (in this case illustrated: SRX). d) Fully recrystallized 
microstructure composed of stress-free grains.  

In general, recovery predominates in high stacking fault energy metals 

exhibiting a restricted extent of dislocation dissociation. Dislocations are highly 

mobile out from their slip planes by cross slip or climb and as their density 

increases, they rearrange in cellular structures without changing the initial 

grain structure. Subgrain formation takes place by the progressive 
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transformation of cell walls into energetically favoured configurations of 

LAGBs (Figure 42b). Recovery can also occur in low stacking fault energy 

metals, but the rate of recovery and therefore the amount of plastic deformation 

energy dissipated by this process is low and often negligible. The complexity of 

recovery connected with different substructures and material states is 

extensively described elsewhere [51, 53]. A fully softened/restored (dislocation-

free) intragranular structure is never produced by dynamic recovery alone. 

Recrystallization involves the formation of new dislocation free grains which 

provide a complete restoration of the previously deformed microstructure 

leading to significant changes in the mechanical properties. In most cases, 

recrystallization occurs when a critical amount of energy stored by plastic 

deformation remains after previous recovery processes.  

 

Static recrystallization (SRX) 
By definition, static corresponds to microstructure restoration activated by a 

temperature increase after plastic deformation, which is particularly used in 

stress-free annealing treatments subsequent to cold working procedures. Static 

recrystallization predominates in low stacking fault energy metals which 

exhibit slow recovery processes causing a high amount of remaining plastic 

deformation energy. The defect structure is restored by a process which 

involves nucleation and grain growth of stress free grains. The migrating grain 

boundaries “sweep” all the defects they pass through.  

The evolution of the microstructure during heat treatment is influenced by 

time, treating temperature and level of stored work [51].    

 

Dynamic recrystallization (DRX) 
In contrast, dynamic processes occur during the simultaneous application of 

temperature and plastic deformation like in the case of hot working. Different 

types of DRX can be divided into discontinuous (DDRX) and continuous 

(CDRX) dynamic recrystallization. The main distinction appears in the 

microstructural response during new grain formation as well as in the 

mechanical behaviour reflected in characteristic flow curves [51, 52, 54, 55]. 

 

Discontinuous dynamic recrystallization (DDRX) 
Quite similar to SRX, DDRX occurs in metals with low staking fault energy and 

involves the formation of dislocation-free grains by intermediation of 

nucleation and grain growth at critical deformation conditions. The 

transformation successively progresses with plastic deformation (time in the 

case of SRX) to a dynamically recrystallized state. The new grains start to grow 

mostly at grain boundaries (necklace formation) or lattice imperfections 

(Figure 43c). As the deformation of the grain structure proceeds, further 
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defect-free grains appear but also dislocations are created within the previously 

formed recrystallized grains (Figure 43d), which reduces the driving force for 

their further growth. A steady state is reached at a certain amount of strain, 

which is characterized by a dynamic equilibrium of nucleation and grain 

growth. The achieved average recrystallization grain size depends on applied 

strain-rate and temperature (Figure 43e) [4, 51, 52, 56].  

 

 

Figure 43: Microstructure evolution during DDRX. a) Non-deformed initial microstructure. 
b) Dislocations are generated by the introduction of plastic deformation. c) At a critical 
strain, nucleation of recrystallized grains occurs. d) Expansion of the recrystallized grains 
into the initial structure concomitant with further nucleation of dislocation free grains. e) 
Dynamic equilibrium state consisting of the simultaneous formation of new grains and 
successive deformation of growing grains restricting the driving force for their further 
growth. 

Continuous dynamic recrystallization (CDRX) 
In CDRX, the microstructure evolves by the progressive transformation of 

subgrains into new grains. The mechanism occurs when despite strong 

recovery processes a critical amount of stored energy remains (straining up to 

very large strains) or grain boundary mobility of HAGBs is inhibited like in the 

case of alloys containing second phase particles. The energy stored by plastic 

deformation is dissipated by dislocations accumulating at existing high angle 

boundaries as well as LAGBs transforming into HAGBs by the successive 

increase of misorientation. A new grain structure consisting of equiaxed, stress 
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free grains with sizes approximately of the subgrain size forms homogenously. 

The whole process is ascribed to a continuous reordering of the defect structure, 

not to the discontinuous nucleation and growth mechanism as in the case of 

DDRX. It is similar to the recovery phenomenon but includes the creation of 

new HAGBs and is therefore sometimes called “extended recovery”. A 

particular type of CDRX is the geometric dynamic recrystallization observed 

below [51, 52].  

 

CDRX: Geometric dynamic recrystallization (GDRX)  

The microstructure of metals deformed by hot rolling or hot compression 

consists, in the absence of DDRX, of flattened original grains resulting from a 

large reduction in cross section, which is indicated in Figure 44a.  

 

 

Figure 44: Illustrated mechanism of GDRX, redrawn from [51]. a) Flattened grains with a 
recovered substructure. b) Serrated HAGBs arisen from subgrain formation. c) As the 
grain boundaries approach, impingement occurs which leads to a fine equiaxed grain 
structure.  

Initially, the HAGBs become serrated due to the formation of a subgrain 

structure by recovery processes. The wavelength of these serrations equals the 

subgrain size, which is independent from strain and only depends on working 

temperature and strain-rate. With increasing strain, the thickness of the 

elongated grains is reduced (Figure 44b). As the grains approach to a thickness 

in the order of magnitude of the substructure, the remaining energy stored from 

plastic deformation is dissipated by impingement of the HAGBs (Figure 44c). A 

grain structure composed of fine stress free grains with “wavy” boundaries and 

an average grain size comparable to the subgrain size has developed [51, 52]. 
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Characteristic DRX flow curve 
The hot working behaviour of metals is usually determined by a set of 

compression or torsion tests at different temperatures and strain-rates. The 

derived stress-strain curves possess characteristic shapes with regard to the 

mechanism involved at certain test conditions. Flow curves of materials 

undergoing DRX (Figure 45) are not only characterized by restricted work 

hardening behaviour but especially by an initial stress peak. Mostly, the 

mechanical response of DDRX and CDRX is only distinguished by the shaping 

of this peak. DDRX involves a pronounced initial increase in stress with a clear 

peak; CDRX causes merely a smooth peak at larger strains [54, 55, 57]. Ideally, 

dynamic recovery (DRV) curves do not show any peak at all. 

 

 

Figure 45: Schematic DDRX/CDRX flow curve at a certain working temperature and 

strain-rate including characteristic points explained below, redrawn from [58]. 

Work hardening (WH) is initially compensated by subgrain formation or partial 

dislocation restoration due to dynamic recovery (DRV). New grain formation 

by the distinct mechanisms of DDRX or CDRX is initiated at a critical strain 

value 𝜀𝑐 somewhat before the peak strain 𝜀𝑃. Softening due to the generation of 

stress-free grains predominates after reaching the peak and the fully 

recrystallized state is developed at 𝜀𝑠. The deformation behaviour merges into a 

steady state, which is characterized by balanced dislocation storage and 



3 Thermomechanical investigations on hot rolling of ZnCuTi 

65 

annihilation within the dynamically recrystallized structure. The absolute 

values of the characteristic points (𝜀𝑐 , 𝜀𝑃 , 𝜀𝑠 and the corresponding stress values 

𝜎𝑐 , 𝜎𝑃, 𝜎𝑠) of the flow curves can be determined for varying deformation 

conditions by analysing the work hardening rate 𝜃 = 𝜕𝜎/𝜕𝜀  as a function of 

stress or strain (Figure 46).  

 

 

Figure 46: Schematic illustration of the work hardening rate against stress and strain for 
materials undergoing DRX at a certain test temperature and strain-rate, redrawn from 
[59]. 

The onset of DRX (𝜀𝑐 and 𝜎𝑐) appears as inflection point of the derivate function 

before reaching the first zero, which corresponds to the stress peak at 𝜀𝑃 and 𝜎𝑃. 

The dynamic equilibrium accentuated by the steady stress state is reached at the 

second zero of the derivate (𝜀𝑠 and 𝜎𝑠). The values of the characteristic points 

can be derived by numerical curve analysis methods [58-64]. 

The characteristic values of each single flow curve depend on test temperature 

and applied strain-rate. The correlation of a certain characteristic point to the 

corresponding test conditions is done by using the Zener-Hollomon parameter, 

also known as temperature-compensated strain-rate [51]: 











RT

Q
Z exp  (2) 

𝑅 is the ideal gas constant and 𝑄 the activation energy resulting from the sum of 

activation energies of the predominant plastic deformation processes.  

The activation energy 𝑄 and other material characteristic parameters can be 

derived from the relationship between flow stress, temperature and strain-rate 

expressed by the following Arrhenius type-equation suggested by Garofalo 

[65]: 
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The flow stress 𝜎 at a certain strain 𝜀 of each experiment is dynamically reached 

and only varies with temperature and strain-rate. 𝐴 is the characteristic 

pre-exponential of the processes which controls the strain-rate, 𝑛 the exponent 

of sensibility of the strain-rate regarding stress and characteristic for the actual 

plastic mechanisms and 𝛼 the parameter of stress normalization.  

Commonly, the peak stresses 𝜎𝑃 and the corresponding temperature and 

strain-rate values of all experimental flow curves are taken into account as 

input data for solving the above shown equation [60, 66, 67, 68]. The mathe-

matical solution method applied in this work is presented in chapter 3.2.4.  

The activation energy determined by the above described method is considered 

as a global 𝑄 value in the covered temperature and strain-rate range and is 

sufficiently adequate for modelling the hot rolling process (an “operational” 

activation energy not necessarily linked to a single micromechanism). 

Thermally activated changes in 𝑄 originating from transitions in the underlying 

plastic deformation mechanisms are not figured out by the applied fit. 

Qualitative conclusions on mechanism changes can merely be achieved by 

focusing on the accuracy of the fit. Therefore, distinct changes are mostly 

identified by additionally observing the microstructure evolution. A detailed 

analytical consideration of the thermal activation of certain physical processes, 

which can also contribute to a change in the recrystallization mechanism as 

observed by Galiyeva et al. [69], has to be done by separately observing 

narrower ranges of temperature and conducting methods based on the physics 

of deformation processes (equations which permit the determination of the 

energy fraction of 𝑄 corresponding to mechanical work or equations supporting 

a distinction of the contributing deformation mechanisms, etc.). 

The characteristic points of the different flow curves can be plotted against 𝑍 

through the determination of 𝑄. The resulting dependency of these points – 

collectively referred as 𝑃 (𝜀𝑐 , 𝜀𝑃 , 𝜀𝑠, 𝜎𝑐, 𝜎𝑃, 𝜎𝑠) – on 𝑍 can be often expressed by an 

empirical power law: 

𝑃 = 𝐵𝑃 ∙ (𝑍)𝐶𝑃 (4) 

The constants 𝐵𝑃 and 𝐶𝑃 are derived from regression analysis for each 

parameter. Furthermore, the recrystallization grain size 𝐷𝑟𝑒𝑥 follows the same 

expression:  

𝐷𝑟𝑒𝑥 = 𝐵𝐷𝑟𝑒𝑥
∙ (

𝑍

𝐴
)

𝐶𝐷𝑟𝑒𝑥
 (5) 

The derived equations are used to create recrystallization maps as presented in 

Figure 47. The shown example describes the stadium of recrystallization as a 

function of 𝑍 and true strain [59, 70, 71].  
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Figure 47: Analytically derived recrystallization map for 17-4 PH stainless steel, redrawn 
from [59]. Initiation and steady state of DRX are indicated by the dependency of 𝜀𝑐 and 
𝜀𝑠 on 𝑍. The recrystallization grain size 𝐷𝑟𝑒𝑥 in the fully recrystallized state was 

determined by microstructure analysis and also shows a power relationship with 𝑍. 

The derived power law equations of the critical strain 𝜀𝑐 (initiation of DRX) and 

the saturation strain 𝜀𝑠 (fully recrystallized state) serve as input data. 

Furthermore, the experimentally determined recrystallization grain size 𝐷𝑟𝑒𝑥 is 

illustrated as a function of 𝑍. Assuming no change in the underlying 

recrystallization mechanism, the recrystallization behaviour can be extrapolated 

to an extended 𝑍 range and the established recrystallization map enables the 

possibility of predicting microstructural properties at different working 

temperatures, strain-rates and applied strains on account of the recrystallization 

state.  
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3.2 Experimental procedure 

The laboratory testing methods (free and plane strain compression; torsion 

testing was early discarded in view of the strong anisotropy of the samples 

extracted from the orthotropic cast and heat-treated sheets, inadequate for the 

axisymmetric behaviour required for torsion) for the determination of the hot 

working behaviour of the ZnCuTi alloy are here described in detail. 

Furthermore, the current rolling parameters applied by ASLA for the 

commercial production of rolled ZnCuTi sheets as well as the parameters of 

additional test runs in the industrial line are given.  

Bulk sheets from coils treated in the industrial chamber furnace serve as sample 

material for the testing procedures. The treating parameters were set to 623 K / 

24 h to guarantee a prolonged homogenous temperature distribution within the 

entire coil and therefore constant testing conditions associated with the initial 

grain structure of the test specimens (cf. chapter 2.6.1). Finally, the applied 

microstructure examination techniques are presented. 

 

3.2.1 Free compression 

Free compression tests were conducted to study the hot working behaviour of 

ZnCuTi in a wide range of temperature and strain-rate. Cylindrical 

compression test samples with dimensions of 5x8 mm were EDM machined 

from the provided bulk sheets with their axis parallel to normal direction. Static 

tests were performed under normal atmospheric conditions in an INSTRON 

4505 servo hydraulic test system with a coupled chamber furnace to apply 

elevated temperatures. The experimental procedure follows the ASTM E9-09 

and E209-00 standards. The specimens were deformed up to a true strain of 0.5 

under displacement control whereby the force signal was produced by a 20 kN 

load cell. The application of molybdenum disulphide on the compression faces 

of the samples counteracts the influence of friction with increasing strain. Table 

11 lists the applied temperatures and initial strain-rates (small increase in 

strain-rate during the test procedure due to regulatory constant displacement 

rate).  
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Table 11: Test temperatures, initial strain-rates and final compressive true strain of free 
compression testing. 

Flow curve/microstructure investigation 

�̇� 
[s-1] 

𝑻 
[K] 

𝜺 
 

0.0005 300/323/373/423/473/523/573 0.5 

0.005 300/323/373/423/473/523/573 0.5 

0.025 300/323/373/423/473/523/573 0.5 

0.1 300/323/373/423/473/523/573 0.5 

0.5 300/323/373/423/473/523/573 0.5 

 

3.2.2 Plane strain compression 

The previously described free compression testing method neither offers the 

possibility to reach high strain-rates comparable to the applied strain-rates in 

industrial rolling nor enhanced total reductions (true strain). However, it was 

considered to extend the initial range of strain-rates and applied strain by using 

high-speed plane strain compression. The method ideally emulates the 

deformation state occurring during rolling of sheets, although in practice does 

not match perfect equalization. The preheated Ni-based superalloy tools (two 

elongated tools 15 mm in thickness) work in a chamber furnace and are aligned 

parallel to the transverse direction of the sample (Figure 48). The unloaded 

regions of the sample prevent elongation in width in their proximity; an 

approximate two-dimensional strain state (plane strain) is generated. In 

practice, no ideal plane strain testing conditions are achieved, which is 

evidenced by the visible widening of the test piece in the deformed zone 

(Figure 50). Rectangular test samples (60x25x8 mm; Figure 50) were EDM 

machined from the thermal treated sheets with their elongated side in rolling 

direction and deformed at different temperatures and strain-rates up to true 

strains of 1 and 2. The compression tests were performed in an INSTRON servo 

hydraulic test system (Figure 49) under displacement control with a maximum 

possible displacement rate of 1 m/s. The force signal was recorded by a 500 kN 

load cell. The samples tested at temperatures below RT were initially cooled in 

liquid N2 until reaching a minimum temperature of around 163 K. The cooled 

samples were placed in the test chamber and the experiment was immediately 

started when the samples had warmed to the desired test temperature. The 

sample top and bottom were covered with molybdenum disulphide lubricant. 

The temperature change effected by plastic deformation heat was measured by 

a thermocouple placed in the middle of the sample. After deformation, the 

samples were rapidly cooled down in water. Table 12 contains the parameters 
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of compression testing. Apart from the initially scheduled compression test 

series, some additional tests were conducted which serve only for 

microstructure analysis.  

 

 

Figure 48: Illustration of the plane strain compression setup [72].The PSC tools are 
aligned parallel to the transverse direction of the sample.  

 

Figure 49: Plane strain compression machine with a maximum force of 500 kN. The 
N2-storage tanks are high-pressure accumulators which permit to reach displacement 
rates up to 1 m/s. 
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Figure 50: Plane strain compression sample before and after deformation. 

 

Table 12: Initial test temperatures and strain-rates of the plane strain compression tests. 
The additionally listed tests were only taken into account for microstructure analysis. 

Flow curve/microstructure 

investigation 
 

Microstructure 

investigation 

�̇� 
[s-1] 

𝑻 
[K] 

𝜺 
 

 
�̇� 

[s-1] 
𝑻 

[K] 
𝜺 
 

1 300/323/373/423/473 1  0.05 573 1 

5 300/323/373/423/473 1  0.05 573 2 

10 300/323/373/423/473 1  1 473 2 

    5 473 2 

    5 300 2 

    5 263 1 

    5 243 1 

    10 373 2 
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3.2.3 Test runs in the industrial rolling mill 

Samples of each of the 5 passes performed using the current production 

parameters of the ASLA process of ZnCuTi were conducted for microstructure 

analysis (internally denoted as “ASLA verde”). Additionally, two test runs in 

the reversing hot rolling mill were carried out employing different hot working 

conditions, for comparison. The resulting microstructural properties are 

compared to the results from laboratory testing, for assessing the 

representativity of the latter.  

In total, 4 rolling passes at various rolling speeds 𝑣𝑟 (varying strain-rates 𝜀̇), 

working temperatures 𝑇𝑎𝑣 and reductions (initial and final thickness ℎ𝑖 and ℎ𝑓; 

calculated engineering strain 𝑒 and true strain 𝜀) were performed within each 

test run.  

The samples extracted after each rolling pass were examined by microstructure 

observation techniques. The rolling parameters are listed in Table 14.  

Table 13: Rolling parameters of a typical ZnCuTi sheet production. 

                             Pass 
𝒉𝒊 

[mm] 

𝒉𝒇 

[mm] 

𝒆 

 

𝜺 

 

𝑻𝒊 

[K] 

𝑻𝒂𝒗 

[K] 

𝑻𝒇 

[K] 

𝒗𝒓 

[m/s] 

�̇� 

s-1 

                          1 8 4.8 0.4 0.51 512 500 488 100 33.8 

 
2 4.8 3 0.38 0.47 453 459 464 100 41.4 

 
3 3 2 0.33 0.41 429 419 408 200 57.6 

 
4 2 1.3 0.35 0.43 393 394 395 200 109.6 

 
5 1.3 0.7 0.5 0.69 386 384 381 200 244.1 

Table 14: Rolling parameters of two test runs performed in the industrial line. 

 Pass 𝒉𝒊 

[mm] 

𝒉𝒇 

[mm] 

𝒆 𝜺 𝑻𝒊 

[K] 

𝑻𝒂𝒗 

[K] 

𝑻𝒇 

[K] 

𝒗𝒓 

[m/s] 

�̇� 

s-1 

Run 1 1 8 4 0.50 0.69 501 497 492 100 41.0 

 2 4 2 0.50 0.69 473 451 429 100 58.0 

 3 2 1.2 0.40 0.51 315 344 373 120 81.1 

 4 1.2 0.65 0.46 0.61 354 357 361 180 176.1 

Run 2 1 8 4 0.50 0.69 506 502 498 100 41.0 

 2 4 2 0.50 0.69 489 471 454 100 58.0 

 3 2 1.2 0.40 0.51 435 419 403 200 135.1 

 4 1.2 0.65 0.46 0.61 319 337 356 200 195.6 
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3.2.4 Methods of flow curve analysis 

The characteristic points of the derived flow curves (see chapter 3.1.2) were 

determined by numerical curve analysis methods. The detailed way of 

proceeding is illustrated in chapter 3.3.3. The activation energy 𝑄 and the 

further material parameters 𝐴, 𝑛 and 𝛼 were calculated by solving equation 3 

using an unconstrained non-linear optimization method implemented in 

MATLAB. This method avoids the possible errors linked to often-used 

simplified analysis based on correlations between pairs of variables. 

The method derives the minimum of the following scalar function containing 

several variables. 

   0expsinh 







  

Q

RT
A

n

p
 (5) 

In this case, a matrix of the experimental 𝑇, 𝜀̇ and  𝜎𝑃 values of all mechanical 

tests serves as input data. The function is minimized by adapting the constants 

𝑄, 𝐴, 𝑛 and 𝛼. The selected value of 𝑄 is used to determine the Zener-Hollomon 

parameter (equation 2) for each compression test, which is related to the 

characteristic points of the flow curve (equation 4).  

 

3.2.5 Microstructure observations 

The study of the microstructure evolution was restricted to the samples 

deformed by plane strain compression and the samples processed in the 

industrial line. The sample preparation followed the same procedure described 

in chapter 2.2.1. In the case of plane strain compression, the microstructure was 

examined within the most homogenously deformed region (central region). For 

the sake of efficiency, the samples from industrial line were extracted from the 

sheet material deformed near to the end (in terms of time) of each rolling pass 

to avoid lots of material wastage when cutting the coil. The grain morphology 

was examined using a JEOL FEG-SEM electron microscope. Additional EBSD 

mappings provide a clearer view on the origin and evolution of 

recrystallization by measuring grain and subgrain size performing the intercept 

line length method with regard to different grain boundary misorientations 

(HAGBs ≥ 12°; LAGBs <12°).  
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3.3 Mechanical response of ZnCuTi during hot 

working 

The predominant recrystallization mechanisms in the investigated range of 

temperature and strain-rate are diagnosed on account of the analysis of the flow 

curves from free and plane strain compression experiments. Characteristic 

points of the flow curves, which are related to distinct stages of recrystallization 

are determined as a function of 𝑍.  

 

3.3.1 Free compression 

Figure 51-57 present the true stress-true plastic strain curves derived from the 

free compression tests at different strain-rates, grouped by temperatures. The 

machine rigidity (measured by compression tests without sample) and the 

elastic portion (calculated by determining the temperature dependent Young´s 

modulus from the initial elastic slopes) were eliminated. Deformation heating 

during straining is discarded due to the small sample size and low applied 

strain-rates. 

 

Figure 51: True stress-strain behaviour at room temperature derived by free 
compression testing for the strain-rates 0.5, 0.1, 0.025, 0.005 and 0.0005 s

-1
. 
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Figure 52: True stress-strain behaviour at 323 K derived by free compression testing for 
the strain-rates 0.5, 0.1, 0.025, 0.005 and 0.0005 s

-1
. 

 

 
 
Figure 53: True stress-strain behaviour at 373 K derived by free compression testing for 
the strain-rates 0.5, 0.1, 0.025, 0.005 and 0.0005 s

-1
. Weakly pronounced stress peak 

indicating CDRX is marked by black circle. 
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Figure 54: True stress-strain behaviour at 423 K derived by free compression testing for 
the strain-rates 0.5, 0.1, 0.025, 0.005 and 0.0005 s

-1
. Weakly pronounced stress peaks 

indicating CDRX are marked by black circles. 

 

Figure 55: True stress-strain behaviour at 473 K derived by free compression testing for 
the strain-rates 0.5, 0.1, 0.025, 0.005 and 0.0005 s

-1
. Weakly pronounced stress peaks 

indicating CDRX marked by black circles. 
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Figure 56: True stress-strain behaviour at 523 K derived by free compression testing for 
the strain-rates 0.5, 0.1, 0.025, 0.005 and 0.0005 s

-1
. Weakly pronounced stress peaks 

indicating CDRX are marked by black circles. 

 

Figure 57: True stress-strain behaviour at 573 K derived by free compression testing for 
the strain-rates 0.5, 0.1, 0.025, 0.005 and 0.0005 s

-1
. 
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The influence of temperature and strain-rate on the flow stress is clearly visible 

comparing the derived flow curves among each other. Deformation at higher 

temperature at a constant strain-rate or at a lower strain-rate at a constant 

temperature causes a decline in the elastic limit and a smoothed strain 

hardening behaviour. Focussing on combinations of high temperature and low 

strain-rate (for instance Figure 55, strain-rate 0.0005 s-1), strain hardening is 

almost completely eliminated after reaching the elastic limit.  

A flow stress maximum (qualitatively illustrated by black circles) which is 

characteristic for DRX could be observed in some of the flow curves. The 

weakness of this peak suggests that the associated recrystallization mechanism 

is CDRX. However, flow curves around room temperature especially at high 

strain-rates do not exhibit any maximum, i.e., the curves are typical of dynamic 

recovery alone. A closer look to the evolution of the peak strain with decreasing 

temperature and increasing strain-rate allows to conclude that the characteristic 

maximum for these curves lays - if it exists - at true strains higher than the 

applied maximum strain (0.5 true strain). Furthermore, the influence of friction 

increases especially at low temperatures and high strain-rates and the flow 

curves may get superimposed by a portion of stress originating from friction 

which would impede the detection of any weak maximum. Another difficulty 

appears when the peak strain value becomes too small with increasing 

temperature or decreasing strain-rate (for instance Figure 57, strain-rates 0.005 

and 0.0005 s-1). Besides that, the lack of precise strain measurement during 

compression (strain data collected by the displacement of crosshead, not by an 

extensometer) leads to poor strain resolution. Therefore, the peak strain cannot 

be determined properly but for the cases signalled in the figures. Due to the 

above mentioned difficulties regarding the determination of the peak strain, 

merely those flow curves possessing a clearly visible stress peak at large strain 

(marked by black circles) are considered for the flow curve analysis.  

 

3.3.2 Plane strain compression 

The plane strain compression experiments were performed in order to extend 

the range of investigated strain and strain-rates. The collected flow curves from 

the experiments up to a true strain of 1 are presented in Figure 58-60, grouped 

by the strain-rates: 1, 5 and 10 s-1 (Table 12). The machine rigidity and the elastic 

portion were eliminated. 
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Figure 58: True stress-plastic strain behaviour at a strain-rate of 1 s
-1

 derived by plane 
strain compression testing for the temperatures RT, 323, 373, 423 and 473 K. 

 

 
 
Figure 59: True stress-plastic strain behaviour at a strain-rate of 5 s

-1
 derived by plane 

strain compression testing for the temperatures RT, 323, 373, 423 and 473 K. 
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Figure 60: True stress-plastic strain behaviour at a strain-rate of 10 s

-1
 derived by plane 

strain compression testing for the temperatures RT, 323, 373, 423 and 473 K. 

The evident strong softening behaviour during straining is not all of them 

intrinsic, but mainly contributed by adiabatic heating of the test samples. The 

test conditions cannot be maintained isothermal when applying high 

strain-rates during the deformation of big-sized samples. Adiabatic heating 

which is provoked by dissipation of plastic deformation work increases with 

higher strain-rates and lower initial temperatures. The increase in sample 

temperature up to the maximum deformation was recorded and it is presented 

in Figure 61-63. 
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Figure 61: Sample temperature during straining, plane strain compression testing at 1s
-1

. 

 

Figure 62: Sample temperature during straining, plane strain compression testing at 5s
-1

. 
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Figure 63: Sample temperature during straining, plane strain compression testing at 
10s

-1
. 

A meaningful determination of the characteristic points of the flow curves 

implies a constant test temperature. Bibliography offers a linear solution 

method to correct the adiabatic heating induced by plastic deformation energy 

[73]. However, this solution uses some quite strong simplifications which 

tolerate an important error. Due to that, a non-linear solution method 

implemented in MATLAB was developed, which doesn’t requires to assume 

semi-empirical equations of mechanical response. Simplified, it is based on a 

three dimensional fit of temperature, true stress and equivalent strain values. 

Surface grids are created over the experimental data for different strain-rates 

(Figure 64-66). Cuts parallel to the ordinate of the grids at a desired temperature 

value provide the corresponding two dimensional isothermal stress-strain 

curves. Of course, this method also assumes, as the simplified one, that the 

stress-strain response is not path-dependent in the temperature-strain space. 

The so-derived isothermal curves cut at the corresponding initial temperature 

values of the compression tests are presented in Figures 67-69 as dotted lines. 
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Figure 64: Three dimensional grid fitted on the experimental data derived from plane 
strain compression tests at strain-rate of 1 s

-1
. The experimental stress-strain data is 

plotted as black dots, the mesh width in x-direction (temperature) is 5 K and in y-direction 
(true plastic strain) 0.01.  

 

 

Figure 65: Three dimensional grid fitted on the experimental data derived from plane 
strain compression tests at strain-rate of 5 s

-1
. The experimental stress-strain data is 

represented by black dots, the mesh width in x-direction (temperature) is 5 K and in 
y-direction (true plastic strain) 0.01.  
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Figure 66: Three dimensional grid fitted on the experimental data derived from plane 
strain compression tests at strain-rate of 10 s

-1
. The experimental stress-strain data is 

represented by black dots, the mesh width in x-direction (temperature) is 5 K and in 
y-direction (true plastic strain) 0.01.  

 

Figure 67: Experimental and isothermal corrected flow curves at a strain-rate of 1 s
-1

 
derived for the temperatures RT, 323, 373, 423 and 473 K. Weakly pronounced stress 
peaks indicating CDRX are marked by black circles. 
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Figure 68: Experimental and isothermal corrected flow curves at a strain-rate of 5 s

-1
 

derived for the temperatures RT, 323, 373, 423 and 473 K. Weakly pronounced stress 
peaks indicating CDRX are marked by black circles. 

 

 
 

Figure 69: Experimental and isothermal corrected flow curves at a strain-rate of 10 s
-1

 
derived for the temperatures RT, 323, 373, 423 and 473 K. Weakly pronounced stress 
peaks indicating CDRX are marked by black circles. 
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The isothermal plane strain deformation behaviour is quite similar to the flow 

behaviour derived from free compression. Decreasing strain-rate and increasing 

test temperature provoke a decline in the elastic limit and less work hardening. 

The smooth initial stress maximum - allegedly characteristic of CDRX - can be 

observed in most cases. The peak strain of the flow curves derived at a 

strain-rate of 10 s-1 for RT and 323 K is most likely located at strains out of the 

investigated strain range. Only flow curves exhibiting a clearly visible stress 

maximum (marked by black circles) are retained for the subsequent flow curve 

analysis regarding the DRX points.  

 

3.3.3 Flow curve analysis 

The applied flow curve analysis of each stress-strain curve from both 

mechanical testing methods is here described for the flow curves derived from 

free compression experiments at 473 K.  

The work hardening rate (𝜃 = 𝜕𝜎/𝜕𝜀) was calculated by differentiating 

numerically the true stress with respect to true strain (using a cubic spline) and 

is displayed in Figure 70 and 71 as a function of true strain and true stress, 

respectively.  

 

Figure 70: Application of the work hardening rate with respect to true plastic strain, 
corresponding to the flow curves derived from free compression at 473 K. 
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Figure 71: Application of the work hardening rate with respect to true stress, 
corresponding to the flow curves derived from free compression at 473 K. 

The first point of inflection and the first intersection with the abscissa are clearly 

visible in both curves. Their values were determined by fitting the derivative 

functions up to the first point of intersection to a 3rd-degree polynomial, as 

shown in Figure 72 and 73.  With some exceptions, the inflection point was well 

detected. 

 

Figure 72: Work hardening rate with respect to true strain and 3
rd

 degree fit polynomial 
for the determination of 𝜀𝑐 and 𝜀𝑃. 
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Figure 73: Work hardening rate with respect to true stress and 3
rd

 degree fit polynomial 

for the determination of 𝜎𝑐 and 𝜎𝑃. 

The values of 𝜀𝑐 ,  𝜎𝑐 and 𝜀𝑃 ,  𝜎𝑃 could be derived by analytically calculating the 

inflection and intersection points of the 3rd degree polynomials. The steady state 

strain 𝜀𝑠 and stress 𝜎𝑠 were manually determined at the second zeroes of the 

derivate functions of Figure 70 and 71.  

The characteristic points derived from free and plane strain compression are 

given in Table 15 and 16.  

 

 

 

 

 

 

 

 

 

 

 

 

 



3 Thermomechanical investigations on hot rolling of ZnCuTi 

89 

Table 15: Characteristic points of the flow curves from free compression. 

�̇� 
[s-1] 

𝑻 
[K] 

𝝈𝒄 
[MPa] 

𝜺𝒄 
 

𝝈𝑷 
[MPa] 

𝜺𝑷 
 

𝝈𝒔 
[MPa] 

𝜺𝒔 
 

0.0005 373 88.2 0.08 89.2 0.13 88.9 0.31 

0.0005 423 68.5 0.02 69.0 0.04 65.8 0.31 

0.005 423 88.0 0.10 88.7 0.24 87.9 0.25 

0.025 423 103.0 0.15 108.0 0.23 107.9 0.34 

0.005 473 60.3 0.04 64.0 0.05 62.3 0.17 

0.025 473 73.9 0.06 77.9 0.08 75.2 0.22 

0.1 473 81.5 0.10 89.3 0.14 88.1 0.28 

0.5 473 92.8 0.12 109.0 0.18 106.8 0.44 

0.025 523 61.6 0.01 63.1 0.03 60.9 0.23 

0.1 523 77.3 0.07 82.6 0.13 78.4 0.33 

0.5 523 80.2 0.05 90.8 0.10 86.9 0.34 

Table 16: Characteristic points of the flow curves from plane strain compression. 

�̇� 
[s-1] 

𝑻 
[K] 

𝝈𝒄 
[MPa] 

𝜺𝒄 
 

𝝈𝑷 
[MPa] 

𝜺𝑷 
 

𝝈𝒔 
[MPa] 

𝜺𝒔 
 

1 300 323.8 0.46 332.3 0.69 x x 

1 323 285.2 0.45 296.5 0.68 x x 

1 373 217.7 0.43 224.7 0.6 217.9 0.81 

1 423 154.7 0.21 162.9 0.4 151.5 0.70 

1 573 114.0 0.11 117.2 0.21 113.9 0.45 

5 300 377.2 0.44 393.1 0.74 x x 

5 323 338.1 0.41 349.7 0.72 x x 

5 373 253.7 0.36 262.8 0.71 x x 

5 423 189.0 0.27 192.2 0.35 174.8 0.58 

5 573 135.9 0.15 138.7 0.31 133.7 0.40 

10 373 252.3 0.28 255.3 0.31 x x 

10 423 203.9 0.30 207.9 0.35 x x 

10 573 149.1 0.23 151.1 0.27 140.3 0.58 

 

The steady state is not clearly achieved in some of the flow curves (for instance, 

plane strain compression at 5 s-1 at RT, 323 K and 373 K, Figure 68), thus no 

values could be provided for such test conditions. 

The saturation stress 𝜎𝑠 and the corresponding temperature and strain-rate of 

each experiment serve as input data for the determination of 𝑄, 𝐴, 𝑛 and 𝛼 by 
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solving equation 3 (by applying the non-linear optimization method described 

in chapter 3.2.4). 

Figure 74 shows the resulting fit and the corresponding experimental data for 

the combined results from free and plane strain compression. Table 17 provides 

the derived values of 𝑄, 𝐴, 𝑛 and 𝛼. 

 

Figure 74: Fit of the temperature and strain-rate dependency of the experimentally 
derived saturation stresses from free and plane strain compression regarding equation 3. 

 
Table 17: Parameters for free and plane strain compression results. 

𝑸 

[kJ mol-1] 

𝒏 

 

𝑨 

[s-1] 

𝜶 

[MPa-1] 

53.8 6.84 3.37E+07 0.0041 

 

 

The excellent quality of both the results and the fit is evident. The absence of 

deviation from the linear fit in the whole range of tests conditions indicates that 

no significant change in 𝑄 occur in the experimentally covered temperature and 

strain-ate range. Results from plane strain compression enlarge the 𝑍-range 

covered by free compression; the linear behaviour observed from free 

compression is continued without any transition. The 𝑙𝑛 (𝑍)-values for each 

experiment were calculated and are listed Table 18. Increasing strain-rates and 

lowering test temperatures results in higher 𝑙𝑛 (𝑍).  
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Table 18: Derived Zener Hollomon parameter for free and plane strain compression. The 
temperature in the case of plane strain compression corresponds to the initial 

temperature of each experiment. 

Free compression  Plane strain compression 

𝒍𝒏(𝒁) 
 

�̇� 
[s-1] 

𝑻 
[K] 

 𝒍𝒏(𝒁) 
 

�̇� 
[s-1] 

𝑻 
[K] 

9.8 0.0005 373  21.6 1 300 

7.7 0.0005 423  20.0 1 323 

10.0 0.005 423  17.4 1 373 

11.6 0.025 423  15.3 1 423 

8.4 0.005 473  11.3 1 573 

10.0 0.025 473  23.2 5 300 

11.4 0.1 473  21.7 5 323 

13.0 0.5 473  19.0 5 373 

8.7 0.025 523  16.9 5 423 

10.1 0.1 523  12.9 5 573 

11.7 0.5 523  19.7 10 373 

    17.6 10 423 

    13.6 10 573 

 

The characteristic strain and stress values for the onset of DRX, peak and steady 

state listed in Table 15 and 16 were logarithmically plotted with respect to 

𝑙𝑛 (𝑍). Power law fits were generated on the experimental data and the resulting 

power law equations are indicated in Figure 75-80.  
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Figure 75: Logarithmic plot of the experimentally derived critical strain 𝜀𝑐 as a function of 
𝑙𝑛 (𝑍). The applied fit and the corresponding power law equation are indicated. 

 

Figure 76: Logarithmic plot of the experimentally derived peak strain 𝜀𝑃 as a function of 
𝑙𝑛 (𝑍). The applied fit and the corresponding power law equation are indicated. 
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Figure 77: Logarithmic plot of the experimentally derived saturation strain 𝜀𝑠 as a function 
of 𝑙𝑛 (𝑍). The applied fit and the corresponding power law equation are indicated. 

 

Figure 78: Logarithmic application of the experimentally derived critical stress 𝜎𝑐 as a 
function of 𝑙𝑛 (𝑍). The applied fit and the corresponding power law equation are 
indicated. 
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Figure 79: Logarithmic application of the experimentally derived peak stress 𝜎𝑃 as a 
function of 𝑙𝑛 (𝑍). The applied fit and the corresponding power law equation are 
indicated. 

 

Figure 80: Logarithmic application of the experimentally derived saturation stress 𝜎𝑠 as a 
function of 𝑙𝑛 (𝑍). The applied fit and the corresponding power law equation are 
indicated. 
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Each of the provided fit functions shows enough quality of fitting (correlation 

coefficient 𝑅2 ≥ 0.9) for the derived power law functions to be used for 

extrapolating the evolution of the characteristic points to an extended 𝑍-range. 

Only the trend of the critical strains vs. ln (𝑍), Figures 75 and 76, shows 

curvature and could be better approximated with another non-linear function.  

A recrystallization map indicating the strain, temperature and strain-rate 

dependent onset of DRX and the fully recrystallized state has been created and 

is presented in Figure 81. The recrystallization state can be estimated for 

different hot working conditions depending on the location of the operation 

point in the regions of the map. 

 

Figure 81: Recrystallization map indicating the onset and full recrystallization state of 
DRX as a function of 𝑙𝑛 (𝑍) and true strain. Experimentally derived critical strain and 
saturation strain values are additionally plotted. 
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3.4 Microstructure observations 

This chapter provides a review of the microstructural support of the 

recrystallization behaviour which was analytically diagnosed from flow curve 

analysis. The microstructures of the samples processed in laboratory and 

industrial line at different 𝑍-levels and true strains are compared to the 

predicted recrystallization state on account of the location of each operation 

point (-lnZ) within the recrystallization map of Figure 81. The microstructural 

characterisation is based on high resolution SEM micrographs and EBSD grain 

boundary contrast maps with distinction of the subgrain and grain boundary 

distributions.   

 

3.4.1 Samples from laboratory testing 

The subsequent investigations are restricted to samples processed by plane 

strain compression. They are categorized by the corresponding 𝑙𝑛 (𝑍)-value and 

the applied true strain. It should be considered that the initial sample 

temperature (𝑇𝑖) increased during straining due to the previously mentioned 

quasi-adiabatic heating by plastic deformation work dissipation. In the case of 

DRX, the recrystallized grain size is dynamically reached, which means that the 

resulting microstructure is set by the actual testing conditions at the end of the 

deformation procedure. Therefore, the temperature value at the maximum 

strain (𝑇𝑓) of each plane strain compression experiment is taken into account for 

the determination of 𝑙𝑛 (𝑍). The corresponding deformation conditions of the 

samples examined for these investigative goals are listed in Table 19. 
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Table 19: Deformation conditions of the samples considered for microstructure analysis. 
The samples are subdivided according to different investigative goals, described below. 

 Plane strain compression 

𝒍𝒏(𝒁) 
 

�̇� 
[s-1] 

𝑻𝒇 

[K] 

𝑻𝒊 
[K] 

𝜺 
 

Investigative goal 

8.2 0.05 579 573 1 Strain dependent 

 microstructure  

evolution in  

the DRX regime 

8.2 0.05 580 573 2 

13.3 1 486 473 1 

13.2 1 489 473 2 

8.2 0.05 580 573 2 Influence of ln(Z) on  

the microstructure  

evolution in  

  the DRX regime 

13.9 5 528 473 2 

16.8 10 448 373 2 

18.1 5 393 300 2 

19.7 5 357 263 1 Microstructure evolution 

 in the DRX/DRV regime 21.5 5 325 243 1 

 

Strain dependent microstructure evolution in the DRX 

regime 
First of all, the occurrence of the recrystallization mechanism is assessed by 

microstructure studies of samples deformed within the analytically predicted 

DRX regime (corresponding to the steady state of the flow curves). The 

microstructure evolution with respect to applied strain is illustrated by focusing 

on samples deformed up to true strains 1 and 2 at approximately constant 

𝑙𝑛 (𝑍)-values. As the temperature rise during deformation of the samples 

processed at low and medium 𝑍-levels is less pronounced, the strain-dependent 

development of the microstructure is investigated in this range.  

Figure 82 shows the derived grain boundary maps illustrating the development 

of the subgrain and grain structure as a function of strain. The FEG-SEM 

micrographs of Figure 83 provide a view of the microstructure evolution when 

straining at constant 𝑍-levels. 
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Figure 82: Effect of deformation level on the microstructure. Grain boundary contrast 
maps determined by EBSD mapping provide the distinction of HAGBs and LAGBs 
indicated by black and red lines, respectively, rolling direction points downwards. a) True 
strain 1 (𝑙𝑛(𝑍)=8.2), b) true strain 1 (𝑙𝑛(𝑍)=13.3), c) true strain 2 (𝑙𝑛(𝑍)=8.2) and d) true 

strain 2 (𝑙𝑛(𝑍)=13.2).  
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Figure 83: Effect of deformation level on the microstructure. High-resolution SEM 
micrographs provide a detailed overview of the microstructure, rolling direction points 
downwards. a) true strain 1 (𝑙𝑛(𝑍)=8.2); b) true strain 1 (𝑙𝑛(𝑍)=13.3); c) true strain 2 

(𝑙𝑛(𝑍)=8.2) and d) true strain 2 (𝑙𝑛(𝑍)=13.2). 
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The boundary contrast maps indicate that hot working results in the formation 

of a subgrain structure (white arrows) within the initial grains (green arrows) 

which had been aligned along rolling direction due to plastic deformation. The 

substructure consists of equiaxed subgrains and provokes a serrated form of the 

original grain boundaries. However, equiaxed fine grains (blue arrows) 

surrounded by HAGBs are already evident at low strains and their fraction 

increases significantly with further deformation. For instance, Figure 82a shows 

two elongated original grains with “wavy” boundaries and an inner 

substructure. A dense network of subboundaries indicating the subgrain size in 

the interior of the original grains is observed. A few clean equiaxed grains of 

sizes similar to the subgrain size are generated along the initial grain 

boundaries. The small fraction of recrystallized grains shows that the 

recrystallization state is not quite developed, as can be seen in the subsequently 

discussed overview image of Figure 83a. Further straining causes the formation 

of an almost fully recrystallized microstructure (Figure 82c) composed of new 

grains which sizes remain constant compared to the previous deformation state. 

The microstructure of Figure 82b shows that already at a true strain of 1 an 

enhanced recrystallization state has evolved at higher Z. Initial grain 

boundaries are almost indistinguishable from new grain boundaries which 

arose from recrystallization. In qualitative terms, the fraction of recrystallized 

grains still increases by further straining, visible in Figure 82d.  

The FEG-SEM micrographs provide a large field of view of the grain structures. 

The images of Figure 83a and b indicate that a fraction of elongated original 

grains still exists at a true strain of 1 and decreases with straining on account of 

the formation of recrystallized grains, which can be noticed in Figure 83c and d. 

The shaded appearance of the initial grains gives hint for an inner substructure, 

whereby the recrystallized equiaxed grains are recognized to be uniformly 

coloured which indicates their stress free origin. It can be qualitatively 

mentioned that the recrystallization state is quite advanced at true strains 1 and 

2 but not fully developed as predicted from flow curve analysis.  

A quantitative determination of the recrystallized fraction with respect to strain 

was not considered. The grain area covered by EBSD mapping is too small in 

order to gain sufficient data for deriving statistically relevant fractions of 

original and recrystallized grains.     
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Influence of 𝒍𝒏(𝒁) on the microstructural evolution in the DRX 

regime 

The development of grain and subgrain size with respect to 𝑙𝑛 (𝑍) in the 

analytically predicted DRX regime is investigated with a focus on the 

microstructure of the samples deformed up to true strains of 2 at varying 𝑍-

levels. Figure 84 and Figure 85 illustrate the evolution of the recrystallization 

grain size.  

 

Figure 84: Grain boundary contrast maps indicating the microstructure evolution with 
increasing 𝑙𝑛(𝑍). Samples deformed by plane strain compression up to true strain 2. 
HAGBs and LAGBs indicated by black and red lines, respectively. Rolling direction 

points downwards. a) 𝑙𝑛(𝑍)=8.2; b) 𝑙𝑛(𝑍)=13.9; c) (𝑙𝑛(𝑍)=16.8 and d) 𝑙𝑛(𝑍)=18.1.  
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Figure 85: FEG-SEM micrographs providing a large overview of microstructures at 
increasing 𝑙𝑛(𝑍)-values. Samples deformed by plane strain compression up to a true 
strain of 2. Rolling direction points downwards. a) 𝑙𝑛(𝑍)=8.2; b) 𝑙𝑛(𝑍)=13.9; 

c) (𝑙𝑛(𝑍)=16.8 and d) 𝑙𝑛(𝑍)=18.1. 
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It is seen that as 𝑙𝑛 (𝑍) increases the size of equiaxed fine grains considerably 

decreases. The microstructures visible in Figure 84 are almost completely 

recrystallized, which is evidenced by the absence of original grains. Merely a 

few grains are found to be slightly bigger than the recrystallized grains (yellow 

arrows) and contain a substructure. Furthermore, the number of remaining 

subboundaries increases, while the size of the subgrains decreases under higher 

𝑙𝑛 (𝑍).  

The overview micrographs at low magnification of Figure 85 show the same 

grain size evolution. Some original grains interspersed with subgrains 

(recognizable on account of their strongly shaded appearance) still exist.  

The apparent similar character of each observed structure involves the same 

underlying grain formation mechanism, which is evidenced by the same size 

order of subgrains and recrystallized grains of each examined microstructure. A 

subgrain structure within incompletely recrystallized grains can be recognized 

but the major part of the microstructure consists of fine equiaxed clean grains, 

which apparently originate from the successive transformation of the 

substructure into grains. The observed features strongly point out to CDRX as 

underlying recrystallization mechanism. 

Grain and subgrain size measurements by EBSD lead to the dependency on 

𝑙𝑛 (𝑍) of the grain or subgrain sizes illustrated in Figure 86. From the 

experimental results, the power law equations insert in Figure 86 can be 

deduced for the grain and subgrain size. 

 

Figure 86: Grain and subgrain size with respect to 𝑙𝑛 (𝑍). Data derived from EBSD 

mappings performed on the microstructures of samples deformed at varying 𝑍-levels up 
to true strains 1 and 2. 
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Both structural parameters show a linear evolution vs. Z in the logarithmic plot. 

As already qualitatively observed in the micrographs, grain and subgrain size 

decrease with increasing 𝑙𝑛 (𝑍). The grain size does not significantly differ from 

subgrain size, its values being of the order of 1.5 - 2 times the subgrain size.  

 

Microstructural evolution in the intermediate DRX/DRV regime 
The previously observed microstructures give evidence of the type of 

recrystallization mechanism. Nearly totally recrystallized structures appear at 

strains higher than the saturation strain. To gain information on the 

microstructure appearance in the intermediate recrystallization state (between 

critical onset and saturation state), the microstructure of two samples located in 

the empirically predicted DRX/DRV regime were investigated and are 

presented below, Figures 93 and 94.  

 

 

Figure 87: Grain boundary contrast maps of samples deformed in the DRX/DRV regime 

at a true strain of 1, rolling direction points downwards. a) 𝑙𝑛(𝑍)=19.7 and b) 𝑙𝑛(𝑍)=23.2. 
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Figure 88: Overview micrographs of samples deformed in the DRX/DRV regime at a true 

strain of 1, rolling direction points downwards. a) 𝑙𝑛(𝑍)=19.7 and b) 𝑙𝑛(𝑍)=23.2. 

The microstructure of both samples is completely different to the previously 

shown, almost fully recrystallized states. Although a notorious fraction of DRX 

grains (blue arrows) exists, the microstructure also consists of non-deformed 

coarse grains with distorted grain boundaries (white arrows) and original 

grains containing the previously observed typical subgrain network (green 

arrows). In comparison to the original grains, the big-sized clean grains neither 

possess serrated grain boundaries nor are significantly aligned in rolling 

direction. The fraction of DRX grains increases and the fraction of deformed 

original and big-sized clean grains decreases as the applied strain becomes 

closer to the saturation strain. 

It is clear, that the deformation of samples in the transition region from the 

onset to the saturation state of DRX provokes an incompletely recrystallized 

microstructure. Apparently, the remaining fraction consists on the one hand of 

original, dynamically recovered grains and on the other hand of defect free 

grains formed by a distinct mechanism of recrystallization. Their equiaxed form 

and non-deformed origin leads to the assumption that they arose from static 

recrystallization which occurs after the deformation process.  
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3.4.2 Samples from industrial line 

The final part of the research project was the verification of the previously 

gained conclusions in the industrial line.  

Samples cut after each pass of the currently performed rolling process by ASLA 

for the commercial production of rolled ZnCuTi sheets were micro-structurally 

analysed. Additional non-conventional industrial test runs were performed in 

order to process samples located at deformation conditions which could not be 

covered by laboratory mechanical testing methods.  

The rolling parameters and the corresponding 𝑙𝑛 (𝑍)-values of the rolling passes 

corresponding to the microstructural observations shown in this dissertation 

are supplied in Table 20.  

Table 20: Rolling parameters of a sequence of passes from a commercial production and 
from a non-commercial sequence in the industrial line performed for the purpose of this 

research. 

Current rolling parameters  Non-conventional rolling parameters 

Pass 𝒍𝒏(𝒁) 
 

�̇� 
[s-1] 

𝑻 
[K] 

𝜺 
 

 
Run Pass 𝒍𝒏(𝒁) 

 
�̇� 

[s-1] 
𝑻 

[K] 
𝜺 
 

1 16.5 34 500 0.51  1 1 16.7 41 497 0.69 

2 17.8 41 459 0.47   2 18.4 58 450 0.69 

3 19.5 58 419 0.41   3 23.3 81 343 0.51 

4 21.1 110 394 0.43   4 23.3 176 357 0.61 

5 22.4 244.1 381 0.69        

 

 

Figure 89 shows the microstructure evolution during the commercial 

production of ZnCuTi and Figure 90 provides micrographs concerning the 

non-conventional industrial test runs. 
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Figure 89: FEG-SEM micrographs of the rolling passes 1-5 conducted for the current 
production process of ZnCuTi sheets, rolling direction points downwards. 
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The applied rolling conditions of the selected commercial 5-passes sequence are 

entirely located within the intermediate recrystallization regime. Each sample 

shows the typical heterogeneous microstructure already observed in this 

regime by laboratory testing using free or plane strain compression. The DRX 

grain size clearly appears bigger in the first two passes, which is explained by 

the lower 𝑙𝑛(𝑍)-value. In contrast to the DRX grain size which only depends on 

strain-rate and temperature, it is hardly possible to draw conclusions about the 

fraction, size and origin of grains which didn’t arose from dynamic 

recrystallization. The initial grain structure significantly changes between the 

different rolling passes and static recrystallization processes are connected 

strongly to the previous defect structure.    

No dynamic recrystallization is expected at deformation conditions below the 

initiation of DRX. A clearer view on this zone is provided by focusing on the 

microstructures induced by the non-conventional sequence run for this research 

in the industrial line.  
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Figure 90: FEG-SEM micrographs of samples from one industrial test run at varying 
𝑙𝑛(𝑍) values and true strains. Rolling direction points downwards. 
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The first two examples of Figure 90 show a nearly fully recrystallized structure. 

A small amount of remaining grains exist, but non-deformed and statically 

recrystallized grains are hardly distinguishable. The microstructures indicate 

that recrystallization is nearly complete which confirms the close location near 

to the predicted DRX saturation strain. The applied strains/Z pairs of the 

micrographs presented in Figure 90c and d are located below the characteristic 

border of DRX. The microstructure after the third pass is nearly exclusively 

composed of big sized SRX grains; merely a few original grains and no 

dynamically recrystallized grains appear. During the fourth test pass, some 

dynamic recrystallization has occurred because the applied strain is located 

closer to the predicted onset of DRX. The experimental micrographs confirm 

nearly exactly the location of the predicted DRX onset strain in this area. 

 

3.5 Discussion and conclusion 

Dynamic recrystallization mechanism 
The linearity of the Arrhenius fit of the temperature and strain-rate dependency 

of the saturation stresses (Figure 74) supports the assumption that no changes 

in the underlying recrystallization mechanism occur in the experimentally 

examined range. The continuity of the microstructure evolution of the samples 

deformed in the DRX regime (Figure 82 and 83) gives the final evidence that the 

formation of the dynamically recrystallized structure consistently evolves by 

the same mechanism.  

By observing the advanced recrystallization state at strains higher than the 

saturation strain, it can be concluded that continuous dynamic recrystallization 

is the dominant dynamic recrystallization mechanism in this material in the 

range of operation of industrial rolling mills. The weak stress peaks in the 

characteristic flow curves already pointed out to such mechanism and the 

evolution of the microstructure observed by EBSD mapping provided further 

evidence. A well-defined substructure transforms progressively by increasing 

misorientation into grains surrounded by HAGBs. The serrated form of the 

deformed original grains is an obvious sign for a contribution of geometric 

dynamic recrystallization although no final microstructural verification could 

be given for such statement. It is equally conceivable that both CDRX 

mechanisms occur simultaneously. Furthermore, subgrains and recrystallized 

grains sizes are of the same order of magnitude, which decreases as 𝑙𝑛 (𝑍) 

increases according to a power law. 

A high stacking fault energy is reported for Zn by several authors [74, 75], 

which suggests strong activity of recovery during hot working of ZnCuTi. A 

pronounced compensation of initial work hardening in the observed flow 

curves is evident, which confirms enhanced plastic energy dissipation by 
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recovery processes. As a consequence of this, it is quite plausible that the 

recrystallization process in our alloy is significantly determined by a rapid 

evolution of the formed dislocation substructure (polygonization), including 

LAGB movement, which is in favour of CDRX (a difficult recovery promotes 

high internal energy storage and DRX nucleation). Additionally, in contrast 

with what could happen in pure zinc, the pinning effect provoked by the 

intermetallic phase particles of this alloy, finely comminuted by the plastic 

deformation restricts the mobility of HAGBs, and hinders or even suppresses 

nucleation and grain growth as required for DDRX. For instance, the amount 

and distribution of pinning sites certainly influences grain formation; especially 

the mean particle distances are in the order of the substructural size observed.  

The detailed influence of the intermetallic associated with the observed CDRX 

process could play an important role in the grain size control of this alloy and 

deserves further research.  

 

Recrystallized fraction 
No quantitative determination of the fraction of dynamically recrystallized 

grains at varying deformation conditions was considered.  

The overview micrographs of Figure 83 and 85 still show a small fraction of 

non-recrystallized grains, although in all cases the applied true strain is higher 

than the predicted saturation strain of DRX, i.e., the border between DRX and 

DRX/DRV regions should be shifted upwards; or, in other words, the criterion 

for detection of the fully DRX state used in the analysis of the stress-strain 

curves needs some revision. Another reasonable influence is the non-ideal plane 

strain compression state produced by the PSC procedure causing locally 

differing deformation conditions within the sample (for instance, shear bands) 

which lead to heterogeneities in grain formation. However, the microstructures 

evolved in the DRX regime are quite fully recrystallized.  

Microstructures evolved in the intermediate recrystallization state between 

onset and saturated DRX are composed of a certain volume fraction of 

dynamically recrystallized grains, as expected, but also of apparently statically 

recrystallized grains. A similar case was discovered by [76]. Hereby, deformed 

grains remaining after incomplete DRX recrystallize statically within a few 

seconds after the deformation process. The occurrence of SRX in the case of 

ZnCuTi has to be investigated more profoundly regarding the evolution of SRX 

grain size with previous deformation conditions. An onset strain of SRX as 

critical degree of deformation should exist, just like a limit condition where SRX 

within the transition region is suppressed due to the formation of a sufficient 

amount of dynamically recrystallized grains. A conceivable determination 

method of the recrystallized SRX fraction is suggested by [77]. Double hit 

compression tests are considered to determine the softened fraction on account 
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of stress drops at certain strains. Hereby, the compression test is interrupted at 

a certain strain value (force zero) and continued after a certain holding time. 

The accrued stress drop after continuing the compression experiment gives hint 

for the formed fraction of SRX grains.  

 

Industrial production of ZnCuTi 
For commercial interest, the conducted research provides an accurate tool for 

predicting the microstructure properties of the hot-rolled end product in a wide 

range of rolling parameters. Temperature, strain-rate and applied reduction can 

be adapted in order to reach the desired microstructure of the cast product. The 

dynamic recrystallization state can be completely described on account of the 

recrystallization map of Figure 81 and the grain size evolution presented in 

Figure 86. The analytically predicted locations of DRX onset and offset were not 

reproduced by microstructure observations in the whole investigated range, but 

the microstructures of the provided examples nearly completely coincide with 

the analytically predicted recrystallization state.  

The current production process of ASLA exclusively takes place in the 

intermediate DRX region which leads to relatively heterogeneous 

microstructures. In order to produce homogenous microstructures, at least the 

final rolling pass should be placed within the fully recrystallized regime. One 

option could be increasing the rolling temperature of the last pass by an 

additional heat treatment. The influence of the initial grain structure has no 

effect on the evolved microstructure when achieving full dynamic 

recrystallization during the fifth pass. The desired grain size could be easily 

adjusted by adapting strain-rate and temperature. 
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4 Properties of ZnCuTi processed by high-pressure 

torsion 

This chapter describes the proceeding carried out in order to provoke 

extraordinary strength enhancement of the provided bulk ZnCuTi alloy. HPT 

processing leads to the development of a refined grain structure, whose 

mechanical and microstructural properties with respect to different amounts of 

introduced severe plastic deformation are pointed out by considering 

mechanical testing and microstructure examination techniques. The resulting 

properties are compared to a ZnCu (Zn 0.16 wt% Cu) alloy processed in the 

same way in order to emphasize the role of Ti during microstructure formation. 

 

4.1 Overview of SPD processes and theoretical 

background 

The following sections provide a short introduction to severe plastic 

deformation (SPD) methods and focuses especially on the method of 

high-pressure torsion (HPT). Furthermore, the current state of research 

regarding strain hardening of pure Zn is presented on the basis of published 

studies. 

 

4.1.1 Methods of severe plastic deformation 

Several methods for generating nanostructured materials already exist. They 

are commonly classified as either “bottom up approaches” when the 

nanocrystalline structure is built up atom by atom (for instance inert gas 

condensation [78] and electrodeposition [79]) or “top down approaches” where 

one starts with a bulk material composed of coarse grains and refines the grain 

size into the UFG or NC regime by applying severe plastic deformation at low 

or moderate homologous temperature (SPD processes).   

In recent years, a wild variety of techniques for SPD processing have been 

developed for achieving bulk nanostructured materials. Their main 

characteristic is to impart large strains to the material without significantly 

changing the overall dimensions of the workpiece [5]. Otherwise, if classical 

deformation processes are applied up to large strains, the final product is a thin 

sheet or a filament.  

With fabrication methods like ECAE/ECAP (equal-channel angular 

extrusion/pressing, [80, 81]) and ARB (accumulative roll-bonding, [82]) it has 

become realistic to produce high-strength bulk nanostructured materials in 

commercially reasonable amounts. The technique of HPT (high-pressure torsion 
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[83]) provides advantages when doing scientific research. The HPT samples 

exhibit a constant strain gradient, i.e., different deformation states in-between 

the undeformed and the maximally deformed state, thus several material states 

can be characterized by investigating one single sample. Furthermore, HPT 

enables the introduction of much higher plastic deformation than other SPD 

methods and under much higher and well controlled hydrostatic pressures. The 

experimental time and effort is low for the wealth of gained information, 

although with a penalty: the feasible sample sizes are small (or the size of the 

required presses becomes unthinkable). The following scheme presented in 

Figure 91 explains the process of high-pressure torsion. 

 

 

Figure 91: High-pressure torsion setup, redrawn from [84]. a) idealized hydrostatic state; 
b) practical setup involving slight deformation of the test piece due to compression 
before applying torsion strain with formation of a flash that assures the building up of 
hydrostatic pressure. 

The process involves the application of a compressive force and concurrent 

torsional straining to the disc shaped test piece. The specimen is subjected to a 

predefined pressure of several GPa between the upper and lower anvil. The 

applied compressive state prevents sliding between the anvils and the sample 

(through friction). An idealized hydrostatic compression state of the sample 

(constant height of the disc; Figure 91a) should not cause any deformation of 

the disc, but the practical setup (Figure 91b) leads to some compressive 

straining due to the reduction in disc height after applying the quasi hydrostatic 

pressure. Subsequent rotation of the anvils with respect to each other imposes 

simple shear of the disc-shaped test piece. The amount of introduced shear 

strain increases radially within the sample from the rotation axis towards the 

sample edge. The disc centre remains (ideally) unaffected from torsion straining 

but is exposed to slight deformation from compression. The strain as a function 
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of the distance 𝑅 from the disc centre is defined by calculating the VM 

equivalent strain [83]: 

3

2

l

RN
eq


    (6) 

𝑁 is the number of revolutions and 𝑙 is the thickness of the disc (in fact, it 

decreases during deformation, mostly during the start of the process). 

 

4.1.2 Strength hardening of pure Zn by grain refining 

Strengthening by grain refining of conventionally-processed bulk pure Zn 

(rolled, recrystallized) is not very effective due to an early inversion of the Hall-

Petch relationship that takes place at medium strength level (Figure 92) [7].  

 

Figure 92: Inversion of the Hall-Petch relationship for commercial pure Zinc (Zn-0.123% 
Al, 0.063% Mg). Flow stress vs. mean spatial grain size at 0.01% (left) and 0.3% (right) 
plastic strain [7]. 

The occurrence of grain softening at grain sizes below the characteristic 

transition grain size is assumed to correspond to the absence of intergranular 

dislocation activity and to activity of grain boundary shear mechanisms [8]. 

Also severe plastic deformation of pure Zn does not significantly enhance its 

plastic strength. HPT processing of pure Zn leads to a relatively coarse 

recrystallized grain size and small strength, as can be seen in Figure 93 [19]. 
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Figure 93: Variation of the average microhardness with distance from the centre of HPT 
processed pure Zn discs at a constant pressure of 1 GPa and different numbers of HPT 
turns [19]. The tensile strength is approximately 1/3 the HV, here expressed in kg/mm

2
 

i.e., the maximum strength of pure Zn after HPT can be estimated to be about 125 MPa. 

A possible approach to impede grain growth by anchoring GBs (DRX) during 

SPD and thus to prevent grain boundary shear at small grained microstructures 

is the addition of small second phase particles as physical barriers to GB 

motion. As was explained in the introduction to this thesis, the binary Zn-Ti 

system (Figure 3) offers the formation of the orthorhombic intermetallic phase 

TiZn16 as possible particle reinforcement by adding small amounts of Ti, thus 

maintaining the low-alloyed character of the metal. The available commercial 

ZnCuTi alloy contains the same intermetallic and it was deformed by HPT and 

compared to similarly processed ZnCu (0.16 wt% Cu) used as reference 

material of the same composition of the matrix of the alloy but dispensed of the 

second phase.  
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4.2 Experimental procedure 

High-pressure torsion 
Two alloys, ZnCuTi thermally treated in the industrial line (623K/25h) and 

ZnCu fabricated by inductive melting with high purity zinc (99.995%) and 0.16 

wt% high purity copper (99.999%) serve as bulk material. Spark-eroded discs of 

both alloys, 15 mm in diameter and 2 mm in thickness, were highly deformed at 

room-temperature by 40 HPT turns (VM equivalent strain at the edge close to 

500) under a quasi-hydrostatic pressure of 3 GPa and an equivalent strain-rate 

at the edge of 7.5x10-2 s-1. 

The plane face at the middle-height of the HPT deformed discs was selected for 

performing mechanical and microstructural characterizations at different 

distances to the mid-point of the sample. Figure 94 illustrates schematically the 

mechanical testing and microstructural imaging methods located on the plane 

face of the HPT disc. 

 

 

Figure 94: Schematic sketch of an HPT specimen illustrating the different mechanical 
and microstructural characterisation methods, spacings in mm. 
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Mechanical testing 

The strain-rate sensitivity, nanohardness and indentation modulus at 

room-temperature were determined by nanoindentation strain-rate jump tests 

on a Nanoindenter G200 (Agilent Technologies) with a three-sided Berkovich 

diamond. A set of indents was performed from the middle to the border of the 

deformed discs, with a constant distance between indents of 200 µm for ZnCuTi 

and 1000 µm for ZnCu. Using an adapted standard continuous stiffness 

measurement (CSM) method [85, 86], several abrupt changes in strain-rate 

between 1x10−1 s−1 and 2.5x10−3 s−1 at predefined indentation depths were 

applied for the determination of the SRS. Hardness and indentation modulus 

were averaged at a constant indentation depth interval from 2400 nm to 

2500 nm and a strain-rate of 2.5x10−2 s−1.  

Additional Vickers hardness measurements (HV1) were performed at distances 

1000 µm apart from each other. 

The determination of the SRS at elevated temperatures was done by 

compression tests on an INSTRON 4505 material testing system. The 

spark-eroded cylindrical samples, 1.4 mm in diameter and 1.6 mm in height, 

were taken from the centre of the deformed HPT disc in order to represent the 

quasi non-deformed state and at the distances 3 and 6 mm from the midpoint as 

representatives for middle and maximum deformed states, respectively. Thus, 

the compression axis was perpendicular to the plane of the HPT discs. Before 

compression testing, the sample temperature was held constant for at least 

30 min. During the tests, the strain-rate was varied from 1x10−3 s−1 to 1x10−5 s−1 at 

room-temperature, 323 K, 373 K and 423 K. 

 

Microstructure investigations 

Microstructure and crystallographic investigations were carried out on a FEI 

NanoLab Helios 600i scanning electron microscope. The grain structure was 

shown up by SEM imaging, the grain size and crystallographic orientation 

distribution were determined by EBSP-OIM. The crystallographic information 

was collected from a set of 8x6 µm EBSD maps at distances of 0.5, 1, 1.5, 2.5, 3.5, 

4.5, 5.5 and 6.5 mm from the centre in the case of ZnCuTi and at 0 and 6.5 mm 

for ZnCu.  
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4.3 Microstructure and mechanical properties of HPT 

ZnCuTi and ZnCu 

The microstructure investigations, carried out on both alloys, highlight the 

grain structural changes caused by HPT deformation. Focusing on the quasi 

non-deformed state in the axis of the specimens, the grain structure is mainly 

influenced by the applied quasi hydrostatic pressure of 3 GPa. Upon increasing 

distances from the centre, the applied strain linearly increases and thus the 

corresponding microstructure originates mainly from the influence of the 

amount of torsion straining.  

Figure 95 shows the grain structures of ZnCuTi at the centre point, 3.5 mm and 

6.5 mm apart, corresponding to 0, 267 and 496 VM equivalent strain. The 

distribution of the TiZn16 particles at the same regions was emphasized by an 

etching procedure using HNO3 diluted in ethanol, which causes a well-defined 

contrast between matrix and second phase (Figure 96).  

 

Figure 95: Microstructure of ZnCuTi shown up by SEM imaging. a) Centre region of the 
HPT disc (VM strain = 0). b) Middle region at 3.5 mm to the centre (VM strain = 267). c) 
Outer region at 6.5 mm to the centre (VM strain = 496). 
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An extraordinary decrease in grain size can be noticed observing the 

microstructures from the middle to the border. Furthermore, a successive 

homogenization of the grain size distribution is evident after large plastic 

strains have been imparted.  

Obviously, the coarse grain structure in the centre originates from continuous 

dynamic recrystallization activated by the plastic deformation due to the 

hydrostatic HPT pressure. The further deformation by the applied torsion strain 

at increasing distances causes a successive grain refinement reaching an 

average grain size located in the UFG regime.     

 

 

Figure 96: SEM images of the distribution of TiZn16 highlighted by HNO3 diluted in 
ethanol. a) Centre region of the HPT disc (VM strain = 0). b) Middle region at 3.5 mm to 
the centre (VM strain = 267). c) Outer region at 6.5 mm to the centre (VM strain = 496). 
d) Detailed view of a TiZn16 particle in the outer region. 

 

Although the etching produces a rough surface of the matrix, the TiZn16 phase 

can be spotted as white coloured particles. In the quasi non-deformed state, the 

second phase shows the typical irregular lamellar morphology derived from the 

eutectic transformation originated from the continuous casting process of the 

bulk material, which was entirely investigated in chapter 2.3.2. The 

intermetallic phase arose from eutectic decomposition in interdendritic regions 

of the Zn-rich phase in the form of plate shaped feather-like precipitations, 

which were seen as needle shaped lamellae on the surface of metallographic 
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sections. During HPT deformation, the second phase lamellae are broken up 

into small-sized particles, which are homogenously distributed on the sample 

section. The particle size decreases successively by further deformation up to 

particle sizes of about 100-200 nm after the largest deformation imparted. It has 

to be mentioned that probably smaller particles cannot be resolved by SEM 

techniques. 

Figure 97 shows the single-phase microstructure of ZnCu, which recrystallizes 

dynamically and develops a coarse grained structure (coarse relative to the 

grain size attained by the two-phase alloy). A recrystallized steady state is 

reached early and further deformation shows no apparent influence on the 

grain size. 

 

 

Figure 97: Microstructure of ZnCu shown up by SEM imaging. a) Centre region of the 
HPT disc (VM strain = 0). b) Outer region at 6.5 mm to the centre (VM strain = 496).  

The development of the grain size and the crystallographic orientation of 

ZnCuTi/ZnCu were investigated by evaluating the EBSP-OIM acquisition data 

collected from rectangular areas (8x6 µm) located from the middle to the border 

of the HPT discs. The intercept line length method was selected for calculating 

the average grain size of each scan, which is applied in Figure 98 and Figure 99. 

Additionally, the corresponding pole figure plots indicate the texture 

distribution of {0001}, {112̅0} and {101̅0} planes.  

RD and TD lie in the plane of the HPT disc. A VM equivalent strain of 0 

represents the centre point of the disc (quasi non-deformed state); the 

maximum strain corresponds to the border (maximum deformation). EBSD 

mappings directly located in the centre point of the ZnCuTi discs couldn’t be 

performed with acceptable measuring accuracy due to a shallow hollow 

formation in the central region caused by mechanical polishing.  
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Figure 98: ZnCuTi average grain size (mean linear intercept) vs. VM equivalent strain. 

Textural development indicated by {0001}, {112̅0} and {101̅0} pole plots. 

 

Figure 99: ZnCu average grain size (mean liner intercept) vs. VM equivalent strain. 

Textural development indicated by {0001}, {112̅0} and {101̅0} pole plots. 
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The results show an intense refinement of the average ZnCuTi grain size due to 

HPT deformation. A conventionally grained structure with grain sizes of about 

1000 nm near to the centre point can be observed. At increasing applied strains, 

grain refinement of the CG structure takes place, merging into a constant ultra-

fine average grain size of about 300 nm at a VM equivalent strain of 300. By 

contrast, no significant change in grain size can be seen in ZnCu. The EBSD 

quantitative characterisation confirms the qualitative observations done by SEM 

imaging. 

Focusing on the crystallographic orientation distribution, a striking difference 

in the texture development of the two-phase vs. the single phase alloy has been 

observed. 

A clear visible texture change occurs during HPT of ZnCuTi after an equivalent 

deformation of 200. The pole figure of the CG state exhibits a strong (0001) 

basal texture all along the tremendous deformation imparted by HPT. 

However, a new component is clearly visible beyond 200, which progressively 

weakens the intensity of the basal component in the following 200 deformation 

increment. Such component is a fibre texture with the basal plane aligned with 

the torsion axis, although there is a visible randomization of the texture 

accompanying such transition. Already at small applied strains, a persistent 

alignment of grains tilted 90° around RD can be recognized. Two maxima 

inclined 90° around RD arise in the {0001} pole plot and become more 

pronounced with increasing applied strain, the (0001) basal maximum being 

weakened but maintained up to the highest deformation state. The varying 

position of the maxima in the periphery of the pole figures is probably a matter 

of the local microtexture of the small zone scanned in each case. 

In the case of ZnCu, a consistent strong single component (0001) basal texture 

is observed in the axis (weakly deformed) as well as in the highest deformation 

state, i.e., no textural transition takes place. 
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Nano- and Vickers hardness 
Figure 100 shows the nano- and Vickers hardness profiles measured at room 

temperature for ZnCuTi and ZnCu after 40 HPT turns.  

 

Figure 100: Nanohardness (average of 2.4 to 2.5 µm depth measurements) and Vickers 
(HV1) hardness vs. VM equivalent strain for ZnCu and ZnCuTi processed by 40 HPT 
turns at room temperature. 

The results for each investigated alloy are consistent with regard to the different 

methods of hardness determination (indentation size effect, ISE).  

The ZnCu alloy shows no significant change in hardness over the whole range 

of applied strain. Averaged Vickers/nanohardness values were calculated as 

respectively 0.35/0.52 GPa. By contrast, ZnCuTi shows a persistent 

strengthening up to a true VM equivalent strain of about 300. Originating from 

Vickers/Nano values of respectively 0.59/0.97 GPa, the hardness reaches a 

constant level of 1.30/1.82 GPa, which approximately represents a doubling in 

hardness. The non-deformed state of ZnCuTi is about 1.8 times harder than 

ZnCu. Observed pile-up formation during the nanoindentation experiments 

causes an overestimation of the measured hardness values, which may 

contribute to the differences between nano- and Vickers hardness, although 

pile-up formation in Vickers indentations is most probably happening too 

because it originates from the elasto-plastic strain hardening of the material 

(presence of pile-ups in our Vickers indentations was not verified). 
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Strain-rate sensitivity of both alloys 
The deformation behaviour at different strain-rates and distances from the 

mid-point during the nanoindentation jump tests is plotted in Figure 101. The 

flow stress development during the compression jump tests of the CG and 

UFG6 (compression test sample taken at 6 mm from the centre) samples is 

represented in Figure 102. The strain-rate sensitivity 𝑚 of ZnCuTi is applied in 

Figure 103 as a function of the applied strain. In the case of compression testing, 

each resulting 𝑚-value is assumed as average over a given VM equivalent 

strain range. The width of this range is defined by the diameters of the 

compression test samples. Figure 104 emphasizes the temperature dependency 

of 𝑚 with regard to the CG, UFG3 (compression test samples taken at 3 mm 

from the centre) and UFG6 state, including the results from nanoindentation.  

Table 21 contains the corresponding values, including the results of ZnCu, 

which are not shown in the below figures.  

 

Figure 101: Hardness – displacement curves for ZnCuTi of the nano-jump tests at RT for 
the centre region, 2.5, 4.5 and 6.5 mm from the mid-point. Different strain-rates are 
indicated. 



4.3 Microstructure and mechanical properties of HPT ZnCuTi and ZnCu 

126 

 

Figure 102: True stress – true strain curves for ZnCuTi from compression testing at 

different temperatures of the CG and UFG6 samples. Strain-rates of each jump are 

indicated. 

 

Figure 103: Strain-rate sensitivity 𝑚 of ZnCuTi vs. VM equivalent strain. Colour coding 
corresponds to different test temperatures. Triangle symbols show nanoindentation jump 
test results, whereby the compression jump testing is represented by dashes. 
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Figure 104: Logarithmic plot of the SRS vs. temperature for ZnCuTi. Colour coding 
according to different deformation states. SRS measured in compression tests. 

 

Table 21: m values for ZnCu and ZnCuTi determined by nanoindentation tests at RT and 
compression tests at RT, 323K, 373K and 423K. 

Alloy 

 

 

VM 

strain 

 

m at RT 

 

(nanoind.) 

m at RT 

 

(compr.) 

m at 

323K 

(compr.) 

m at 

373K 

(compr.) 

m at 

423K 

(compr.) 

ZnCuTi 

0-51 0.055 0.049 0.053 0.082 0.103 

167-268 0.030 0.008 0.027 0.157 0.336 

385-486 0.018 0.008 0.025 0.136 0.356 

ZnCu 

0-51 0.156 - - - - 

167-268 0.153 - - - - 

385-486 0.163 - - - - 

 

The SRS values of ZnCuTi determined by indentation jump tests and 

compression tests at room temperature correlate with each other. Small 

differences can be explained due to the application of different method-based 

strain-rate ranges.  In the case of nanoindentation 𝑚 was calculated from the 

saturated hardness levels at hardness strain-rates between 2.5x10-3 s-1 and 

1x10−1 s−1; the 𝑚 value from compression testing was evaluated between 

1x10−3 s−1 and 1x10−5 s−1.  
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At room temperature, the quasi non-deformed state of ZnCuTi exhibits a 

𝑚-value of about 0.049-0.05 decreasing up to a VM equivalent strain of 300 and 

reaching there on a constant value between 0.008-0.018. The same behaviour is 

seen at 323 K, the non-deformed state exhibits a higher SRS than the heavy 

deformed state.  

Going to 373 K and 423 K, the observed behaviour is found to be reversed. At 

high applied strains, the SRS is pronounced in contrast to the non-deformed 

state and increased by temperature rise. A characteristic transition temperature 

of about 350 K can be determined (Figure 104). A thermal destabilization of the 

grain structure is noticed at 423 K and the resulting deviation in SRS behaviour 

with respect to lower temperatures is marked in Figure 104.  

The stress-strain curves of the compression tests show a temperature induced 

softening behaviour at this temperature, which is ascribed to the thermal 

evolution of the UFG microstructure. As expected, judging by its 

microstructural absence of evolution, the SRS of ZnCu stays constant during 

HPT deformation. 

 

Evolution of the indentation modulus  
The indentation modulus at different applied strains was evaluated from the 

nanoindentation data and is displayed in Figure 105.     

 

Figure 105: Indentation modulus vs. VM equivalent strain, values determined by 
nanoindentation. 

 



4 Properties of ZnCuTi processed by high-pressure torsion 

129 

Almost a doubling in indentation modulus of ZnCuTi during HPT deformation 

can be seen. A persistent enhancement up to the characteristic VM strain value 

of 300 takes place, starting at 68 GPa and reaching a constant level of about 

115 GPa, whereby ZnCu shows no noticeable change and stays at about 56 GPa.  

The measured behaviour can be quantitatively explained by the different 

crystallographic texture evolution in the two alloys. It is related to the strong 

elastic anisotropy of Zn (see discussion).   
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4.4 Discussion 

Resuming the above shown results, ZnCu shows no significant structural or 

mechanical changes during HPT. It reaches very early a steady state and 

remains in it all along the enormous plastic deformation applied by HPT. In the 

case of ZnCuTi, a transition in the evolution of the investigated textural, 

structural and mechanical parameters is observed. A steady state only occurs 

after a characteristic VM equivalent strain of 300. 

 

Microstructure, grain size and hardness 
It was found, that the severe plastic deformation of the single phase ZnCu 

induces a dynamic recrystallization process leading to a fine grain size 

(although coarse relative to the grain sizes developed by the two phase alloy). 

This behaviour is reflected in the microstructure as well as in the hardness 

evolution. Textural changes are absent too. The alloy almost immediately 

reaches a saturated state of DRX and neither microstructural nor mechanical 

changes between the initial quasi non-deformed state and the highest 

deformation state could be observed by the applied investigation methods.  

Focusing on the two-phase ZnCuTi alloy, the contribution of the intermetallic 

phase particles TiZn16 produces not only a hardening effect concerning the non-

deformed state but also enables the development of an UFG structure during 

HPT deformation. The initial second phase particles start as lamellae in the CG 

state. HPT torsion straining causes a disruption of the lamellae into 

homogeneously dispersed nanometric particles, which size is successively 

decreased by further straining. The detectable particle size at the maximum 

deformation level was found in the range of 100 nm, but this is most probably 

an upper-bound. Grain boundaries are apparently pinned up by such fine 

dispersion of hard particles. The dynamic grain boundary motion mechanisms 

thermomechanically activated in the case of ZnCu, are here suppressed. As a 

result, the stabilization of finer grains is facilitated and thus grain size decreases 

persistently due to introduced plastic deformation up to a characteristic 

transition strain of about 300. Upon this value, a saturated UFG state seems to 

be developed and no significant changes in grain size and hardness at higher 

applied strains are observed.     

Considering the hardness evolution with regard to the grain size development, 

a Hall-Petch relationship can be established (Figure 106). On account of the 

different methods of measurement of the flow stresses of pure zinc and of the 

alloy, there is reasonable continuity between the Hall-Petch behaviour of pure 

zinc before the inversion and the behaviour of the alloy. 
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Figure 106: Flow stress vs. grain size D
-1/2

. Established Hall-Petch relationship in the 
case of HPT ZnCuTi alloy (red points) in comparison to the inversion of the Hall-Petch 
relationship found for conventionally processed pure Zn [7]. 

In contrast to conventionally processed pure Zn, an enhancement in hardness of 

ZnCuTi is established also at small grain sizes, with no HP inversion. 

Apparently, the particle reinforcement due to nanometric TiZn16 particles 

impedes grain boundary shear mechanisms, which are believed to be 

responsible for the observed inversion of the Hall-Petch relationship in the case 

of conventionally processed pure Zn and other single-phase materials. 

 

Indentation modulus and texture 
The observed enhancement in indentation modulus of ZnCuTi up to the 

characteristic transition VM equivalent strain of 300 is discussed in the 

following by taking into account the effect of the elastic anisotropy of Zn in 

combination with the textural evolution during HPT deformation. 

The indentation moduli of pure Zn monocrystals were calculated as a function 

of different indentation directions associated to the crystallographic unit cell, cf. 

chapter 2.5.3, making use of a relationship developed by Vlassak and Nix [49]. 

For the calculation the well-known single crystal elastic constants of zinc were 

used. The indentation modulus of hexagonal pure Zn (Figure 107) presents a 

pronounced elastic anisotropy. 
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Figure 107: Computational calculation of the indentation modulus of pure Zn single 
crystals as a function of the angle from the basal plane (angle between indentation 
direction and normal to the basal plane). Based on the model proposed by [49]. 

With the simulated data, the indentation modulus of the different investigated 

deformation states can be calculated by evaluating the crystallographic data of 

each EBSD mapping at varying distances to the centre of the HPT disc. 

Therefore, the Euler angle Ɵ of each grain was taken into account as 

representative for the tilt angle of the basal plane to the indentation direction, 

which lies perpendicular to the plane of the HPT disc. In this way, a texture 

based indentation modulus of each mapped grain can be computed. An average 

indentation modulus for each EBSD mapping was evaluated by using the Voigt 

model in order to assume an upper-bound modulus (“stiff” and “weak” grains 

are connected in parallel) and the Reuss model to assume a lower-bound 

modulus (“stiff” and “weak” grains are connected in series). These values are 

compared to the indentation modulus determined by the nanoindentation 

experiments, which represent the experimental counterpart at certain distances 

to the centre of the HPT deformed disc. The comparison of the texture-based 

calculated and the experimental indentation modulus is given in Figure 108. 
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Figure 108: Experimental and calculated indentation modulus for ZnCuTi as a function of 
VM equivalent strain. The calculation takes into account the crystallographic texture 
measured by EBSD and the anisotropic elastic constants of Zn. 

It can be seen that both results fairly agree with each other. The calculated 

values prove that the observed texture change during the development of the 

UFG structure, induced by HPT deformation, causes the experimental 

measured evolution of the indentation modulus. Apparently, the successive 

development of the fine grained structure is accompanied simultaneously by a 

change in the crystallographic preferred orientation.  The reason why deserves 

further research and is considered for further work. 

 

Strain-rate sensitivity 
UFG ZnCuTi exhibits a marked temperature dependency of the SRS. At room 

temperature and 323K, the CG state shows a slightly elevated SRS compared to 

the UFG state. But as the temperature is raised, the SRS of UFG ZnCuTi 

increases significantly in contrast to the SRS of the CG state. A similar 

behaviour was recently found by [87] in the case of bcc -iron (Figure 109).  
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Figure 109: SRS vs. temperature for bcc α-iron [87]. 

The appearance of a characteristic transition temperature, at which the SRS of 

the UFG state transcends the SRS of the CG state, is explained by [87] on the 

basis of the contributing thermal and athermal stress components in bcc metals. 

A similar behaviour is assumed for hcp metals. For better illustration, the 

schematic evolution of the stress normalized by the temperature dependent 

shear modulus vs. the homologous temperature is applied. 
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Figure 110: Schematic application of the stress normalized by the temperature 
dependent shear modulus vs. homologous temperature. 

The above shown figure qualitatively explains that the thermal activated stress 

component 𝜎∗ of bcc/hcp materials cannot be neglected. In bcc crystals it is due 

to the mobility of screw dislocations, which become the rate dominating 

mechanism at low homologous temperatures (< 𝑇𝑘). As the temperature rises 

(> 𝑇𝑘), the thermal stress component decreases and the athermal stress 

component 𝜎𝐺  determines the deformation resistance. An extended explanation 

can be found in [87]. 

Throughout the introduction of grain boundaries and forest dislocations by 

SPD, the athermal stress level is increased by 𝜎𝐾𝐺 in the UFG regime (and it is 

assumed to act as a pseudo-Peierls potential). This additional athermal 

contribution of UFG structures entails, that for identical absolute changes in the 

rate dominating thermal stress component (due to changing strain-rates at 

room temperature), the relative change compared to the level of applied stress, 

is smaller in UFG than in CG structures. Therefore, the SRS of UFG bcc/hcp 

metals at low homologous temperatures is even smaller than in the CG case. At 

higher temperatures (𝑇 > 𝑇𝑘) the strain-rate sensitivity of the UFG state 

increases, which is due to the probable impact of thermal activated recovery of 

dislocations at the grain boundaries. This mechanism is assumed to be 

responsible for the enhanced SRS of UFG fcc materials. Although this effect is 

activated at low homologous temperatures in the case of bcc/hcp materials, it is 

superimposed to the contribution of the thermal stress component.  
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To conclude, the comparison of the developed properties during HPT of ZnCu 

and ZnCuTi showed that the TiZn16 particles enable the formation of an 

ultra-fine grained structure. The ZnCuTi CG and UFG states were entirely 

characterized and it was found that the investigated mechanical and structural 

properties show a transition in the evolution as the saturation stress is reached 

after a characteristic VM equivalent strain of 300. The developed UFG regime 

exhibits an average grain size in the range of 300 nm with a high strength 

(about 450 MPa). Its pronounced texture is found to be responsible for the 

measured enhanced indentation modulus compared to the CG state. The SRS of 

the UFG structure at low homologous temperatures is reduced compared to the 

value of the CG structure; this correlation is reversed at high homologous 

temperatures. This behaviour is also found in bcc materials and is explained by 

the contribution of the rate dominating thermal stress component at low 

temperatures.   
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5 General conclusions 

 The strong solidification structure issued by the industrial continuous 

casting process of ZnCuTi (TRC) was mechanically, texturally and 

microstructurally characterized. A brittle chevron patterned structure 

composed of large columnar grains with the vertex of the V pointing 

opposite to the casting direction is evident. This structure is 

accompanied by a strong fibre texture with 〈11̅00〉 parallel to the axis of 

the grains. 

 A gap in literature could be closed by determining the elastic and 

plastic properties (indentation modulus and nanohardness) of the 

intermetallic phase TiZn16.  

 The predominant recrystallization mechanism during hot-working of 

ZnCuTi in the investigated temperature and strain-rate range was 

determined as continuous dynamic recrystallization. The initiation and 

saturation of recrystallization were empirically determined and 

experimentally verified by microstructure analysis of laboratory and 

industrial samples. 

 Severe plastic deformation at room temperature of the investigated 

ZnCuTi alloy leads to the formation of a strengthened UFG structure, 

which was profoundly described. Comparative investigations on ZnCu 

have shown that the intermetallic TiZn16 phase particles enable the 

observed grain refinement. 
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6 Future work 

Commercial production of hot-rolled ZnCuTi sheets 

 The microstructure development in the partially recrystallized state 

(composed of DRX, SRX and DRV) has to be described more intensively 

by further experimental microstructure observations and mechanical 

testing methods accompanied with subsequent flow curve analysis 

(double hit compression tests). The occurring mechanism of SRX was 

briefly investigated, but its main characteristics, for instance the 

influence of the previous deformation conditions on the development 

of the SRX grain size or distinct textural relations between DRX and 

SRX grains, are still in investigative progress and not presented in this 

work.   

 The mechanical response (Vickers hardness; tensile test behaviour; 

bendability) of different predicted microstructures (full DRX with 

different grain sizes - homogenously distributed grain structure; 

DRX/SRX/DRV - strong heterogeneous microstructure) should be 

experimentally determined as a function of the present microstructure 

properties. 

High-strengthened ZnTi as biocompatible material 

 The influence of the Ti content on the evolution and properties of the 

UFG microstructure should be denoted by the severe plastic 

deformation of differently alloyed ZnTi alloys. 

 In order to develop a stent material fit for use, on the one hand several 

mechanical properties have to be determined by experimental testing 

methods in order to validate the suitability of HPT ZnTi for processing 

usual stent geometries (for instance, ductility and workability). On the 

other hand, in-vivo tests have to be considered to experimentally assure 

the non-toxic corrosive behaviour of ZnTi in body fluids. 

 Another interesting pathway of producing UFG low alloyed Zn sheets 

is charging large strains to bulk continuous cast ZnTi/ZnCuTi sheets by 

accumulative roll bonding (ARB). High-strengthened Zn could be made 

available in commercial reasonable amounts and geometries which 

opens a wide field of new, prospective applications.  



Publications 

139 

Publications 
 

International papers 

 T. Zühlke, J. Alkorta, C. García-Rosales, A. Domínguez, I. Fernández, J. 

Gil Sevillano. Structure and Texture of Twin-roll Cast Strips of ZnCuTi. 

Materials Science and Technology, 30(1):91-95, 2014. 

 T. Zühlke, J. Alkorta, A. Domínguez, I. Fernández, J. Gil Sevillano. 

Mechanical properties of the intermetallic compound TiZn16 present in 

commercial zinc alloy sheets. Publication in progress. 

 T. Zühlke, J. Iglesias Erausquin, J. Alkorta, J. Gil Sevillano, H.W. 

Höppel, M. Göken. High-strengthening of low-alloyed Zn by severe 

plastic deformation. Publication in progress. 

 

Conferences 

 T. Zühlke. Mechanical properties of the intermetallic TiZn16 in ZnCuTi. 

Junior Euromat 2012, Lausanne, 23-27 July, 2012. 

 J. Gil Sevillano, T. Zühlke, J. A. Santamaría, J. Alkorta. Enabling Zn for 

bioabsorbable implants by SPD nanostructuring. International 

Workshop “Modeling and Development of Nanostructured Materials 

for Biomedical Applications”. Madrid, 6-7 February, 2014 

 

 

 

 

 

 

 

 

 

 

 



Acknowledgements 

140 

Acknowledgements 
 

I would like to express my deepest gratitude to all the people who have helped 

me throughout my thesis, and more specifically to: 

 Prof. Dr. Javier Gil Sevillano for entrusting me with a passionating 

topic, for his direct supervision of the thesis and for the great scientific 

freedom that I have enjoyed. His private and scientific support during 

my PhD thesis was without exceptions impressive. 

 Dr. Jon Alkorta for his helpful and worthy advice related to various 

scientific topics. 

 Dr. Denis Jorge-Badiola for accompanying me with helpful advices 

throughout extensive SEM investigations. 

 Dra. Carmen García-Rosales for introducing me in the technique of 

XRD diffraction measurements. 

 The technical assistant team of CEIT for their creative suggestions and 

guidance related to sample preparation, mechanical testing and 

microstructure observations. 

 Prof. Dr. Hael Mughrabi, Prof. Dr. rer. nat. Mathias Göken and Dr.-Ing. 

Heinz Werner Höppel, firstly for always supporting me before and 

during my PhD thesis in San Sebastian and secondly for the guidance 

and valuable advices during my research period at the University of 

Erlangen. 

 Prof. Dr. Hael Mughrabi and Prof. Dr.-Ing. Marc Seefeldt for editing 

the evaluation report on my thesis. 

 The whole scientific, technical and administrative staff of the institute 

of CEIT and the GMP of the University of Erlangen-Nürnberg for the 

kind support during my PhD thesis. 

 Iván Fernandez Garcia y Alejandro Dominguez Farpón of ASLA for 

their scientific support and giving an insight into the industrial 

production of ZnCuTi. 

 The company of Greuther Kerscher in Fürth for producing the 

comparative ZnCu alloy. 

Finally I would like to thank my whole family and my best friends Nicolas 

and Benedikt for every loving support I received from them during my 

stay in San Sebastián and the University of Erlangen-Nürnberg.  

 



References 

141 

References 

1. F.C. Porter. Zinc Handbook: Properties, Processing, and Use in Design. 

Dekker, New York, 1991. 

2. L.A. Neumeier, J.S. Risbeck. Effects of Rolling Temperature and Titanium 

Content on Creep and other Properties of Zinc-Titanium and Zinc-

Copper-Titanium Alloys. Bureau of mines report of investigations 7522, 

Michigan, 1971. 

3. L.A. Neumeier, J.S. Risbeck. Influence of Rolling Temperature and 

Copper Content on Creep and other Properties of Zn-Copper and Zinc-

Titanium-Copper Alloys. Bureau of mines report of investigations 7363, 

Michigan, 1970. 

4. B. Verlinden, J. Driver, I. Samajdar, R.D. Doherty. Thermo-Mechanical 

Processing of Metallic Materials. Elsevier, Oxford, 2007. 

5. G. Song, S. Song. A Possible Biodegradable Magnesium Implant Material. 

Advanced Engineering Materials, 9(4):289-302, 2007. 

6. P.K. Bowen, J. Drelich, J. Goldman. Zinc Exhibits Ideal Physiological 

Corrosion Behavior for Bioabsorbable Stents. Advanced Materials, 25 

(18):2577-2582, 2013. 

7. H. Mueller, F. Haessner. Influence of Grain Size and Texture on the Flow 

Stress of Zinc. Scripta Metallurgica, 15(5):487-429, 1981.  

8. H. Conrad, J. Narayan. Mechanisms for Grain Size Hardening and 

Softening in Zn. Acta Materialia, 50(20):5067-5078, 2002. 

9. V. Latysh, G.Y. Krallics, I. Alexandrov, A. Fodor. Application of Bulk 

Nanostructured Materials in Medicine. Current applied physics, 6(2):262-

266, 2006. 

10. R.Z. Valiev, R.K. Islamgaliev, I.V. Alexandrov. Bulk Nanostructured 

Materials from Severe Plastic Deformation. Progress in Material Science, 

45:103-189, 2000. 

11. R.W. Hertzberg. Deformation and Fracture Mechanics of Engineering 

Materials. Wiley, New York, 1989. 

12. Y.K. Lee, J.E. Jin, Y.Q. Ma. Transformation-induced Extraordinary 

Ductility in an Ultrafine-grained Alloy with Nanosized Precipitates. 

Scripta Materialia, 57(8):707-710, 2007. 



References 

142 

13. M.J.N.V. Prasad, A.H. Chokshi. Extraordinary High Strain Rate 

Superplasticity in Electrodeposited Nano-nickel and Alloys. Scripta 

Materialia, 63(1):136-139, 2010. 

14. Y.G. Ko, C.S. Lee, D.H. Shin, S.L. Semiatin. Low-temperature 

Superplasticity of Ultra-fine-grained Ti-6Al-4V Processed by Equal-

channel Angular Pressing. Metallurgical and Materials Transactions A, 

37(2):381-391, 2006. 

15. A. Balyanov, J. Kutnyakova, N.A. Amirkhanova, V.V. Stolyarov, R.Z. 

Valiev, X.Z. Liao, Y.H. Zhao, Y.B. Jiang, H.F. Xu, T.C. Lowe, Y.T. Zhu. 

Corrosion Resistance of Ultra Fine-grained Ti. Scripta Materialia, 

51(3):225-229, 2004.  

16. J. Gil Sevillano, C. García–Rosales, J.F. Fuster. Texture and Large–strain 

Deformation Microstructure. Philosophical Transactions of the Royal 

Society A, 357(1756):1609-1619, 1999.  

17. YJ. Li, XH. Zeng, W. Blum. Transition from Strengthening to Softening by 

Grain Boundaries in Ultrafine-grained Cu.  Acta Materialia, 52(17):5009-

5018, 2004. 

18. T.C. Low. Metals and Alloys Nanostructured by Severe Plastic 

Deformation: Commercialization Pathways. Journal of Materials, 

58(4):28-32, 2006. 

19. B. Srinivasarao, A. Zhilyaev, T.G. Langdon, M.T. Pérez-Prado. On the 

Relation between the Microstructure and the Mechanical Behavior of 

Pure Zn Processed by High Pressure Torsion. Materials Science & 

Engineering A, 562: 196–202, 2013. 

20. J. Wegria. Etude de la Plasticite des Alliages Zinc Cuivre Titane 

Application a L´amelioration de Leur Aptitude au Pliage. PhD Thesis, 

L´universite des sciences et techniques de Lille, 1984. 

21. A.P. Miodownik. Cu-Zn (Copper-Zinc). Phase Diagrams of Binary 

Copper Alloys, 487-496, 1994. 

22. G. Boczkal, B. Mikulowski. Zn-Ti Single Crystals Deformed along the 

Basal Slip System. Archives of Metallurgy and Materials, 54(1):197-203, 

2008. 

23. W.D. Lawson, S. Nielsen. Preparation of Single Crystals. Butterworths 

Scientific Publications, London, 1958. 



References 

143 

24. W. Heine, U. Zwicker. Alloy System Zinc-Titanium. Zeitschrift für 

Metallkunde, 53(6):380-385, 1962. 

25. J.C. Schuster, P. Perrot. Copper–Titanium–Zinc. Landolt-Börnstein New 

Series IV/11C2, Berlin, 2007. 

26. Z. Zermout, M. Durand-Charre, G. Kapelski, B. Baudelet. Phase 

Equilibria in the Zn-rich Corner of the Zn-Cu-Ti System. Materials 

Research and Advanced Techniques, 87(4):274-279, 1996.   

27. G.P Vassileva, X.J Liub, K. Ishidab. Reaction Kinetics and Phase Diagram 

Studies in the Ti–Zn system. Journal of Alloys and Compounds, 375(1–

2):162-170, 2004.  

28. J.A. Spittle. The Effects of Composition and Cooling Rate on the As-cast 

Microstructures of Zn-Ti alloys. Metallography, 5(5):423-447, 1972. 

29. J.A. Spittle. Lamellar and Rod Morphologies in the Zn-TiZn15 Eutectic. 

Metallography, 6(2):115-121, 1973. 

30. W. Hazelett. The Present Status of Continuous Casting between Moving 

Flexible Belts. Iron and Steel Engineer, 105-110, 1966. 

31. W. Kurz, D.J. Fisher. Fundamentals of Solidification. Trans Tech 

Publications, Aedermannsdorf, Switzerland, 1986. 

32. J. A. Spittle. Preferred Orientations in Cast Metals. Materials Science and 

Technology, 21(5):546-550, 2005. 

33. H. Hu. Texture of metals. Texture, 1:233–258, 1974. 

34. M. Hatherly, W.B. Hutchinson. An Introduction to the Textures in 

Metals. Chameleon Press, London, 1990. 

35. J. Strutzenberger, J. Faderl. Solidification and Spangle Formation of Hot-

dip-galvanized Zinc Coatings. Metallurgical and Materials Transactions 

A: Physical Metallurgy and Materials Science, 29(2):631-646, 1998. 

36. A. Sémoroz, L. Strezov, M. Rappaz. Numerical Simulation of Zn Coating 

Solidification. Metallurgical and Materials Transactions A, 33:2685-2694, 

2002. 

37. A. Mariaux, T. Van de Putte, M. Rappaz. On Modeling of Casting, 

Welding and Advanced Solidification Processes. Proceedings from the 

12th International Conference, 667, 2009. 

38. A. Helawell, P.M. Herbert. The Development of Preferred Orientations 

during the Freezing of Metals and Alloys. Proceedings of the royal 

society A, 269:560-573, 1962. 



References 

144 

39. X. Chen, W. Jeitschko, M.E. Danebrock, Ch.B.H. Evers, K. Wagner. 

Preparation, Properties, and Crystal Structures of Ti3Zn22 and TiZn16. 

Journal of Solid State Chemistry, 118:219-226, 1995. 

40. G. Ghosh, S. Delsante, G. Borzone, M. Asta, R. Ferro. Phase Stability and 

Cohesive Properties of Ti–Zn Intermetallics: First-principles Calculations 

and Experimental Results. Acta Materialia, 54:4977-4997, 2006. 

41. H.M. Ledbetter. Elastic Properties of Zinc: A Compilation and a Review. 

Journal of Physics and Chemistry, 6:1181-1203, 1977. 

42. M. Trampert. Properties of Sputter-Deposited Zinc and Zinc-Alloy 

Coatings. PhD Thesis, Universität des Saarlandes, Saarbrücken, 2006. 

43. G. Boczkall, B. Mikulowski, I. Hünsche, C.G. Oertel, W. Skrotzki. 

Precipitation of Intermetallic Phase in Zn-Ti alloy Single Crystals. Crystal 

Research and Technology, 43(2):135-140, 2008.  

44. X. Hou, B.T. Jones. Inductively Coupled Plasma/Optical Emission 

Spectrometry. Encyclopedia of Analytical Chemistry, Wiley, New York, 

2006. 

45. L.C. Lynnworth. Ultrasonic Measurements for Process Control: Theory, 

Techniques, Applications. Academic Press, San Diego, 1989. 

46. J.B. Pethica, W.C Oliver, J.C. Bravman, W.D. Nix, D.M. Barnett, D.A. 

Smith. Thin Films: Stresses and Mechanical Properties. Materials 

Research Society Symposium Proceedings, 130:281-288, 1989.  

47. W.C. Oliver, G.M. Pharr. An Improved Technique for Determining 

Hardness and Elastic Modulus Using Load and Displacement Sensing 

Indentation Experiments. Journal of Materials Research, 7(6):1564-1583, 

1992. 

48. L.J. Farthing, T.P. Weihs, D.W. Kisker, J.J. Krajewski, M.F. Tang, D.A. 

Stevenson. Hardness and Elastic Modulus Measurements in CdTe and 

ZnTe Thin Film and Bulk Samples and ZnTe-CdTe Superlattices. 

Materials Research Society Symposium Proceedings, 130:123-128, 1989. 

49. J.J. Vlassak, W.D. Nix. Measuring the Elastic Properties of Anisotropic 

Materials by Means of Nanoindentation Experiments. Journal of the 

Mechanics and Physics of Solids, 42(8):1223-1245, 1994. 

50. G.E. Totten, K. Funatani, L. Xie. Handbook of Metallurgical Process 

Design. CRC Press, Florida, 2004. 



References 

145 

51. A. Rollett, F.J. Humphreys, G. S. Rohrer, M. Hatherly. Recrystallization 

and Related Annealing Phenomena. Elsevier, Oxford, 2004. 

52. R.D. Doherty, D.A. Hughes, F.J. Humphreys, J.J. Jonas, D. Juul Jensen, 

M.E. Kassner, W.E. King, T.R. McNelley, H.J. McQueen, A.D. Rollett. 

Current Issues in Recrystallization: a Review. Materials Science and 

Engineering A, 238:219–274, 1997. 

53. J. Gil Sevillano, P. van Houtte, E. Aernoudt. Large Strain Work 

Hardening and Textures. Progress in Materials Science, 25(2–4):69-134, 

1980. 

54. F. Montheillet. Dynamic Recrystallization: Classical Concepts and New 

Aspects. La Revue de Métallurgie-CIT/Science et Génie des Matériaux, 

767-776, 2002.  

55. F. Montheillet, J.P. Thomas. Dynamic Recrystallization of Low Stacking 

Fault Energy Metals. Materials with High Structural Efficiency, 357-368, 

2004. 

56. D. Ponge, G. Gottstein. Necklace Formation During Dynamic 

Recrystallization: Mechanisms And Impact On Flow Behaviour. Acta 

Materialia, 46(1):69-80, 1998. 

57. G.E. Dieter, H.A. Kuhn, S.L. Semiatin. Handbook of Workability and 

Process Design. ASM International, Ohio, 2003. 

58. R. Ebrahimi, S. Solhjoo. Characteristic Points of Stress-Strain Curve at 

High Temperature. International journal of ISSI, 4(1-2):24-27, 2007. 

59. H. Mirzadeh, A. Najafizadeh. Hot Deformation and Dynamic 

Recrystallization of 17-4 PH Stainless Steel. ISIJ International, 

53(4):680-689, 2013.  

60. N.D. Ryan, H.J. McQueen. Dynamic Recovery, Strain Hardening and 

Flow Stress in Hot Working of 316 Steel. Czechoslovak Journal of Physics 

B, 39:458-465, 1989. 

61. I. Poliak, J.J. Jonas. A One-parameter Approach to Determining the 

Critical Conditions for the Initiation of Dynamic Recrystallization. Acta 

Materialia, 44(1):127-136, 1996. 

62. J.J. Jonas, X. Quelennec, L. Jiang, E. Martin. The Avrami Kinetics of 

Dynamic Recrystallization. Acta Materialia, 57:2748–2756, 2009. 

63. M. Jafari and A. Najafizadeh. Comparison between the Methods of 

Determining the Critical Stress for Initiation of Dynamic Recrystallization 



References 

146 

in 316 Stainless Steel. Journal of Material Science and Technology, 

24(6):840-844, 2008. 

64. F. Chen, Z. Cui, S. Chen. Recrystallization of 30Cr2Ni4MoV Ultra-super-

critical Rotor Steel during Hot Deformation. Part I: Dynamic 

Recrystallization. Materials Science and Engineering A, 528:5073–5080, 

2011. 

65. F. Garofalo. An Empirical Relation Defining the Stress Dependence of 

Minimum. Creep Rate in Metals. Transactions of the Metallurgical 

Society of AIME, 227:351-356, 1963. 

66. J.Y. An, S.M. Han, Y. Kwon, Y.C. Yoo. Continuous Dynamic 

Recrystallization of AISI 430 Ferritic Stainless Steel by Hot Torsion 

Deformation. Materials Science Forum, 475-479:145-148, 2005.  

67. H. Zhang, L. Li, D. Yuan, D. Peng. Hot Deformation Behavior of the New 

Al–Mg–Si–Cu Aluminum Alloy during Compression at Elevated 

Temperatures. Materials Characterization, 58(2):168-173, 2007.  

68. M. Jafari, A. Najafizadeh. Correlation between Zener–Hollomon 

Parameter and Necklace DRX during Hot Deformation of 316 Stainless 

Steel.  Materials Science and Engineering A, 501(1-2):16–25, 2009. 

69. A. Galiyeva, R. Kaibyshev, G. Gottstein. Correlation of Plastic 

Deformation and Dynamic Recrystallization in Magnesium Alloy ZK60. 

Acta Materialia, 49(7):1199-1207, 2001. 

70. S. Kim, Y. Yoo. Dynamic Recrystallization Behaviour of AISI 304 Stainless 

Steel. Materials Science and Engineering A, 311(1-2):108–113, 2001. 

71. S.W. Xu, S. Kamado, T. Honma. Recrystallization Mechanism and the 

Relationship between Grain Size and Zener–Hollomon Parameter of Mg–

Al–Zn–Ca Alloys during Hot Compression. Scripta Materialia, 63(3):293-

296, 2010. 

72. W.F. Hosford. Plane-strain Compression of Aluminium Crystals. Acta 

Metallurgica, 14(9):1085-1094, 1966. 

73. P.R. Dixon, D.J. Parry. Thermal Softening Effects in Type 224 Carbon 

Steel. Journal de Physique, 1(C3):85-92, 1991. 

74. J.E. Harris, B.C. Masters. The Stacking Fault Energy of Zinc and 

Magnesium. 

Physica Status Solidi, 9:181-184, 1965. 



References 

147 

75. L.E. Murr. Interfacial Phenomena in Metals and Alloys. Addison-Wesley, 

Reading, 1975. 

76. W. Blum, Q. Zhu, R. Merkel, H.J. McQueen. Geometric Dynamic 

Recrystallization in Hot Torsion of A1-5Mg-0.6Mn. Materials Science and 

Engineering A, 205:23-30, 1996. 

77. J. J. Jonas, E. I. Poliak, A. Najafizadeh. The Strain Dependence of Post-

Deformation Softening during the Hot Compression of 304H Stainless 

Steel. Materials Science Forum, 539-543: 100-107, 2007. 

78. C.G. Granqvist, R.A. Buhrman. Ultrafine Metal Particles. Journal of 

Applied Physics, 47(5):2200-2219, 1976.  

79. A. Goldstein. Handbook of Nanophase Materials. Dekker, New York, 

1997.a. 

80. P.A. González, C. Luis-Pérez, Y. Garcés, J. Gil-Sevillano. ECAE, una 

Tecnología de Procesado Emergente para Producir Propiedades 

Relevantes en Materiales Metálicos. Revista de Metalurgia, 37(6):673-692, 

2001. 

81. R.Z. Valiev, T.G. Langdon. Principles of Equal-channel Angular Pressing 

as a Processing Tool for Grain Refinement. Progress in Materials Science, 

51(7):881-981, 2006. 

82. Y. Saito, H. Utsunomiya, N. Tsuji, T. Sakai. Novel Ultra-high Straining 

Process for Bulk Materials-Development of the Accumulative Roll-

bonding (ARB) Process. Acta Materialia, 47(2):579-583, 1999. 

83. A. P. Zhilyaeva, T. G. Langdon. Using High-pressure Torsion for Metal 

Processing: Fundamentals and Applications. Progress in Materials 

Science, 53(6):893-979, 2008.  

84. A. Vorhauer, R. Pippan. On the Homogeneity of Deformation by High 

Pressure Torsion. Scripta Materialia, 51(9):921-925, 2004. 

85. J. Alkorta, J.M. Martinez-Esnaola, J. Gil Sevillano. Critical Examination of 

Strain-rate Sensitivity Measurement by Nanoindentation Methods: 

Application to Severely Deformed Niobium. Acta Materialia 56:884-893, 

2008. 

86. V. Maier, K. Durst, J. Mueller, B. Backes, H.W. Höppel, M. Göken. 

Nanoindentation Strain-rate Jump Tests for Determining the Local Strain-

rate Sensitivity in Nanocrystalline Ni and Ultrafine-grained Al. Journal of 

Materials Research, 26(11):1421-1430, 2011. 



References 

148 

87. H. W. Höppel, J. May, P. Eisenlohr, and M. Göken. Strain Rate Sensitivity 

of Ultrafine Grained Materials. Zeitschrift für Metallkunde, 96(6):566-571, 

2005. 

 

 

 

 

 


	Tesis_Zuehlke_final.pdf

