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Abstract

Atomic free volume – a key parameter in the characterization of bulk nanocrystalline

materials – is known to exist in high excess concentration in severely plastically de-

formed metals. For the purpose of analyzing free volume-type defects, such as vacan-

cies, dislocations, and grain boundaries, samples of Fe, Ta, Ni, and Cu were deformed

by means of high-pressure torsion (HPT).

The HPT deformed samples were investigated mainly by the method of high-precision

difference dilatometry, which represents a novel approach in the characterization of

excess free-volume defects. For all analyzed samples high absolute concentrations of

excess free volume of the order of some 10−3 could be determined. Making use of

crystallite size data obtained from electron microscopy, the amount of free volumes

localized at the different lattice defects could be estimated. In the case of Ni and Cu,

where defect annealing occurred in several sub-stages, specific defects could be dis-

cerned according to their corresponding annealing stage. In particular, the fundamen-

tal parameter of grain boundary excess volume eGB, i.e., the volume expansion of a

grain boundary, could be revealed. Values of eGB = 36 pm and eGB = 34 pm for Ni

and Cu were obtained, respectively. Furthermore, defect kinetics was studied by vari-

ation of the dilatometric heating rate. By means of Kissinger- and JMAK-type analysis,

activation energies for the recrystallization were determined in good agreement with

literature data. Finally, a characteristic anisotropy of the length change with respect

to the sample orientation could be found which, in the case of Ni, could be correlated

with the shape anisotropy of the crystallites. A vacancy relaxation model, potentially

explaining this issue, was presented.

The complementary method of positron annihilation Doppler broadening measure-

ments at the positron beam of the FRMII, Garching, clearly identified the annealing

of atomic free volume defects, supporting the annealing characteristics deduced from

dilatometry. Further characterization of the open volume defects were performed by

means of positron lifetime spectroscopy.

In conclusion, the combination of the macroscopic approach of dilatometry and the mi-

croscopic approach of positron annihilation brought a more profound understanding

of the complex atomic defect structure of bulk nanocrystalline metals.
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1
INTRODUCTION

Over the last decade bulk nanocrystalline metals have gained growing interest due

to their substantially improved material properties and the associated great potential

for applications [1–3]. An excellent method for the production of bulk nanocrystalline

metals is high pressure torsion (HPT), as it allows continuous severe plastic deforma-

tion up to very high strains [4, 5].

Nanocrystalline materials in general are characterized by a high concentration of struc-

tural atomic defects. Inherent to these structural defects, such as vacancies, disloca-

tions and grain boundaries, is free volume, an excess volume compared to the perfect

crystal lattice. These free volume-associated defects play a decisive role in the atomic

processes occurring during severe plastic deformation but also highly affect the phys-

ical properties of the deformed material itself. Free volumes are directly related to the

grain boundary energy [6] and the atomic self-diffusion [7].

The issue of free volume is particularly relevant in HPT processed nanocrystalline met-

als, as there are are evidences for high vacancy concentrations as well as high disloca-

tion densities in HPT-Cu and Ni [8, 9]. These materials are gaining interest not only

1



Chapter 1 INTRODUCTION

since they can be produced in ever-increasing dimensions [10]. However, specific stud-

ies for the determination of the absolute free volume concentration in plastically de-

formed metals are rare and difficult to realize. This represents the starting point for the

present work, approached by means of especially two methods, namely high-precision

difference dilatometry and positron annihilation spectroscopy. The investigated mate-

rials were Fe and Ta as well as Ni and Cu as bcc and fcc model systems, respectively.

The characterization of non-equilibrium excess free volume in solids by means of dif-

ference dilatometry represents a novel access, only feasible since length change mea-

surements can be performed with sufficient high precision. The greatest advantage

over other methods is the possibility to determine the absolute concentration of free

volumes in HPT deformed materials. Since difference dilatometry operates with linear

heating, measurements with different heating rates allow the analysis of defect and

recrystallization kinetics, with the benefit of discerning the individual defects accord-

ing to their different annealing stages. Consequently, important parameters such as

vacancy concentration or dislocation density can be specified. In particular, difference

dilatometry is used in the present work to determine the grain boundary excess vol-

ume, a fundamental parameter for the physics of grain boundaries.

An ideal complement to the macroscopic dilatometric measurements is the microscopic

approach of positron annihilation. Doppler broadening of positron-electron annihila-

tion radiation and positron lifetimes spectroscopy yield specific information on vacan-

cies, dislocations and grain boundaries. For the purpose of studying the fast defect

annealing kinetics of severely plastically deformed metals the high-intensity positron

beam at the neutron source FRMII of the TU Munich, was employed for the first time.

The combination of high-precision dilatometric measurements with in-situ positron

annihilation spectroscopy provides a deep insight in the constitution and annealing of

the complex atomic defect structure of bulk nanocrystalline metals.
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2
BASICS & STATE OF

RESEARCH

The attractive potential of bulk nanocrystalline metals can be traced back to their

improved material properties such as increased strength in combination with good

ductility. For the production of bulk nanocrystalline metals the "top-down" approach,

i.e. the processing of initially coarse-grained materials by severe plastic deformation

(SPD) is the most prospective [1–3].

The most common SPD methods are high-pressure torsion (HPT) and equal channel

angular pressing (ECAP). HPT utilizes high hydrostatic pressure for avoiding cracks

and voids and facilitating structural refinement upon deformation [4, 11].

A central parameter in affecting material properties is free volume, i.e., the excess

volume compared to the perfect lattice of a single crystal. The free volume in a real

polycrystal can be localized at structural defects like vacancies, dislocation or grain

boundaries.
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Chapter 2 BASICS & STATE OF RESEARCH

A high vacancy concentration in SPD-processed materials was indirectly concluded by

Sauvage et al. [12, 13] analyzing the solubility of Fe clusters in Cu-Fe and by Mazilkin

et al. [14] explaining the process of demixing in supersaturated Al alloys.

Evidence for vacancies in SPD-processed pure metals could also be obtained by means

of X-ray line profile analysis (XPA), electrical resistometry (RER), and differential scan-

ning calorimetry [8, 15, 16]. These studies indicate a vacancy concentration in the or-

der of magnitude of 10−4, being significantly higher than the equilibrium concentra-

tion. This value is in good accordance with theoretical considerations on the athermal

production of vacancies and their influence in fatigue experiments [17]. In the above

mentioned studies Refs. [8, 15, 16] also very high dislocations densities of the order of

1015 m−2 could be observed.

The observed grain sizes of SPD-processed metals, ranging from the nanometer- to the

ultra-fine-grained regime, manifest a high number of grain boundaries. The amount

of free volume localized at grain boundaries – the grain boundary excess volume – is

therefore a fundamental parameter for the characterization of nanocrystalline metals.

This excess volume correlates directly to the grain boundary energy [6] and is of im-

portance for the grain boundary diffusion and segregation [7] as well as for the grain

boundary electrical resistance [6].

In addition to the issue of excess free volume localized at conventional grain bound-

aries, there are evidences for non-equilibrated grain boundary structures, discernible

by enhanced diffusivities in these metals as determined by tracer diffusion studies [18–

22]. Upon annealing at slightly elevated temperatures, decreased diffusivity values of

conventional grain boundaries were observed. There are strong indications that this

structural relaxation of the non-equilibrium grain boundaries is connected to the an-

nealing of free volume in these SPD-processed metals [19].

Despite the relevance of free volumes described above, direct and specific studies of
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2.0

the type, amount and kinetics of free volume in SPD materials are scarce. A novel ap-

proach for this purpose is the method of high-precision dilatometry.

In the 1960s already Simmons and Balluffi used differential dilatometry to specify ex-

perimentally the concentration of vacancies in thermal equilibrium in Al, Au and Cu

[23–26] based on an idea of Feder and Novick [27]. In these measurements the relative

expansions of the lattice constant ∆a/a (by means of X-rays) as well as of the macro-

scopic length ∆`/` were determined simultaneously upon annealing up to the melting

point. At high temperatures near the melting point, a difference between ∆a/a and

∆`/` due to the formation of additional lattice sites – taken up by thermal vacancies

– could be observed. The vacancy concentration amounts to Cv = 3 · (∆`/` − ∆a/a)

assuming isotropic distribution of sources and sinks of vacancies.

In contrast to differential dilatometry time-dependent dilatometry is able to character-

ize defect kinetics. This was applied for intermetallic compounds with high vacancy

migration enthalpies using a 2-beam laser interferometer [28]. These high enthalpies

give rise to long equilibration times after rapid temperature changes, enabling studies

of the concentration as well as formation and migration enthalpies of vacancies. Time-

dependent dilatometry was also applied for measurements of the reversible relative

length changes in Zr-Cu-Ni-Nb-Al bulk metallic glass yielding the excess free volume

at the glass transition [29].

For the determination of irreversible length changes due to free volume annealing in

this work, a time-dependent difference dilatometer (not to be confused with the dif-

ferential dilatometry experiments of Simmons and Balluffi) is employed for the first

time. (For an extensive description of the high-precision difference dilatometer see

Sec. 3.2.1.) The simultaneous length change measurements upon linear heating of a

HPT-deformed and an undeformed reference sample enables the separation of the ir-

reversible shrinkage from the reversible thermal expansion. The irreversible shrinkage

7



Chapter 2 BASICS & STATE OF RESEARCH

– being due to defect annealing upon heating – is directly visible in the difference

curve of the two simultaneous measurements. In contrast to the other dilatometric

techniques, the difference dilatometry allows the analysis of all free-volume associated

defect types, not only vacancies [30]. Hence, also dislocations and grain boundaries in

the relaxed as well as in the non-relaxed state can be studied. A distinction of all these

defects is moreover possible, in the case that their annealing occurs in different temper-

ature stages. With knowledge of the grain sizes in the individual stages, fundamental

parameters such as the grain boundary excess volume can be determined directly [31].

In addition, the possibility of varying the linear heating rate offers an analysis of defect

kinetics, applying thermal analysis methods [32].

To the same degree positron annihilation spectroscopy represents a powerful anal-

ysis method for the characterization of nanomaterials, allowing the determination of

the different types of structural defects as well as the kinetics of these defects upon

annealing. For this purpose the positrons – being trapped into defects like vacancies,

dislocations and grain boundaries – can be analyzed regarding the energy of their an-

nihilation γ-quanta (Doppler broadening spectroscopy) or their lifetimes prior to anni-

hilation (positron lifetime measurements, see Sec. 3.3).

In 1988 already Schaefer et al. [33] investigated nanocrystalline Fe by means of positron

lifetime measurements. Since this pioneering era systematical positron annihilation

studies regarding structural free volume were performed in a variety of nanomaterials

synthesized by different methods such as cluster condensation [34], SPD [35], ball-

milling [36] or crystallization of amorphous alloys [37]. More recent studies [38, 39]

investigated SPD processed alloys by means of 2-dimensional Doppler broadening

spectroscopy. Furthermore a modeling of diffusion-limited positron trapping at grain

boundaries in nano- to micrometer-grained materials is given in [40, 41].

Positron studies of other groups on SPD processed metals were performed e.g. by

8



2.0

Číček et al. [42, 43], by Van Petegem et al. [44] and by Krause-Rehberg et al. [45]. Not

least these studies underscore the significance of positron annihilation for the charac-

terization of SPD processed materials.

In this work for the first time the annealing of structural defects in HPT-Ni and Cu

was analyzed in-situ, using the high-intensity positron beam of the positron source

NEPOMUC at the Heinz-Meier Leibnitz neutron reactor (FRMII, Garching, Technical

University Munich, see Sec. 3.3.2). The high intensity of the positron beam allows

measurements of Doppler broadening spectra in the time scale of minutes, fast enough

in order to capture the annealing process. A successful combination of the positron

annihilation technique with dilatometry was achieved by applying for both methods

the identical temperature program on identically prepared samples. This direct cor-

relation of the microscopic approach of positron annihilation and the macroscopic of

dilatometry allow the clear identification of free volume defects [46].

9





3
METHODS

3.1 High Pressure Torsion

For the production of bulk nanocrystalline metals the SPD method of high pressure

torsion (HPT) was applied in the present work [4, 11]. This deformation method, with

the benefit of achieving very large strains easily, gains interest not only since HPT sam-

ples can prepared in increasingly large dimensions [47].

In principle the HPT process is a shear deformation between two anvils of which one

is rotated. Onto the disc-shaped billet between the anvils a hydrostatic pressure up to

6 GPa is applied to avoiding sliding during deformation. Fig. 3.1 illustrates the HPT

processing by means of a scale model of the large HPT facility installed at the Erich-

Schmid Institute, Austrian Academy of Sciences, Leoben, Austria. The usable sample

size is 30 mm in diameter and 7 mm in height.

In addition to the large HPT facility a smaller one is available, which is able to handle

sample sizes up to 14 mm and which is also equipped with a measuring unit of the tor-

11



Chapter 3 METHODS

Figure 3.1: Left: sectional scale model of the HPT facility. Right: detailed view with

the disc-shaped billet between two steel anvils. The dimensions of the billet

are 30mm in diameter and 7mm in height.
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High Pressure Torsion 3.1

sional moment. Further measured parameters are rotational speed and time. The tor-

sional moment of the anvils can be plotted as a function of the equivalent strain, which

can be used to determine the saturation deformation of HPT metals (see Fig. 4.15). For

an extensive description of the HPT facilities see [10].

Prior to HPT deformation the samples were pressed into the disc-shaped gap between

the anvils and thereafter annealed in high vacuum for 1 hour at a homologous temper-

ature of 0.5 - 0.6 to ensure recovery from upsetting. In the case of Ta only ca. 0.3Tm was

reached due to the high melting point of Ta. For sufficient friction between anvils and

sample, the samples were sandblasted after annealing. During deformation the disc

slightly flattens, losing some material in radial direction. Nevertheless, this procedure

well approximates the idealized HPT deformation, i.e., that without any change of the

sample geometry [10].

Upon deformation a structural refinement sets in, beginning with the formation of

dislocations. These dislocations get assembled, at first at grain boundaries, later also

within the grains, forming cell blocks with different orientations. With increasing

strain the misorientation increases and new grain boundaries are formed. Finally a

saturation in refinement is reached (for pure metals) resulting in a uniform granular

microstructure [5]. This saturation microstructure is the smallest achievable and does

no longer get refined with increasing strain. Furthermore the original grain structure

disappears completely, so that at very high strains greater than ε = 32 an initially sin-

gle crystal sample is hardly discernible from that of a polycrystal [48].

The shear angle γ and the equivalent strain εeq achieved by means of HPT can be cal-

culated by (according to [5])

γ =
2πrn

h
, (3.1)
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Chapter 3 METHODS

εeq =
γ√
3

, (3.2)

with r the radius in the HPT disc, n the number of HPT revolutions, and h the height

of the disc. Due to the lateral dimensions of the sample, an uncertainty ∆εeq arises,

which is calculated by assuming a radius uncertainty of ∆r = 1 mm.

The microstructure is obviously radius-dependent for equivalent strain values εeq be-

low the saturation deformation as demonstrated by means of scanning electron micro-

graphs of HPT-Ta with 1 revolution at different radii (see below, Fig. 4.13).

Regarding the homogeneity of the saturated microstructure, coarse-grained structures

and reduced microhardness in the near-surface part of HPT-Fe discs were observed

[49]. However, these surface regions were removed for the present measurements.

The samples of HPT-Cu were stored in a freezer prior to measurements, to prevent

anticipated defect annealing.

3.2 Dilatometry

3.2.1 Principle

The primary method of measurement in this work is difference dilatometry employ-

ing a high precision dilatometer (Linseis, L75VD500 LT) in vertical set-up. This method

allows measurements of the irreversible length change due to the annealing of free vol-

ume. Fig. 3.2 exhibits schematically the principle of difference dilatometry. By means

of simultaneous length change measurement of a HPT-deformed and an undeformed

sample the length change difference ∆`v upon linear heating is determined. Since the

two samples are of the same material, the superimposed length change ∆`t due to the

thermal expansion cancels out. Hence, ∆`v arising upon heating is due to the annealing

14
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of deformation-induced excess free volume. The quantity used for further considera-

tions is the net relative length change difference ∆`/`0:

∆`

`0

=
∆`

`0

∣∣∣∣
sample

− ∆`

`0

∣∣∣∣
reference

(3.3)

Figure 3.2: Principle of the difference dilatometric measurement of an HPT-deformed

sample (shaded) and an undeformed reference (white) upon linear heating.

Superimposed to the thermal expansion ∆`t is the irreversible length change

difference ∆`v, arising due to the annealing of HPT-induced defects. Picture

taken from [50], courtesy of Elsevier Ltd.

With the assumption that the deformation-induced defects anneal out isotropically, the

total annealed free volume ∆V/V0 can be approximated by

15
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∆V

V0

≈ 3 · ∆`

`0

, (3.4)

∆`/`0 being the difference of the relative length changes of the HPT and reference sam-

ple. Apart from vacancy-type defects the free volume of a HPT-deformed sample can

be localized at dislocations and grain boundaries.

According to Hirth and Lothe [51] the excess free volume of dislocations

∆V

V0

∣∣∣∣
disl

= 0.5 · b2ρdisl (3.5)

is related to the dislocation density ρdisl and the magnitude of the Burgers vector

b = ‖~b‖ =
a

2

√
h2 + k2 + l2 , (3.6)

where a denotes the lattice constant and h, k, and l the Miller indices of the Burgers

vector. For bcc and fcc metals~b parallel to 〈111〉 and 〈110〉, respectively.

The free volume associated with grain boundaries (GB)

∆V

V0

∣∣∣∣
GB

= 3 · eGB

(
1

dinitial

− 1

dfinal

)
(3.7)

can be calculated from the removal of GBs in the wake of crystallite growth. eGB de-

notes the grain boundary excess volume, and dinitial and dfinal the grain diameter at the

beginning and at the end of the grain growth, respectively.

Fig. 3.3 a) shows the setup of the Linseis dilatometer with the Ar flow meter on the

right and the inlet for the liquid nitrogen on the left. In b) the opened measuring unit

16



Dilatometry 3.2

(a) Linseis L75VD500 dilatometer (b) Dilatometer measuring unit

Figure 3.3: Linseis dilatometer. (a) Front view with the inlets for argon gas and liquid

nitrogen. (b) Detailed view of opened measuring unit with two vertical push

rods and thermocouple element in the background.
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Chapter 3 METHODS

with two vertical quartz rods pushing on sample and reference is visible. Directly be-

hind the push rods the thermocouple element for a direct temperature measurement is

located.

The measuring principle according to Fig. 3.2 is exemplary demonstrated by the mea-

surement of Fig. 3.4 which shows the relative length change of a deformed HPT-Fe

sample and of a well-annealed Fe reference sample upon linear heating and cooling

with a constant rate of 3 K/min. An irreversible relative length change difference open-

ing up upon the first heating cycle can be observed. Subtracting the length change of

the deformed from that of the undeformed sample, the irreversible shrinkage of the

deformed sample due to the annealing of excess free volume becomes visible. The fact,

that both samples behave the same in the second heating cycle, proves the irreversibil-

ity of the annealing process.

For the error analysis of this method, measurements under the same conditions but

without any samples were performed. As shown in Fig. 3.5 the maximum absolute de-

viation between the two blank push rods amounts to 87 nm. Related to a mean sample

length of 7 mm this yields a relative length change error ∆(∆`/`0) of 1.2× 10−5.

The relative length change difference of one and the same reference sample, obtained

from two subsequent measurements amounts to ∆(∆`/`0) = 6× 10−5 (shown in [52]).

This 5 times higher error clearly demonstrates the advantage of simultaneous mea-

surements.

18



Dilatometry 3.2

Figure 3.4: Relative length change ∆`/`0 of HPT-Fe (—) and of a well-annealed Fe

reference sample (- - -) upon linear thermal cycling with 3K/min. The dif-

ference between the deformed and the undeformed sample (· · · ) represents

the irreversible shrinkage due to the annealing of structural defects.
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Figure 3.5: Test of measuring accuracy. Length difference obtained from a reference

measurement performed without samples with the blank push rods being in

contact with the base plate of the sample holder. The maximum absolute

length change difference of 87 nm corresponds to an error of ∆(∆`/`0) =

1.2× 10−5 for a sample length of 7mm.
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3.2.2 Calibration

For precise kinetic studies based on variations of the heating rate, any apparatus-

inherent temperature lag has to be carefully taken into account. For this purpose,

calibration measurements1 were performed by making use of the Curie temperature

TC of the ferro- to paramagnetic phase transition of high-purity Ni [54]. This heating

rate-independent phase transition is characterized by a λ-shaped peak in the relative

length change curve, arising from a change of the thermal expansion coefficient at the

phase transition [55]. Applying higher heating rates, a shift of the λ-shaped peak to

higher temperatures could be observed. Fig. 3.6 exhibits this apparent Curie tempera-

ture as a function of the heating rate.

Figure 3.6: Calibration of the dilatometer. Shift of the apparent Curie temperature TC

of high-purity Ni with the heating rate δ of 0.75, 1.5, 3 and 6K/min; (- - -)

indicating the regression line.

1 The measurements, evaluations and discussions regarding the calibration of the dilatometer were done

by Katrin Unger within the framework of her bachelor thesis under my co-supervision [53].
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The regression line yields 0.95 δ [K min−1] + 624.7 K. Thus, the negative slope −0.95 δ is

directly the required relative correction for all temperatures determined by dilatometry

upon linear heating with a heating rate of δ. The y-axis intercept of the regression line

corresponds to the real Curie temperature which, however, is slightly lower than the

literature value of 631.4 K [56]. However, the Curie temperature is strongly depending

on the sample purity and, furthermore, for most evaluations of dilatometric results the

absolute temperature is not required. Therefore, the following correction was applied

in order to determine the temperature T from the temperature Tm measured at the

heating rate δ: T = Tm(1− 0.95 δ [K min−1]).

3.2.3 Orientation and sample preparation

Dilatometric and electron microscopy investigations were performed on different ori-

entated samples. In Fig. 3.7 the orientation of the electron microscopy samples is de-

fined, according to the viewing direction (axial, tangential and radial) in relation to the

HPT deformation axis.

For dilatometry prism-shaped samples with dimensions of 3 × 3 × 7 mm3 were pre-

pared. The dilatometric samples are defined with regard to the direction of the relative

length measurement as depicted in Fig. 3.8. In the preparation process special attention

was paid to the plane-parallelism of the top and bottom plane of the sample. Fig. 3.9

shows a cut HPT-Fe disc with dilatometry samples prepared in axial direction.

3.2.4 Kissinger analysis

For the analysis of the thermally activated annealing processes the method of H. E.

Kissinger [57] can be applied. The shift of the temperature of the maximum trans-

formation rate with the heating rate can be evaluated by means of an Arrhenius-type

plot, resulting in the activation energy Q of the annealing process. Starting from the

equation [57]
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Figure 3.7: Definition of the viewing direction in the HPT discs: (a) axial, (b) tangen-

tial, and (c) radial direction in relation to the HPT axis, the hatched area

indicating the plane of the samples examined by electron microscopy.

A · exp

(
− Q

kBTp

)
=

δ Q

kBT 2
p

, (3.8)

with A the pre-exponential frequency factor, Tp the peak temperature of the maximum

transformation, δ the heating rate and kB the Boltzmann constant, the equation for the

so-called Kissinger plot reads as:

ln
δ

T 2
p

= − Q

kBTp

+ d . (3.9)

Varying δ causes a shift of the temperature peak of the maximum transformation Tp.

The Kissinger plot is a semilog plot of ln(δ/T 2
p ) as a function of 1/Tp. Hence, the slope

of the linear regression line represents −Q/kB. The y-axis intercept d is related to the

pre-exponential frequency factor A with A = Q · exp(d)/kB.
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Figure 3.8: Scheme of a HPT-disk (diameter: 30mm, height: 7mm) with the dilatomet-

ric samples (dimensions: 3× 3× 7mm3) in (a) axial, (b) tangential, and (c)

radial direction in relation to the HPT axis.

Figure 3.9: HPT-Fe disc cut in half together with dilatometric samples prepared in axial

direction.
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In combination with dilatometry the Kissinger analysis in this work is used for the de-

termination of recrystallization activation energies of HPT-deformed materials.

A more sophisticated analysis basing on the theory of Johnson, Mehl, Avrami, and

Kolmogorov, which takes also into account the shape of the dilatometric difference

curves is presented in Sec. 4.3.4.

3.3 Positron Annihilation

Positron (e+) annihilation spectroscopy has proven being a powerful technique for the

analysis of structural defects in SPD materials [39]. For this work the methods of

positron annihilation lifetime spectroscopy (PALS) for defect characterization and of

in-situ coincident Doppler-broadening measurements (CDB) for the annealing kinetics

were employed.

3.3.1 Standard laboratory technique

The PALS measurements were performed in the standard laboratory technique using

a conventional 22Na positron source in sandwich geometry, i.e., the source is placed

between two identical samples. The positron lifetime is measured by means of γγ-

coincidence technique using the 1.28 MeV γ-quantum of 22Ne as start signal and the

511 keV e+e−-annihilation quantum as stop signal.

The resulting positron lifetime spectra of ca. 5×106 counts were evaluated by means of

the program "pfposfit" [58]. The measurements were performed with a time resolution

of 220 ps. The contribution of e+ annihilation in the source material and the source

carrier (Al foil) to the total annihilation was deducted, applying a source correction.

The correction regarding the source material was 690 ps with 6 % for the HPT-Fe and

Ta measurements and 350 ps with 6 % in the case of Ni and Cu. For the aluminium foil

an appropriate correction of 250 ps with 14 and 19 %, was applied, respectively.
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3.3.2 High intensity positron beam

The in-situ Doppler broadening experiments were performed at the positron source

NEPOMUC of the Heinz-Meier Leibnitz neutron reactor (FRMII, Garching, Technical

University Munich). The principle of positron generation is illustrated in Fig. 3.10.

Thermal neutrons are captured in 113Cd which gives rise to high-energy γ-radiation.

The positrons are generated by means of pair production. These initially fast e+ are

moderated in platinum resulting in an intensity of 9 × 108 positrons per second at an

energy of 1 keV. The intensity of the remoderated beam used for the annihilation ex-

periments amounts to 5× 107 positrons per second [59].

Figure 3.10: Principle of positron generation at the FRMII, TU Munich. Thermal neu-

trons are captured in 113Cd under emission of high-energy γ-radiation,

causing e+e−-pair production in platinum. The fast e+ are moderated

in another platinum foil.

This high-intensity positron beam has been applied for the first time to study fast de-

fect annealing kinetics on a timescale of minutes, which is roughly 10 times faster than

with conventional laboratory techniques [60].

The CDB measurements were performed in high vacuum with the in-situ annealing
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realized by means of a heater bulb positioned underneath the sample holder. For suc-

ceeding dilatometric measurements the temperature was logged by a pyrometer fo-

cused on a spot of graphite deposited on the sample. The sample holder was kept on

−20 kV potential, sample heating by the accelerated positrons can be neglected. Each

spectrum of 106 counts could be accumulated within 60 s by means of high-purity Ge

detectors with an energy resolution of ∆E = 1.35 keV (at 511 keV).

From the Doppler broadening spectra the so-called S-parameter (shape-parameter)

was numerically deduced, an integral line parameter characterizing the central part of

the Doppler-broadened positron-annihilation line at 511 keV. The energy range for the

calculation amounts to 6.8 × 10−3 of 511 keV. Since the broadening of the annihilation

line is mainly due to the momentum of the annihilating electron, the S-parameter spec-

ifies the annihilation with low momentum valence electrons. Hence, the S-parameter

is increased in material exhibiting a high amount of free volume. Exemplarily Fig. 3.11

shows the Doppler broadening of the annihilation line for HPT-Fe in the as-deformed

state as well as after annealing at 800 K.

3.3.3 Sample preparation

For the PALS measurements in sandwich geometry (see above) two identical samples

with a mass per unit area of at least 150 mg/cm2 is necessary to ensure the annihila-

tion inside the samples. Furthermore attention was paid to a minimum sample area of

7×7 mm2 for covering the positron source completely. The sample surface was ground

and polished manually.

The CDB samples had similar dimensions of ca. 7 × 7 × 1 mm3. Since the penetration

depth of the slow positrons is much less, more attention was paid to the surface treat-

ment. Thus, in addition to automated grinding and polishing, the CDB samples were

electropolished to avoid preparation induced surface artefacts.
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Figure 3.11: Doppler broadening of the e+e−-annihilation line of HPT-Fe as-deformed

(—) and after annealing at 800K (· · · ). A higher number of counts for the

as-deformed sample in the central part of the peak is clearly visible. The

energy range for calculation of the S-parameter is indicated by (- - -).
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3.4 SEM and microhardness

The scanning electron microscope (SEM) studies were performed at the Erich-Schmid

Institute of Materials Science, Austrian Academy of Sciences at Leoben. The electron

microscope used for the grain size analysis was a LEO 1525 field emission SEM (nom-

inal resolution: 1.5 nm at 20 kV), equipped with a back scattering detector. For the

definition of the viewing direction within the HPT disc, see Fig. 3.7.

It is a well-known problem to determine crystallite sizes from cross-sectional views

[61]. In this work, for the analysis of the SEM images, the grain boundaries (GB) were

traced on transparent foils, digitalized and analyzed by means of the program "Im-

ageJ" [62]. In doing so the area A of each grain was determined (grain area method).

These grain size data were used for statistical analysis by means of histograms. As-

suming spherical grains, the grain diameters d of all grains were calculated by
√

4A/π

taking properly into account the grains at the edges and corners of the micrograph (cf.

[63]). The mean grain size dm is given by the arithmetic mean value of the diameter-

histogram. In contrast to area-averaged or area-weighted grain data, which is more

robust with respect to very small grains [64], the diameter-averaged grain data is bet-

ter comparable to that determined with the line intercept method (see next).

In those micrographs which showed a strong shape anisotropy of the crystallites, the

line intercept method was applied to determine the mean grain shapes. In doing so

several parallel lines with the total length L in the preferential direction a were drawn

counting the number of intersections n with the grain boundaries. The mean grain in-

tercept in the preferential direction is then given by da = L/n. The same was done in

the perpendicular direction b to determine the grain aspect ratio da/db as well.

The microhardness measurements were performed by means of a Vickers hardness

tester. In this process a pyramidal diamond tip is indented with a certain force into the
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polished surface of the material to be measured. The microhardness number in [HV]

can then be calculated by the force in [kp] divided by the indentation area in [mm2].

Usually in the unit also the force in kp is specified, i.e. [HV1] means an applied force

of 1 kp. All measurements in this work were performed with a force of 1 kp (9.81 N).

The calculation of the microhardness number was done automatically by means of an

optical microscope and the computer program "Buehler Omnimet".
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4
EXPERIMENTAL

RESULTS

BODY-CENTERED CUBIC METALS

4.1 Iron

Regarding materials with a body-centered cubic (bcc) crystal structure the main fo-

cus of investigation in this work is on iron. Two degrees of purity were analyzed:

ARMCOTM low-purity iron with a purity of 99.8 % and high-purity iron with 99.98 %.

Tab. 4.1 shows the detailed chemical analysis of which carbon leaps out with a con-

centration difference of almost one order of magnitude. Carbon impurites in iron play

a crucial role regarding deformation and structural refinement behaviour as well as

defect stabilization [65].

Four different samples of ARMCO-Fe with 1, 5, 8 and 10 HPT revolutions were an-

alyzed. Those with 1 and 10 revolutions were deformed at room temperature with a

hydrostatic pressure of 2.2 GPa and were primarily used for positron annihilation mea-

31



Chapter 4 EXPERIMENTAL RESULTS

Table 4.1: Chemical analysis of iron. The values for Armco-Fe were taken from [47].

The high-purity Fe was analyzed by the manufacturer (ChemPur GmbH).

Elements with concentrations less than 3 ppm are omitted for high-purity Fe.

Sample Elements and concentration [weight ppm]

Armco-Fe
C Cr Cu Mn Ni P S Si

70 200 200 800 300 80 110 70

High-purity Fe
Al B C Co Cr Ni O P S Si Ta

14 3 9 42 5 25 37 5 5 23 10

surements. The samples with 5 and 8 revolutions, which were available already, were

used for dilatometry and scanning electron microscopy (SEM) imaging. All ARMCO-Fe

disks had a diameter of 30 mm and a height of 7− 8 mm.

4.1.1 Annealing behaviour and microstructure

For a first characterization of the state after severe plastic deformation, microhardness

measurements on polished cross sections of the HPT-disk were performed (Fig. 4.1).

For the undeformed samples a mean value of the microhardness of 74 HV1 is obtained.

This value increases up to 400 HV1 after deformation. Unsurprisingly, ARMCO-Fe with

1 revolution shows the largest gradient in microhardness over the radius. The rela-

tively low hardness of the sample with 8 revolutions is maybe due to a different HPT-

routine.

According to literature the saturation deformation of ARMCO-Fe is reached at an equiv-

alent strain of εeq = 23 [66]. This value can be considered as the limit for further struc-

tural refinement and defect densification.

For the investigation of the microstructure, scanning electron microscopy (SEM) imag-
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Figure 4.1: Microhardness measurements of Armco-Fe with 1 ( • ), 5 ( H ) and 8 revo-

lutions (F ) as a function of the radial position (radius r) in the HPT-disk.

ing was performed. For this purpose three samples with different annealing states

were prepared, namely in the as received-state (AR) and after linear heating with

3 K/min up to 673 K as well as up to 753 K, which are the same temperature profiles as

in the dilatometric measurements (Fig. 4.4). The micrographs shown in Fig. 4.2 reveal

a fine lamellar grain structure in the as received-state, which undergoes coarsening in

the two following stages losing the lamellar structure entirely.

As described in Sec. 3.4 the SEM images were analysed with repect to grain size and

grain size distribution. The results are shown in the histograms in Fig. 4.3. All three

samples are showing a unimodal logarithmic Gaussian type distribution. The mean

grain sizes are 144 nm in the AR state, 214 nm for annealing up to 673 K and 406 nm for

753 K. The last value may not be considered as statistically reliable due to the limited

number of grains used for analysis.
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(a) Armco-Fe AR (b) Armco-Fe 673 K

(c) Armco-Fe 753 K

Figure 4.2: Scanning electron micrographs in axial direction of Armco-Fe with 8 revo-

lutions at different annealing steps. Magnification: 10 000.
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(a) Armco-Fe AR (b) Armco-Fe 673K

(c) Armco-Fe 753K

Figure 4.3: Histograms of the grain size distribution of Armco-Fe with 8 revolutions at

different annealing steps as determined from SEM micrographs (Fig. 4.2).

The mean grain size diameter is indicated by (- - -).
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Fig. 4.4 shows a dilatometric difference curve of a ARMCO-Fe iron sample in axial direc-

tion upon linear heating with 3 K/min up to 673 K. From around 400 K up to ca. 700 K a

total relative length shrinkage of nearly 6× 10−4 can be observed. The difference curve

is sigmoidal without any substructures. The temperature derivative exhibits one very

pronounced minimum peak at about 500 K. These characteristics of recovery in one

single stage within a broad temperature range is typical of HPT-Fe samples in axial

direction.

Figure 4.4: Dilatometric difference curve (—) of Armco-Fe in axial direction upon

linear heating with 3K/min up to 673K and the derivative after smoothing

(- - -) showing one pronounced minimum peak at 500K.

∆`/`0, total of all dilatometric measurements performed on ARMCO-Fe is shown in Tab.

4.2. There is no systematic dependence of the degree of deformation. For instance, the

lowest state of deformation of one revolution shows a medium relative length change

of 9 − 10 × 10−4. The highest ∆`/`0, total of 13.2 was measured with ARMCO-Fe 5r at

6 K/min, a sample, whose equivalent strain εeq is below the saturation deformation of

εeq = 23. Measurements with a systematic variation with the heating rate were ob-

tained for ARMCO-Fe 8r at 1.5 − 6 K/min and 5r at 0.75 − 3 K/min. These data were
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Table 4.2: Dilatometric measurements on Armco-Fe in axial direction. Heating rate

δ (in [K/min]), equivalent strain ε, according to Eq. 3.1 and 3.2, and total

relative length change ∆`/`0,tot (in [10−4]) of all measurements performed on

Armco-Fe with 8, 5 and 1 HPT revolutions (r). For the error analysis see

Sec. 3.2.1. The maximum temperature was 673K with the exception of the

6K/min measurements, for which the maximum temperature was 753K.

ARMCO-Fe 8r ARMCO-Fe 5r ARMCO-Fe 1r

δ ε ∆`/`0,tot δ ε ∆`/`0,tot δ ε ∆`/`0,tot

0.75 31 -10.2 0.75 17 -9.0 3.00 5 -9.7

1.50 38 -5.6 1.50 35 -8.6 6.00 7 -9.4

3.00 47 -5.4 3.00 29 -8.6

6.00 27 -6.2 6.00 24 -11.8

6.00 20 -13.2

used for a detailed analysis of the recrystallization kinetics (Sec. 4.1.3).

The mean values of the total relative length changes taken at 673 K are ∆`/`0, total,mean =

−6.7 × 10−4 for 8r, −10.1 × 10−4 for 5r and −9.6 × 10−4 for 1r. The lower value of the

relative length change of ARMCO-Fe 8r is supported by the lower microhardness in this

sample (Fig. 4.1). As explained in Sec. 4.1.4 and 4.3.2 in more detail, the total relative

length change has to be entirely attributed to the annealing of open-volume structural

defects. Hence ∆`/`0, total,mean can be used to calculate the total average release of free

volume by using Eq. 3.4 yielding a value of

∆V

V0

∣∣∣∣
total

= −(2 – 3) · 10−3 , (4.1)

for all ARMCO-Fe samples, assuming isotropic defect annealing. As will be discussed

more detailed in Chap. 5, this amount of atomic free volume can not exclusively be
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attributed to the removal of dislocations and relaxed grain boundaries but also indi-

cates the annealing of vacancy-type defects and the relaxation of non-equilibrium grain

boundaries.

Positron annihilation

For further analysis of the microstructure of HPT-Fe also positron annihilation spec-

troscopy was performed, namely positron lifetime measurements1 with the standard

laboratory equipment using 22Na and Doppler broadening S-parameter measurements

with both, a high-intensity positron beam and the standard technique.

(a) Armco-Fe 1r (b) Armco-Fe 5r (c) Armco-Fe 8r

Figure 4.5: Mean positron lifetime τm of Armco-Fe with a) 1, b) 5 and c) 8 revolutions

as a function of the annealing temperature T and the radial position (radius

r) in the HPT-disk.

Fig. 4.5 shows the mean positron lifetime τm of ARMCO-Fe with 1, 5 and 8 revolutions

measured by means of the standard laboratory technique. Each sample was measured

1 The positron lifetime measurements and evaluations on HPT-Fe were done by Univ.-Prof. Dr. Werner

Puff, Graz University of Technology.
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at radial positions of 0, 7 and 14 mm in the as-received state as well as after annealing

at 573 and 973 K for 1h. The highest e+-lifetimes of τm = 239 and 178 ps could be ob-

served for the samples 1r and 5r at r = 14 mm prior to annealing. Towards the centre of

the HPT-disk a reduced value of ca. 162 ps occurs. This indicates positron trapping at

dislocations in the centre of the disk taking into account literature data of e+-lifetimes

of 167 ps at dislocations [67] and of 175 ps at single vacancies [68]. The higher lifetimes

at r = 14 mm are probably due to trapping at vacancy agglomerates. It is worth men-

tioning that the highest lifetime of 239 ps is observed in the sample with the shortest

time spent between preparation and measurement. The 8r sample at room temperature

only shows a small decrease alongside the radius starting from a lower value of 167 ps.

At 573 K all samples reveal a lifetime of ca. 160 ps as characteristic of e+-trapping at

dislocations. After annealing at 973 K for 1 hour a mean e+ lifetime of about 130 ps

in all samples throughout the radius could be detected. The literature values for the

e+ free lifetime in the bulk are ranging from τf = 110 ps [65] up to 117 ps [67], so at

this annealing temperature still some structural defects as e+-trapping sites seem to be

present. It can be pointed out, that the HPT-Fe 8r sample at room temperature showed

the lowest variation of both e+ lifetime and microhardness at relatively low values (cf.

Fig. 4.1).

For a more detailed analysis of the defect annealing characteristic of HPT metals an

in-situ measurement by means of a high-intensity positron beam is required. For this

purpose measurements were done at the NEPOMUC facility at the FRM II in Gar-

ching (see Sec. 3.3.2). The high number of moderated positrons enables studies of the

fast defect annealing and offers to combine the results with dilatometric studies of the

annealing of free volume which are on the same time scale.

Fig. 4.6 shows the Doppler broadening S-parameter curve of ARMCO-Fe AR. The de-

creasing S-parameter upon heating suggests an annealing of structural defects up to

recrystallization in a manner of one broad stage very similar to that of the relative

length change observed with dilatometry (Fig. 4.4). Afterwards the measurement was
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Figure 4.6: Doppler broadening S-parameter curve of Armco-Fe AR ( • ) measured in-

situ upon heating with ca. 5K/min. A second run after annealing at 800K

serves as reference curve ( • ).

Figure 4.7: Doppler broadening ∆S-parameter curve (—) and dilatometric difference

curve (- - -) of Armco-Fe upon heating with ca. 5K/min.
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immediately repeated to obtain a pseudo-reference curve which shows the increase of

the S-parameter with the temperature exclusively due to the thermal expansion of the

lattice. The characteristics of the reference measurement were analogously observed

for the W -parameter of Fe in literature [69] (page 51).

Fig. 4.7 shows the interpolated difference curve of the two subsequent measuring runs

in Fig. 4.6. The recording of the used temperature profile (quasi-linear heating with

ca. 5 K/min) allowed a dilatometric measurement with the same T (t) profile on a sam-

ple of the same HPT disk. The resulting relative length change curve (dashed line,

right ordinate) shows a continuous shrinkage from ca. 400 K up to the maximum tem-

perature of 773 K2. The annealing characteristics observed by the two complementary

techniques of e+ annihilation and dilatometry fit together very well. However, a con-

siderable shift of the ∆S-parameter to higher temperatures is clearly observable. This

shift is even much more pronounced at the recrystallization stage of fcc metals and can

be explained with the saturation trapping of e+ at defects for small crystallite sizes (see

Sec. 4.3.1, 4.4.1 and Chap. 5).

4.1.2 Influence of sample purity

For investigation of the influence of impurities on the annealing behaviour of HPT-Fe

also high-purity iron samples were prepared and analyzed3. The dilatometric mea-

surements (Fig. 4.8) reveal generally similar annealing characteristics for samples pre-

pared in axial direction, however the defect annealing in high-purity Fe starts about

2 The little notch at ca. 650K is a result of a discontinuity in the temperature profile T (t) due to a

repositioning of the heater bulb during the S-parameter measurement. Whereas this discontinuity had

apparently no effect on the S-parameter, it caused this measurement artefact in the relative length

change curve.

3 The preparation, dilatometric measurements, evaluations and discussions on high-purity Fe were done

by Boris R. Scherwitzl within the framework of his master thesis under my co-supervision [52].
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80 K earlier and reaches its maximum already at 400 K which is about 100 K less than

in ARMCO-Fe.

(a) Armco-Fe (b) High-purity Fe

Figure 4.8: Dilatometric difference curves (—) of a) Armco-Fe (identical to Fig. 4.4)

and b) high-purity Fe in axial direction upon linear heating with 3K/min up

to 673K and 773K, respectively. For the derivative curves after smoothing

(- - -) the shift of the minimum with the purity can clearly be discerned.

This behaviour can obviously be explained with the different sample purity in the or-

der of one magnitude. Especially the carbon impurities are known for playing a crucial

role for defect stabilization and recrystallization [65].

Also the different values for the total relative length change are remarkable (Fig. 4.8).

This fact is all the more interesting if one considers the larger grain size in the as-

deformed state (see Fig. 4.9 a)) and, as a consequence of that, the lower contribution

of grain boundaries to the free volume in the case of high-purity Fe. The higher total

relative length change of nearly 10×10−4 in the case of HP-Fe is due to the fact that the

overall annealing of defects is shifted to lower temperatures and the maximum anneal-

ing temperature applied has even been 100 K higher. As the e+ annihilation measure-
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ments at the e+ beam (Fig. 4.7) have shown, there is defect annealing up to 773 K also

in the case of ARMCO-Fe. Hence, the annealing of structural defects in Fig. 4.8 a) is not

finished at the maximum temperature of 673 K applied in dilatometry for ARMCO-Fe.

Table 4.3: Dilatometric measurements on high-purity (HP) Fe as well as on Armco-Fe

in tangential direction (other values for Armco-Fe see Tab. 4.2). Heating

rate δ (in [K/min]), equivalent strain ε, according to Eq. 3.1 and 3.2, total

relative length change ∆`/`0,tot (in [10−4]). For HP-Fe in tangential direction

also the relative elongation ∆`/`0,+ is given (see Sec. 4.1.4). For the error

analysis see Sec. 3.2.1. The maximum temperature in each run was 773K.

High-purity Fe axial High-purity Fe tangential

δ ε ∆`/`0,tot δ ε ∆`/`0,tot ∆`/`0,+

0.75 22 -10.5 0.75 24 -2.5 1.6

1.50 30 -8.6 1.50 24 2.6 4.0

1.50 22 -10.8 3.00 19 2.6 3.0

3.00 30 -9.8 6.00 34 2.4 3.1

3.00 22 -10.6

6.00 40 -10.2

6.00 22 -10.3

High-purity Fe radial ARMCO-Fe tangential

δ ε ∆`/`0,tot δ ε ∆`/`0,tot ∆`/`0,+

6.00 31 -4.5 6.00 n.a. -6.9 -0.6

Tab. 4.3 shows the results of all dilatometric measurements performed on high-purity

Fe. Samples in all three orthogonal directions of the HPT-deformed disc (see scheme

Fig. 3.8) were prepared. All axial as well as the radial samples showed an overall
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length shrinkage similar to those at the axial ARMCO-Fe samples (Tab. 4.2). However,

the tangential samples showed a far more complex behaviour with at first an elonga-

tion ∆`/`0,+ and a following slightly smaller length shrinkage (Sec. 4.1.4). The total

relative length ∆`/`0,tot change in the tangential HP-Fe samples is positive except for

the lowest heating rate.

For the axial direction of HP-Fe a mean value ∆`/`0, total,mean of the relative length

change of (−10.1±0.7)·10−4 is obtained. Like in Sec. 4.1.1 ∆`/`0 can be used to calculate

the total release of free volume (Eq. 3.4):

∆V

V0

∣∣∣∣
total

= −3.03× 10−3 . (4.2)

Fig. 4.9 shows SEM images of high-purity Fe in axial direction at annealing steps of

AR, 508, 648, and 773 K. These particular annealing steps were chosen on the basis

of the special results of the length change measurements in tangential direction (see

Sec. 4.1.4). A continuous grain growth beginning from a) 320 nm in the AR state over

b) 480 nm and c) 1010 nm up to d) 4900 nm at 773 K can be observed. These mean

values were determined following the procedure described in Sec. 3.4. The grain size

histograms of high-purity Fe [52] have a very similar shape like those of ARMCO-Fe

(Fig. 4.3).

However, there are substantial differences in the initial grain size and also the grain

shapes between the high and low purity samples. While the grains of ARMCO-Fe ex-

hibit a strong lamellar shape, those of HP-Fe are virtual spherical. The larger grain size

of HP-Fe can be explained with a dynamic recrystallization during the HPT deforma-

tion procedure (see Chap. 5).
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(a) High-purity Fe AR (b) High-purity Fe 508K

(c) High-purity Fe 648K (d) High-purity Fe 773K

Figure 4.9: Scanning electron micrographs of high-purity Fe with 10 revolutions at dif-

ferent annealing steps (cf. Sec. 4.1.1 and Fig. 4.2). Magnification: 10 000 in

(a-c), 2 000 in (d).
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4.1.3 Analysis of kinetics

For analysis of the annealing kinetics of HPT-Fe, dilatometry measurements were per-

formed at different heating rates ranging from 0.75 up to 6 K/min. Fig. 4.10 exemplifies

the resulting shift of the relative length change curves for ARMCO-Fe with 8 revolu-

tions.

Figure 4.10: Relative length change ∆`/`0 of Armco-Fe 8r vs. the temperature T at

different heating rates of (from left to right) 0.75, 1.5, 3 and 6K/min (see

also Tab. 4.2). For demonstrating the shift with temperature, the length

change curves have been normalised yielding ∆`/`0 = −1 at 673K for each

sample.

The minima Tp of the temperature derivatives (see e.g. Fig. 4.4) correspond to the

maxima of recrystallization transformation. Their shift can be analysed by means the

method of Kissinger (see Sec. 3.2.4). The corresponding semilog plot for all ARMCO-Fe

samples is shown in Fig. 4.11.
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Figure 4.11: Kissinger plots (•) of HPT Armco-Fe samples with 1, 5 and 8 revolutions

(1r, 5r, 8r) and the appropriate regression lines (- - -). The Tp are the min-

ima of the temperature-derivative of the relative length change curve. The

horizontal error bars characterize the uncertainty of the Tp-determination

from the plot. The vertical ones are smaller than the symbol size.
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The slopes of the regression lines can be used to calculate the activation energy Q of

the recrystallization (Eq. 3.9). For ARMCO-Fe with 5r a value Q of 0.83 ± 0.03 eV and

for 8r of 0.69± 0.05 eV is derived. The respective error is deduced from the regression

analysis. For 1r a reliable Q-value cannot be given since only two data points are avail-

able. It is worthwhile to mention that the annealing in the case of Fe 8r takes place

at general higher temperatures than at Fe 5r. The reason for this could be found in

some unknown HPT-deformation parameters of these samples like deformation tem-

perature or pressure.

The Kissinger analysis of HP-Fe [52] revealed an activation energy of 0.75 ± 0.02 eV,

lying between the values for ARMCO-Fe with 5 and 8r. In literature a value for the

activation energy of the recrystallization of HPT-Fe of Q = 0.93 ± 0.10 eV is reported

[70] (see discussion Chap. 5).

4.1.4 Orientation-dependent measurements

Like it was already anticipated in Tab. 4.3 the dilatometric measurements4 were per-

formed in three orthogonal directions defined with respect to the HPT deformation

axis axial, radial and tangential (see Fig. 3.8). While there is no substantial difference in

the annealing behaviour of the samples prepared in axial and radial direction (for ra-

dial measurements see [52]), the tangential samples delivered relative length changes

of quite a different nature, i.e., an overall elongation was mostly observed.

In Fig. 4.12 relative length change measurements in axial and tangential direction upon

annealing with 3 K/min are depicted. While the axial measurement shows a total rela-

tive length shrinkage, the tangential sample exhibits at first an elongation until a peak

4 The preparation, dilatometric measurements, evaluations and discussions on high-purity Fe were done

by Boris R. Scherwitzl within the framework of his master thesis under my co-supervision [52].
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(a) High-purity Fe axial (b) High-purity Fe tangential

Figure 4.12: Dilatometric difference curves (—) of high-purity Fe samples in a) axial

and b) tangential direction upon linear heating with 3K/min up to 773K

and their derivatives after smoothing (- - -).

at 508 K where a relative length shrinkage up to 648 K sets in. The subsequent minor re-

elongation observed above 680 K is not characteristic for all tangential measurements.

To clarify the situation in the tangential samples, the temperatures at the elongation

peak at 508 K and at the shrinkage minimum at 648 K of HP-Fe were taken as two fur-

ther annealing steps for the SEM imaging (Fig. 4.9) beside the AR and the final state at

773 K. The spherical grains and the continuous grain growth in the course of these an-

nealing steps do not provide an indication of anisotropies in the microstructure which

could explain such an elongation.

A tentative explanation for the elongation in tangential direction could be macrostress.

A preliminary analysis of HPT-deformed metals regarding macrostresses was per-

formed for HPT-Ni by means of X-ray diffractometry (XRD). However, first results

of these ongoing measurements yielded no indication for high compressive stresses

neither in axial nor in tangential direction (see Sec. 4.3.2).
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4.2 Tantalum

The second investigated metal with bcc crystal structure was tantalum5. The samples

purity amounts to 99.9 %. The chemical analysis is given in Tab. 4.4. Tantalum was

analyzed in more detail regarding the amount of deformation. Six small discs with a

diameter of d = 14 mm and one large disc with d = 30 mm were HPT deformed with

1, 3 and 5 revolutions and with 10 revolutions, respectively. The small discs served for

microhardness and positron lifetime measurements, the large one for dilatometry. All

samples were also characterized by the scanning electron microscope.

Table 4.4: Chemical analysis of tantalum impurities according to specification of man-

ufacturer (Plansee Holding AG). Elements with concentrations less than

20 ppm are omitted.

Sample Elements and concentration [weight ppm]

Ta
Al C Co Fe Mo N Nb Ni O Si Ti W

20 30 20 100 100 30 400 50 100 50 50 100

4.2.1 Annealing behaviour and microstructure

The evolution of the microstructure upon increasing deformation can be seen very well

in Fig. 4.13 which shows SEM micrographs of HPT-Ta 1r at different radii of 0, 3 and

6 mm. The corresponding equivalent strain εeq (Eq. 3.1, 3.2) amounts to 0, 12 and 23.

At the centre, which theoretically should be deformation-free, one can see a very in-

5 The dilatometric measurements and evaluations on HPT-Ta were done by Anna Weitzer within the

framework of her bachelor thesis under my co-supervision.
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homogeneous distorted microstructure with pores of micrometer size. At a radius of

3 mm already small grains with isolated larger ones have formed. At 6 mm and an εeq

of 23, a homogeneous microstructure with even smaller grains can be observed.

(a) HPT-Ta 1r, r = 0mm (b) HPT-Ta 1r, r = 3mm

(c) HPT-Ta 1r, r = 6mm

Figure 4.13: Scanning electron micrographs of HPT-Ta with 1 revolution at different

radii. Magnification: 10 000.

This gradient of deformation can also be seen in the microhardness measurements de-

picted in Fig. 4.14. The microhardness of three of the small samples with a diameter
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Figure 4.14: Microhardness measurements of HPT-Ta with 1 ( • ), 3 ( H ) and 5 revolu-

tions (F ) as a function of the radial position (radius r) in the HPT-disk.

of d = 14 mm were tested alongside the radius in steps of 1 mm. The initial micro-

hardness prior to deformation was 86 HV1. The hardness at the centre of the HPT disc

increases by more than a factor of two after a deformation of one revolution already

(cf. Fig. 4.13 a)). With increasing radius HV increases up to more than 400 at r = 6 mm.

This increase of hardness with the radius occurs much faster in the case of 3r and 5r,

where a maximum is reached at 2 and 1 mm, respectively. With these radii a saturation

deformation of εeq = 18 ± 5 can roughly be estimated for which no further increase in

microhardness and grain refinement can be expected.

During the HPT deformation of the small samples (d = 14 mm), the torsional moment

of the anvils was logged (see Sec. 3.1) and plotted as a function of the equivalent strain

calculated for a disc radius of 6 mm (Eq. 3.1, 3.2). Fig. 4.15 shows these plots for HPT-

Ta 1r, 3r and 5r. All three curves increase very steeply. The torsional moment M attains

a saturation value (ca. 660 Nm) at a deformation of εeq = 17 ± 1. This value is rather
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similar to that deduced from microhardness measurements but can be considered as

more precise compared to the latter one.

Figure 4.15: Torsional momentM of the anvils of the HPT facility during deformation of

HPT-Ta (small samples) with 1 (—), 3 (- - -) and 5 (· · · ) HPT revolutions

as a function of the equivalent strain εeq calculated for a radius of 6mm.

Saturation deformation is reached at εeq ≈ 17.

Fig. 4.16 shows a dilatometric measurement of HPT-Ta 10r in axial direction upon lin-

ear heating with 1.5 K/min up to a maximum temperature of 773 K. A relative length

shrinkage in the temperature range from 400 to ca. 700 K with a total stroke of 3.2×10−4

can be observed. Like in the case of HPT-Fe (Fig. 4.4, 4.8) the annealing of free volume

takes place in one broad stage. However, the Ta curve does not show a perfect sig-

moidal shape and exhibits a quite constant slope in the range from 400 to around 520 K

followed by a narrow and steeper sigmoidal-type annealing, as indicated by the mini-

mum peak of the derivative curve in Fig. 4.16. This type of annealing behaviour could

be observed for all measurements performed on Ta.
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Figure 4.16: Dilatometric difference curve (—) of HPT-Ta upon linear heating with

1.5K/min up to 773K and the derivative after smoothing (- - -) showing a

minimum peak at 570K.
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In Tab. 4.5 the values of the total relative length change ∆`/`0,tot of all dilatometric

measurements performed on HPT-Ta are summarized. The samples were prepared

from the disk at a constant radius of 14 mm in the saturation deformation zone. Due to

the disk geometry only specimens in axial direction could be prepared. The different

measurements showed only little variation of ∆`/`0,tot yielding a mean value of (−3.0±
0.4)×10−4. Attributing this relative length change to the annealing of structural defects

totally, the average released volume in HPT-Ta can be denoted to

∆V

V0

∣∣∣∣
total

= (−9.0± 1.3)× 10−4 , (4.3)

according to (Eq. 3.4) assuming isotropic defect annealing. The contributions of the

various types of structural defects to this total free volume are discussed in Chap. 5.

Table 4.5: Dilatometric measurements on HPT-Ta. Heating rate δ (in [K/min]), equiv-

alent strain ε, according to Eq. 3.1 and 3.2 (∆ε = 5) and the total relative

length change ∆`/`0,tot (in [10−4]) of all measurements performed on HPT-Ta

in axial direction. For the error analysis see Sec. 3.2.1. Maximum temperature

in each run was 773K.

HPT-Ta 10r

δ ε ∆`/`0,tot

0.75 70 -2.8

1.50 70 -3.2

3.00 70 -2.5

6.00 70 -3.5

Fig. 4.17 shows SEM micrographs of HPT-Ta 10r in the AR state and after the annealing

at 773 K in the dilatometer. While d is – comparatively with other HPT materials – very

small in the AR state (dm ≈ 50 - 100 nm) the grains grow only a little up to dm ≈ 150
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- 200 nm. However, it has to be stated that the two SEM samples were prepared in

different orientations, tangential and axial (see Sec. 3.2.3).

(a) HPT-Ta AR tangential (b) HPT-Ta 773K axial

Figure 4.17: Scanning electron micrographs of HPT-Ta with 10 revolutions AR in tan-

gential and annealed at 773K in axial direction. (For definition of the view-

ing direction see Fig. 3.7.) The magnification is 20 000 in both micrographs.

Positron annihilation

HPT-Ta was also analyzed by means of Doppler broadening spectroscopy at the high-

intensity e+ beam of the FRM II (see Sec. 3.3.2). As described in Sec. 4.1.1 an interpo-

lated ∆S-parameter curve was obtained (Fig. 4.18) reconstructing a pseudo-reference

curve after the first measurement. Since no substantial change of the ∆S-parameter

upon annealing up to 952 K can be observed, saturation e+ trapping due to a very high

defect concentration can be concluded even for the annealed state, where substantial

length shrinkage has occured according to dilatometry (see superimposed ∆`/`0-curve

in Fig. 4.18).
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Figure 4.18: Doppler broadening ∆S-parameter curve of HPT-Ta (—) upon heating

with ca. 5K/min and dilatometric difference curve (- - -) with a heating

rate of 6K/min.
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Beside the Doppler broadening measurements also the positron lifetime in the AR state

has been determined: The small HPT-Ta samples (d = 14 mm) with 1, 3 and 5 revolu-

tions were analyzed at the centre and at the border of the HPT disc. Since the spatial

resolution of the e+ lifetime spectroscopy in the standard laboratory is only ≈ 4 mm,

no substantial difference between the two radial positions could be detected. The de-

gree of deformation has no appreciable effect on the e+ lifetime as well. The mean e+

lifetime value τm amounts to 193± 2 ps. According to literature data such a lifetime in

Ta can be attributed to single vacancies [71, 72].

4.2.2 Analysis of kinetics

The dilatometric measurements presented in Tab. 4.5 were performed at different heat-

ing rates to study the annealing kinetics of HPT-Ta. The shift of the temperature Tp of

Figure 4.19: Kissinger plot (•) of HPT-Ta with 10 revolutions. The activation energy

Q deduced from linear regression (- - -) amounts to 1.18 eV.
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the minimum peak of the derivative curve (Fig. 4.16) was analyzed by the method of

Kissinger (Sec. 3.2.4) yielding a semilog plot shown in Fig. 4.19.

From the regression analysis of the Kissinger plot an activation energy Q of 1.18 ±
0.02 eV for the annealing process can be deduced according to Eq. 3.9. The error of Q

is taken from the regression analysis.
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FACE-CENTERED CUBIC METALS

4.3 Nickel

The first investigated material with face-centered cubic crystal structure was Ni6. The

sample purity was 99.99+ % (see Tab. 4.6). Two billets with a diameter of 30 and

a height of 10 mm were prepared and deformed at room temperature with 5 HPT

revolutions under a hydrostatic pressure of 2.2 GPa. These two samples served for

comprehensive studies ranging from dilatometric measurements, scanning electron

microscopy (SEM) including electron backscattering diffractometry (EBSD), positron

annihilation to X-ray diffractometry (XRD) for macro stress analysis.

4.3.1 Annealing behaviour and microstructure

For the dilatometric studies of HPT-Ni samples with an equivalent strain ranging from

εeq = 12 − 30 were prepared. According to literature [74], saturation deformation for

Ni at this purity is reached for an HPT-induced equivalent strain of εeq ≈ 10. The mi-

crostructure size at this amount of plastic deformation is the smallest achievable and

6 The preparation, dilatometric measurements, evaluations and discussions on HPT-Ni were done by

Eva-Maria Steyskal within the framework of her master thesis under my co-supervision [73].
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Table 4.6: Chemical analysis of nickel according to specification of manufacturer (Good-

fellow Cambridge Ltd.). Elements with concentrations less than 1 ppm are

omitted.

Sample Elements and concentration [weight ppm]

Ni
Al C Ca Co Cr Cu Fe Ta V

2.9 8.0 1.0 1.9 2.1 2.0 12.2 1.0 8.1

does not refine upon further deformation [48]. Thus it is ensured that all dilatometric

samples have the same microstructure size.

Fig. 4.20 shows a dilatometric difference curve and its derivative at a heating rate of

3 K/min. In contrast to the dilatometric measurement of the bcc metals Fe and Ta

(Fig. 4.4, 4.16) the difference curve of Ni shows a substructure of 3 stages. The first

stage - in the following referred to as stage A - ranging from 350 to 453 K shows a rel-

ative slow continuous length shrinkage. However, the subsequent second stage (B)

exhibits a distinct sigmoidal annealing of free volume up to 493 K. The last stage C

extends to the maximum temperature of 673 K and mostly shows a small continuous

shrinkage. Accordingly the temperature derivative has a small minimum peak in stage

A and a pronounced one in stage B. Stage C usually does not show any obvious char-

acteristics.

In Tab. 4.7 all axial measurements with the heating rate δ, the equivalent strain ε, the

relative length changes ∆`/`0 and the minimum peak temperatures Tp in the respective

stages are listed. ∆`/`0 exhibits no systematic dependence on the equivalent strain ε as

it was to be expected due to the saturation deformation of all samples. The minimum

peak temperatures Tp shift to higher temperatures with increasing heating rate, which

is used for the kinetics analysis in Sec. 4.3.4.
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Figure 4.20: Dilatometric difference curve (—) of HPT-Ni upon linear heating with

3K/min up to 673K. The derivative after smoothing (- - -) showing mini-

mum peaks at 395 and 472K. A, B, and C indicate the different annealing

stages.
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Table 4.7: Dilatometric measurements on HPT-Ni. Heating rate δ (in [K/min]), equiv-

alent strain ε, according to Eq. 3.1 and 3.2 (uncertainty ∆ε = 3), relative

length changes ∆`/`0 (in [10−4]) in total and for the individual stages A and

B as well as the temperatures Tp (in [K]) at the minimum peaks of the tem-

perature derivatives in stage A and B. All measurements were performed on

samples in axial direction. For the error analysis see Sec. 3.2.1. The maximum

temperature in each run was 673K.

HPT-Ni 5r axial

δ ε ∆`/`0,tot ∆`/`0,A ∆`/`0,B Tp,A Tp,B

0.3 30 -9.9 -1.4 -3.7 388 439

1.5 30 -3.3 -1.5 -1.6 392 459

1.5 20 -4.2 -1.5 -2.3 395 463

1.5 12 -3.8 -1.5 -1.7 397 461

3.0 30 -5.6 -1.6 -1.7 394 472

3.0 20 -4.9 -2.0 -1.9 395 472

3.0 12 -4.0 -1.7 -1.7 403 473

6.0 30 -4.3 -1.9 -1.7 409 478

6.0 30 -3.7 -1.8 -1.6 408 478

6.0 20 -3.1 -1.1 -1.3 420 482

6.0 12 -5.7 -1.7 -2.0 414 480

6.0 12 -3.0 -1.3 -1.6 419 479

6.0 20 -3.7 -1.2 -1.6 438 480

10.0 30 -4.1 -1.8 -2.0 430 490
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(a) HPT-Ni AR (b) HPT-Ni 453K

(c) HPT-Ni 493K (d) HPT-Ni 673K

Figure 4.21: Scanning electron micrographs of HPT-Ni with 5 revolutions in axial di-

rection at different annealing steps. (For definition of the viewing direction

see Fig. 3.7.) The magnification is 10 000 in a)-c) and 2 000 in d).
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Fig. 4.21 shows SEM micrographs of HPT-Ni in the as-received state, after the stage

A at 453 , after stage B at 493 K and at the maximum temperature of 673 K. In the AR

state a lamellar grain structure can be observed, the grains are elongated in the tan-

gential direction. Thus, for grain size analysis the line intercept method was applied

(see Sec. 3.4). It delivered a grain diameter in the preferential (i.e. tangential) direc-

tion of dt = 336 nm and in the perpendicular (radial) direction dr = 178 nm, which

corresponds to an aspect ratio of 1.9 of the crystallite diameter.

Upon annealing up to 453 K (i.e. up to the end of stage A) the grain size and the

shape does not change very much (Fig. 4.21 b)). The line intercept analysis yields grain

diameters of dt = 298 nm in tangential, dr = 175 nm in radial direction (aspect ratio of

1.7). Hence the grains after stage A are less elongated and even slightly smaller.

After stage B (Fig. 4.21 c)) large and rather spherical grains with island regions of small

ones can be observed. Thus in stage B obviously most of the recrystallization takes

place. The grain size analysis with the grain area method yields a mean value of

832 nm assuming spherical grains. Hence, the free volume annealed out in stage B

(see Fig. 4.20) can be attributed to the removal of grain boundaries.

During stage C the grain growth continues, resulting in a mean grain size of 3.4µm

determined by the area method (Fig. 4.21 d)).

To reveal the entire microstructure of HPT-Ni in the as-prepared state, a SEM micro-

graph was made also in the radial direction (Fig. 4.22). The viewing direction is per-

pendicular to the HPT-axis with the axial direction vertical and the tangential direction

horizontal (see sketch in Fig. 4.22). A lamellar grain structure very similar to the SEM

micrograph in axial direction (Fig. 4.21 a)) can be observed. The grains are elongated

in the tangential direction with a tilt of ca. 10◦. This tilt of elongated grains has been

reported previously in HPT-deformed metals [5, 75]. The grain size analysis by means

of the line intercept method revealed a grain diameter in the preferential tangential di-

rection of dt = 295 nm and in the axial direction a slightly smaller value of da = 150 nm

compared to dr = 178 nm of Fig. 4.21 a). Summarizing, the grain shape can be described
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Figure 4.22: Scanning electron micrograph of HPT-Ni AR (deformation: 5 revolutions)

taken in radial direction. The magnification is 10 000. The sketch aside

shows the alignment of the micrograph with respect to the HPT axis as

well as the tilt of the grains. (For definition of the viewing direction see

Fig. 3.7.)

as ellipsoidal with the long axis in tangential direction and the ellipsoids slightly flat-

tened in axial direction.

Electron Backscatter Diffraction

In order to verify the grain size results determined by means of SEM, also electron

backscatter diffraction imaging (EBSD) was performed on the same Ni samples7. The

inverse pole figure maps of this analysis is shown in Fig. 4.23.

The grain size evaluation by means of grain maps yields mean grain sizes ranging from

a) 250 nm, b) 260 nm, c) 1.3µm to d) 2.3µm. The two latter values are less precise due

to a limited number of grains available for analysis. The evaluation parameters are

7 The EBSD measurements and evaluations were done by Dipl.-Ing. Klemens Jantscher and Univ.-Doz.

Dr. Peter Pölt, Graz University of Technology.
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(a) HPT-Ni AR (b) HPT-Ni 453K

(c) HPT-Ni 493K (d) HPT-Ni 673K

Figure 4.23: EBSD images (inverse pole figures maps) of HPT-Ni with 5 revolutions in

axial direction at different annealing steps. The magnification is ca. 12 000

in a) and b), 4 000 in c) and 3 000 in d).
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4 pixel for the minimal grain size (grains smaller than 4 pixel are omitted for analysis),

hexagonal-shaped pixels, 50 nm for the distance of the measuring points and 15◦ for

the minimal misorientation angle defining a grain boundary.

The EBSD grain size analysis excellently confirms the grain growth observed in stage

B already by SEM imaging. However, calculations requiring grain sizes are done with

the SEM grain size data due to the benefit to determine grain sizes in specific directions

easily.

Transmission electron microscopy

(a) HPT-Ni AR (b) HPT-Ni 453K

Figure 4.24: Transmission electron micrographs of HPT-Ni with 5 revolutions in axial

direction at room temperature and annealed at 453K. The magnification

is 52 000 in a) and 40 000 in b).

In order to investigate the microstructure during stage A more precisely, transmission

electron microscopy (TEM) was performed on the samples used also for SEM (Fig. 4.21
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a) and b)). The two resulting TEM images are presented in Fig. 4.24. Like in the SEM

micrograph the AR sample exhibits small elongated grains. Moreover a high number

of dislocations in almost all grains can be observed in the as-received state. After stage

A (Fig. 4.24 b)) the grain structure remains similar, whereas the dislocation density is

substantially reduced. In Chap. 5 a rough estimation of the amount of free volume

annealing in stage A due to the removal of dislocations is given.

Positron annihilation

Positron lifetime measurements with the standard laboratory equipment were per-

formed for the AR state. Saturation trapping with a lifetime of τ = 168 ± 2 ps was

revealed, which is slightly different to our previously published value of 178 ps [46]

but more accurate due to a better source correction (see Sec. 3.3.1). This lifetime lies in

between literature values for trapping at dislocations and at single vacancies [76, 77].

Figure 4.25: Doppler broadening S-parameter curve ( • ) and dilatometric difference

curve (- - -) of HPT-Ni upon heating.
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Like in the case of HPT-Fe (see Sec. 4.1.1) also HPT-Ni was investigated by means of

Doppler broadening measurements at the high-intensity positron beam at the FRM II

(see [46]). Again the non-linear heating program was recorded in order to perform sub-

sequent dilatometric measurements under the same conditions. The results are shown

in Fig. 4.25. Three stages of annealing can be distinguished. In the first one, no sub-

stantial change up to 380 K can be observed. The following stage, ranging from 380 K

to almost 460 K, a slight decrease of the S-parameter takes place followed by a steep

decrease at 460 K. The slight and the steep decrease can be identified as stage A and

stage B, respectively, sketched in Fig. 4.20.

This gets evident looking at the corresponding length change in Fig. 4.25 performed

with the identical temperature program. Dilatometry exhibits the characteristic slow

length shrinkage from 365 to 445 K (stage A) and the distinct sigmoidal-shaped one

(stage B) from 445 K up to the maximum temperature of 473 K as typical of HPT-

deformed Ni (see Fig. 4.20). Due to the reduced maximum temperature compared

with the measurement in Fig. 4.20 stage C here is not reached yet.

The following correlation between S-parameter and length change can be deduced (see

Fig. 4.26). In the AR state the grain boundaries as well as intragranular defects, i.e.,

vacancy-type defects and dislocations, provide many trapping centres for the positrons.

Due to saturation trapping the Doppler broadening S-parameter remains constant

upon annealing up to 380 K.

The slight decrease of the S-parameter in stage A (380 K - 460 K) indicates the anneal-

ing of free volume-type defects, since the in-situ measurement of a defect-free lattice

would actually result in an increase of the S-parameter due to the thermal expansion

of the lattice. An analogous behaviour could be observed for the W -parameter of Ni in

literature [69] (page 109). Taking into account the constant crystallite size in this stage

(see SEM, Fig. 4.21), the decrease of S-parameter and length indicates the annealing of
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(a) as received (b) after stage A (c) after stage B

Figure 4.26: Positron trapping scheme at different annealing stages of HPT-deformed

Ni. The various types of e+-traps are indicated; square grid: grain bound-

aries, ⊥: dislocations, �: vacancy-type defects, shaded circle: regime

probed by diffusing e+.

vacancies and dislocations resulting in the situation sketched in Fig. 4.26 b). This con-

clusion is supported by comparing the trapping rates at vacancies and at grain bound-

aries. The value of annealed free volume in stage A amounts to 4.5× 10−4. Attributing

this value to the concentration of vacancies yield a trapping rate of σvCv = 23×1010 s−1,

taking into account a specific vacancy trapping rate of σv = 5× 1014 s−1. In contrast the

trapping rate at grain boundaries calculates to 3α/r = 3×1010 s−1 [40] with the specific

grain boundary trapping rate α = 103 m2s−1 and a mean grain radius of r = 100 nm.

This more than seven times lower trapping rate at grain boundaries indicates a change

of the positron trapping characteristics from saturation trapping at lattice vacancies

below stage A to saturation trapping at grain boundaries above stage A.

Stage B is characterised by a steep decrease of the S-parameter and the relative length

change, in which a distinct displacement of these two curves of about 20 K is striking.

The SEM images of Fig. 4.21 show strong grain growth in this stage. As it is sketched

in Fig. 4.26 b) the positrons diffusion length L+ is larger than the mean grain radius r
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at the beginning of stage B. At the onset of grain growth the positrons can still reach

the grain boundaries. Only when the crystallite size substantially exceeds the mean

diffusion length L+ (Fig. 4.26 c)) the S-parameter decreases dramatically. For a typical

value for L+ in metals is 200 nm, positrons start to annihilate from the defect-free state

for grain sizes larger than 400 nm in diameter. Beyond stage B positron annihilation in

the free state becomes more and more predominant.

4.3.2 Orientation-dependent measurements

Similar as for high-purity HPT-Fe (Sec. 4.1.4) also HPT-Ni was analyzed regarding

the spatial orientation of the dilatometry samples. Fig. 4.27 shows dilatometric mea-

surements in axial, radial and tangential direction applying the same heating rate of

3 K/min (for definition of the directions see Fig. 3.8). The different stages defined from

the axial measurement can clearly be seen also in the radial and tangential case. The

minimum peaks of the derivative, characterizing the maximum transition during re-

crystallization, are located at the same temperature of 475± 2 K.

Whereas a relative length shrinkage can be observed for the axial and the radial sam-

ple in all stages, the stage A of the tangential sample is characterized by a distinct

elongation. This behaviour was observed for all measurements in tangential direction.

The anisotropic length change behaviour can also be observed considering the total

relative length change in the different orientations. Whereas the stroke for axial sam-

ple amounts to −4.1 × 10−4, it is only −2.5 × 10−4 for the radial and even smaller

(−1.4 × 10−4) for the tangentially orientated sample. Tab. 4.8 summarizes the radial

and tangential measurements.

The substantial difference of the relative length changes in stage B between the axial

and the tangential samples is used for calculations of the grain boundary excess vol-

ume (see Chap. 5).

Since HPT-Ni in the AR state exhibits a strong microstructural anisotropy (Fig. 4.21 a)),

anisotropic annealing of free volume could be a possible explanation for the elongation
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(a) HPT-Ni axial (b) HPT-Ni radial

(c) HPT-Ni tangential

Figure 4.27: Dilatometric difference curves (—) of HPT-Ni in a) axial, b) radial and

c) tangential direction upon linear heating with 3K/min up to 673K

and derivatives after smoothing (- - -). For definition of the directions see

Fig. 3.8.
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Table 4.8: Dilatometric measurements on HPT-Ni in radial and tangential direction.

Heating rate δ (in [K/min]), mean equivalent strain ε, according to Eq. 3.1

and 3.2 (∆ε = 3), the relative length changes ∆`/`0 (in [10−4]) in total and

for the stages A and B, the temperatures Tp,A (in [K]) at the beginning of

the elongation, Tp,B ([K]) at the minimum peaks of the derivatives in stage B.

For the error analysis see Sec. 3.2.1. The maximum temperature was 673K.

HPT-Ni 5r tangential

δ ε ∆`/`0,tot ∆`/`0,A ∆`/`0,B Tp,A Tp,B

3.0 26 -1.3 +0.7 -1.1 367 476

3.0 26 -2.2 +0.8 -1.0 361 477

6.0 26 -0.1 +0.5 -0.7 401 486

6.0 26 -0.9 +0.4 -0.8 394 487

HPT-Ni 5r radial

δ ε ∆`/`0,tot ∆`/`0,A ∆`/`0,B Tp,A Tp,B

3.0 23 -2.6 -0.8 -1.2 - 473
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prior recrystallization. A model for the anisotropic annealing of vacancies is presented

in detail in Chap. 5.

Another explanation for the elongation of the tangential samples in stage A could be

the presence of macrostresses (residual stress of first order) in the HPT samples. In

order to clarify this item, XRD-studies were initiated in collaboration with J. Keckes8.

Preliminar first results of these measurements are as follows. The XRD method used

was the the sin2 ψ method [78, 79], in which the sample is measured with the azimuth

at ϕ = 0 at different tilt angles ψ.

For the macrostress analysis a cross-section of a large HPT-Ni sample with dimensions

of ca. 20 × 7 × 3 mm3 was prepared. The radial viewing direction allows the stress

analysis in both, axial and tangential direction (cf. Fig. 3.7). Prior to measurements the

sample was etched for 30 min in a solution of diluted nitric acid and copper(II) sulfate

for elimination of potential preparation-induced stresses. The following macrostress

analysis yielded no indication for compressive stresses neither in axial nor in tangential

direction.

4.3.3 Stage B: more detailed analysis

The dilatometric measurements on HPT-Ni showed different amounts of length shrink-

age in the recrystallization stage B for different orientated samples. Fig. 4.28 illustrates

this issue for an axial and a tangential measurement. In addition, the dilatometric sam-

ples with the corresponding grain orientations are schematically depicted.

In total, 12 axial and 3 tangential measurements were performed with all samples pre-

pared from the same HPT disc. Fig. 4.29 shows ∆`/`0,tot of these measurements, indi-

cating the mean values and standard deviations. For the axial measurements ∆`/`0,mean

8 The XRD measurements and evaluations were done by Prof. Dr. Jozef Keckes, Leoben University.
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Figure 4.28: Dilatometric measurements of the recrystallization stage (stage B) of axial

(—) and tangential (- - -) HPT-Ni samples. The ∆`/`0 curves are mutually

shifted for better comparison (cf. Fig. 4.27).
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Figure 4.29: Absolute relative length change values in recrystallization stage B of 12

samples in axial (•) and 3 samples in tangential direction (•). Solid and

dashed lines indicate the mean values and standard deviations, respectively.

amounts to (−1.76 ± 0.20) × 10−4 and for the tangential direction a mean value of

(−0.85± 0.24)× 10−4 is obtained. These relative length change data – together with the

grain sizes in the different measuring directions – can be used to determine the excess

free volume (volume expansion) of a grain boundary in Ni. For the calculation see

Chap. 5.

4.3.4 Analysis of kinetics

Since the dilatometric measurements on HPT-Ni were performed at different heating

rates, the annealing kinetics can be studied. As it can be seen in Tab. 4.7 the minimum

peak temperature Tp for the stage B shifts to higher temperatures with increasing heat-

ing rate. Fig. 4.30 shows this shift for the recrystallization stage in detail.
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Figure 4.30: Dilatometric difference curve (—) of HPT-Ni upon linear heating with

6K/min up to 673K. The insert shows stage B for the measurements ap-

plying heating rate of 0.3, 1.5, 3, 6 and 10K/min (curves from left to

right).
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The semilog Kissinger plot resulting from the analysis of the shift of Tp is shown in

Fig. 4.31. With the slope of the regression line an activation energy ofQ = 1.20±0.04 eV

according to Eq. 3.9 is obtained.

Figure 4.31: Kissinger plot (•) of HPT-Ni with 5 revolution and the appropriate regres-

sion line (- - -). The calculated activation energyQ amounts to 1.20±0.04 eV

according to Eq. 3.9.

In addition to the above mentioned standard method of Kissinger, the recrystallization

kinetics are furthermore analyzed by means of the more sophisticated theory of John-

son and Mehl [80], Avrami [81] as well as Kolmogorov [82] adapted for non-isothermal

heating treatment. This analysis takes into account not only the shift but also the shape

of the dilatometric difference curve.

The isothermal approach of Johnson-Mehl-Avrami-Kolmogorov (JMAK) describes the

fraction fA(t) of transformed material as:
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fA(t) = 1− exp [− (K(T )t)n] (4.4)

at the time t and the temperature T with the Avrami exponent n and the rate constant

K(T ). Its time derivative reads as follows:

dfA

dt
= n(1− fA) [− ln(1− fA)]

(n−1)
n K(T ) . (4.5)

For the rate constant K(T ) an Arrhenius-type temperature dependence behaviour is

assumed:

K(T ) = K0 · exp

(
− Q

kBT

)
(4.6)

with the pre-exponential factorK0, the activation energyQ and the Boltzmann constant

kB. Considering T as a function of time and dT/dt =: δ one can integrate Eq. 4.5

directly separating fA and T [83]. This yields the non-isothermal solution [84]:

fA(t) = 1− exp

[
−
(
K0Q

kBδ

∫ ∞
x

exp(−x)

x2
dx

)n]
(4.7)

with x =
Q

kBT (t)
. (4.8)

The pre-exponential factorK0 is correlated with the factorA of the method of Kissinger

(Eq. 3.9) by the following equation:

A =
kBK0

Q
. (4.9)

The numerical analysis was performed by means of a least-square fit according Eq. 4.7

and 4.8. The result is plotted in Fig. 4.32. Numerical fits yield Q = 1.20 eV for the
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activation energy, K0 = 1.92 × 1010 s−1 for the pre-exponential factor, and n = 2.17 for

the Avrami exponent.

Figure 4.32: Normalized dilatometric difference curves of the recrystallization stage B

in HPT-Ni showing the heating-rate dependent measured shift (· · · ) (cf.

insert in Fig. 4.30) and the non-isothermal JMAK kinetics based modeling

(—). 1− fA denotes the fraction of the non-recrystallized material at the

temperature T .

The pre-exponential factor K0 derived from the factor A of the Kissinger analysis

amounts to K0 = (2.4± 0.7)× 1010 s−1 according to Eq. 4.9.

In summary, both the standard Kissinger analysis as well as the more sophisticated

JMAK-analysis adapted for linear heating yield kinetic data in excellent agreement.
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4.4 Copper

Copper was the second investigated metal with fcc crystal structure. Four different

samples were HPT deformed. Besides to dilatometric studies, SEM and positron an-

nihilation, as well as differential scanning calorimetry (DSC) and residual electrical

resistivity measurements (RER) were performed.

Two HPT billets, in the following labelled as Cu A and Cu B9, with a purity of 99.99 %

were HPT deformed with 3 revolutions and 2.65 GPa resulting in a disk of d = 30 mm in

diameter and h = 3.5 mm of height. Two thicker billets (Cu C and Cu D) with a purity

of 99.995 % (see Tab. 4.9 for the chemical analysis) were deformed with 6 revolutions

and 2.2 GPa and yielded a large HPT disk of d = 30 mm and h = 7 mm.

Table 4.9: Chemical analysis of copper used for sample series C and D according to

specification of manufacturer (Alfa Aesar GmbH & Co KG). Elements with

concentrations less than 1 ppm are omitted.

Sample Elements and concentration [weight ppm]

Cu C,D
Ag As Ni O P Pb S Sb Se Sn

8.0 1.0 1.0 2.0 2.0 1.0 8.0 1.0 2.0 1.0

4.4.1 Annealing behaviour and microstructure

For HPT-Cu a saturation deformation of ε ≈ 12 is specified according to [66]. Hafok et

al. [74] denote a value of ε ≈ 8 for Cu of the same purity like Cu C and Cu D. There-

fore, all samples were prepared from parts of the HPT discs located at radii larger than

4 mm in order to guarantee saturation deformation according to Eq. 3.1 and 3.2.

9 The samples Cu A and Cu B were HPT deformed and prepared by Dr. Daria Setman, Vienna

University.
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Figure 4.33: Dilatometric difference curve (—) of HPT-Cu A upon linear heating with

3K/min up to 623K, the derivative after smoothing (- - -) showing one pro-

nounced minimum peak at 408K, and A, B and C indicating the different

annealing stages.
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In Fig. 4.33 a dilatometric relative length change curve of HPT-Cu A at a heating rate of

3 K/min up to 623 K with the corresponding derivative is presented. Like in the case of

HPT-Ni, several sub-stages in the length shrinkage can be clearly distinguished. Stage

A exhibits a smaller relative length change compared to Ni and reaches only up to

372 K. It is followed by stage B, ranging from 372 K to 435 K, which shows a distinct

sigmoidal length change, rather similar to the recrystallization stage of Ni. The major

difference compared to Ni is stage C from 435 K to 623 K. In the case of HPT-Cu this

stage is characteristic for all measurements and yields a major contribution to the total

relative length change.

Tab. 4.10 summarizes all dilatometric measurements, including the results for differ-

ent sample orientation.The Cu A and Cu B samples were prepared perpendicular to

the HPT axis (in plane) without specifying the direction any further. The results can be

subsumed as follows:

• In contrast to Ni the length change characteristics is rather similar for all direc-

tions.

• No systematic dependence of the total relative length change ∆`/`0,tot on the

equivalent strain ε can be observed.

• The minimum peak temperatures Tp,B shift to higher temperatures with increas-

ing heating rate.

• For the samples prepared from the large HPT disc (Cu C, Cu D) Tp,B is about 30 K

higher compared to Cu A and Cu B.

Fig. 4.34 shows SEM micrographs of HPT-Cu B in the as-received state, after stage B at

428 K and at the maximum temperature of 623 K. In the as-received state a microstruc-

ture with slightly elongated grains can be observed. The grain size analysis revealed a
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Table 4.10: Dilatometric measurements on HPT-Cu. Heating rate δ (in [K/min]), equiv-

alent strain ε, according to Eq. 3.1 and 3.2 (uncertainty ∆ε = 3), the relative

length changes ∆`/`0 (in [10−4]) in total and for stage B, the peak temper-

atures Tp,B (in [K]) for stage B as well as the sample orientation. The

maximum temperature was 623K for Cu A (1.5 and 3K/min) and for Cu

B; 673K for all other measurements. For the error analysis see Sec. 3.2.1.

For definition of axial, tangential and radial see Fig. 3.8.

HPT-Cu A

δ ε ∆`/`0,tot ∆`/`0,B Tp,B orientation

1.5 29 -2.7 -1.1 401 in plane

3.0 38 -5.3 -1.9 408 in plane

6.0 23 -8.4 -2.7 424 in plane

HPT-Cu B

1.5 39 -1.7 -1.0 400 in plane

3.0 39 -2.1 -1.0 410 in plane

6.0 39 -3.3 -0.9 425 in plane

HPT-Cu C

3.0 22 -5.7 -1.8 433 axial

3.0 25 -3.7 -1.1 439 tang.

3.0 29 -4.3 -1.2 436 radial

HPT-Cu D

1.25 39 -8.9 -2.1 421 axial

1.25 26 -9.5 -2.4 414 axial

2.5 27 -6.1 -1.4 426 axial

5.0 34 -5.6 -1.8 438 axial

5.0 25 -7.2 -2.2 444 tang.

5.0 29 -6.2 -1.6 442 radial

10.0 30 -9.6 -1.9 453 axial
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(a) HPT-Cu B AR (b) HPT-Cu B 428K

(c) HPT-Cu B 623K

Figure 4.34: Scanning electron micrographs of HPT-Cu B with 3 revolutions in radial

viewing direction at different annealing steps. The magnification is 10 000

for all micrographs.

87



Chapter 4 EXPERIMENTAL RESULTS

mean grain size of d = 242 nm. After stage B an isotropic recrystallized microstructure

occurs with twinning in parts of the grains. The grain size in this state amounts to

d = 790 nm (Fig. 4.34 b)). During stage C the grain growth and twinning are proceed-

ing resulting in a diameter of d = 1.54µm.

(a) HPT-Cu D AR (b) HPT-Cu D 723K

Figure 4.35: Scanning electron micrographs of HPT-Cu D with 6 revolutions in axial

direction a) in the as-prepared state at a magnification of 28 000, and b)

after annealing at 723K at a magnification of 1 000.

The SEM micrographs of HPT-Cu D (Fig. 4.35) revealed a rather similar picture com-

pared to HPT-Cu B. The grain size analysis of the as-prepared state by means of the

line intercept method yielded a slightly larger diameter of 257 nm. However, no elon-

gation of the grains can be observed. For the sample annealed at 723 K a diameter of

7.73µm could be deduced. This larger size compared to HPT-Cu B (cf. Fig. 4.34 c)) is

due to the higher annealing temperature employed for HPT-Cu D.

A more detailed picture of the microstructure prior to stage C is obtained from trans-

mission electron microscopy (TEM). The TEM micrograph of a HPT-CU B sample an-

nealed at 420 K (Fig. 4.36) shows relatively large twinned grains with a grain size sim-
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Figure 4.36: Transmission electron microscopy image of HPT-Cu B with 3 revolutions

in radial direction annealed at 420K. The magnification is 17 500.

ilar to that of the SEM micrograph (cf. Fig. 4.34 b)). Some dislocations mostly at grain

boundaries can be observed.

Positron annihilation

Positron lifetime spectroscopy in the standard laboratory technique was performed for

HPT Cu A in the as-prepared state and for HPT Cu D after stage B. For the as-prepared

Cu A one single lifetime of 170 ± 2 ps could be determined, which is slightly differ-

ent to our previously published result of 160 ps [46] but more accurate due to a better

source correction (see Sec. 3.3.1). This value lies in the typical regime of e+-lifetimes at

monovacancies and dislocations in copper [85, 86].

To determine the structural defects still present after the recrystallization stage B the

HPT Cu D sample was annealed up to 458 K (i.e. up to the end of stage B), and cooled

down rapidly. Apart from a short positron lifetime of τ1 = 74 ps with 28.4 %, a defect
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lifetime of τd = 160 ps with 71.6 % was revealed. A mean lifetime of τm = 136 ps and –

according to the simple e+ trapping model – a bulk lifetime of τb = 121 ps is obtained

from τ1, τd and the corresponding intensities. Literature values for τb ranging from 122

[85] to 130 ps [86] confirm the applicability of the simple trapping model.

The in-situ Doppler broadening measurements at the high-intensity positron beam at

the FRM II delivered similar results compared to HPT-Ni (see Sec. 4.3.1). Fig. 4.37

shows the S-parameter in dependence of the heating temperature T . The tempera-

ture program was recorded in order to perform a dilatometric measurement under the

same conditions. The Cu samples used for positron annihilation and dilatometry were

prepared out of the same HPT disk Cu C.

Figure 4.37: Doppler broadening S-parameter ( • ) and dilatometric difference curve

(- - -) of HPT-Cu C upon heating.

The S-parameter remains constant up to 400 K due to saturation trapping of positrons.

In stage A from 400 to 430 K S decreases slowly. Afterwards from 430 K to the max-

imum temperature of 464 K a steep S-parameter decrease is observed (stage B). This

is in good accordance with positron lifetime measurements (see above), where at a
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temperature of 458 K positron annihilation partially in the defect-free bulk could be

detected.

Stage A in the dilatometric difference curve sets in at ca. 330 K and reaches up to ca.

410 K showing a moderate length shrinkage. From 410 K to 450 K a steep decrease of

∆`/`0 can be observed.

As described in detail in Sec. 4.3.1, the annealing behaviour in Fig. 4.37 can be under-

stood by means of the scheme shown in Fig. 4.26 considering also the SEM micrographs

of the corresponding annealing stages (Fig. 4.34). In summary, annealing of vacancies-

type defects and dislocations takes place in stage A. In stage B grain growth occurs

causing the observed decrease of the S-parameter and of ∆`/`0. The displacement of

the two curves in stage B can be explained with the positron diffusion length, which is

at the beginning of the recrystallization sufficiently large for the positrons to reach the

grain boundaries (see Fig. 4.26).

4.4.2 Orientation-dependent measurement

In contrast to HPT-Fe and HPT-Ni, where the dilatometric measurements revealed

a continuous shrinkage in axial and a partial elongation in tangential direction (see

Sec. 4.1.4 and 4.3.2), HPT-Cu showed a different behaviour regarding the sample ori-

entation. Fig. 4.38 exhibits the relative length change curves in the three orthogonal

directions for HPT-Cu D at a heating rate of 5 K/min. No substantial differences in

the annealing behaviour can be observed. The differences between the total length

changes discernible in Fig. 4.38 are within the statistical error. (cf. Tab. 4.10).

The reason for the different dilatometric result of the tangential Cu sample compared

to the tangential Ni sample can possibly found in the different microstructure of the

materials. This issue is discussed in detail in Chap. 5.
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(a) HPT-Cu D axial (b) HPT-Cu D radial

(c) HPT-Cu D tangential

Figure 4.38: Dilatometric difference curves (—) of HPT-Cu D in a) axial, b) radial

and c) tangential direction upon linear heating with 5K/min up to 673K

and derivatives after smoothing (- - -). For definition of the directions see

Fig. 3.8.
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4.4.3 Analysis of kinetics

The recrystallization kinetics of HPT-Cu can be deduced from the Kissinger analysis

of the dilatometric data (see Sec. 3.2.4). Different heating rates ranging from 1.25 to

10 K/min were applied for the samples A, B, and D, causing a shift of the minimum

peak of the derivatives (cf. Tab. 4.10). The temperature of the minimum peak Tp,B

together with the corresponding heating rate δ is shown in Fig. 4.39 in the Kissinger

representation.

Figure 4.39: Kissinger plot of HPT-Cu A (•), HPT-Cu B (H) and HPT-Cu D (F). Tp,B:

Minimum peak temperatures (see Tab. 4.10). δ: Heating rate (δ = 1.25 to

10K/min). - - -: Linear Arrhenius-type fit.

According to Eq. 3.9 the slope of the regression lines can be used to calculate the acti-

vation energies Q of the recrystallization process. For sample series A, B, and D values

of Q of 0.92± 0.07 , 0.89± 0.02 and 1.02± 0.01 eV are obtained, respectively. The errors

are deduced from the regression analysis.
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Enhanced values of both Q and Tp can be observed for the sample series D compared

to A and B. This is remarkable since the samples D are of slightly higher purity, thus

containing less stabilizing impurities. The reason for this behaviour can be found in

the lower pressure applied during HPT deformation (2.2 for D vs. 2.65 GPa for sample

series A and B). Indeed, as reported by Setman et al. [9] from DSC measurements on

HPT-Cu, the minimum peak temperatures Tp as well as the activation energy Q are

enhanced for low HPT pressure compared to high pressure. A lower total strain has

the same effect [9].

4.4.4 Comparison with differential scanning calorimetry

The kinetics of recrystallization was also studied exemplary for sample series D by

means of differential scanning calorimetry (DSC)10. For that purpose 14 samples at

three different positions in the HPT-disk were prepared. Six samples were cut out at a

radius of r = 9 mm (ε = 28) at different heights in the disk. Four samples were each

prepared at radii of r = 9.3 and r = 7.3 mm which corresponds to an equivalent strain

of ε = 29 and 23, respectively. Thus, all samples are in saturation deformation.

By means of a power-compensated DSC (Perkin Elmer DSC7) the heat flow difference

upon linear heating of a HPT sample is measured. A subsequent re-run of the mea-

surement served as reference. Defect annealing can be monitored by DSC owing to the

exothermic heat flow associated with the annealing process. The total heat release is

related to the specific annealing process as well as to the concentration of annealing

defects [87].

10 The DSC preparation, measurements and evaluation were done by Dr. Daria Setman, University of

Vienna.

94



Copper 4.4

Figure 4.40: DSC heat flow (—) as well as relative length change (- - -) of HPT Cu D

upon annealing up to 673K with 5K/min. The vertical lines indicate stage

B as revealed from dilatometry.
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All DSC measurements on HPT Cu D exhibit one exothermic peak centered in a tem-

perature range where the recrystallization stage B in the dilatometric measurements

was observed. Fig. 4.40 shows exemplarily a DSC curve together with a dilatometric

measurement.

Applying higher heating rates caused a shifting of the DSC peak to higher temperature.

The corresponding Kissinger plots of the samples at r = 9, 7.3, and 9.3 mm are shown

in Fig. 4.41. The Kissinger analysis (Sec. 3.2.4) yields an activation energy Q of 1.03 ±
0.02 eV for the samples at r = 7.3 and 9.3 mm, and of 0.94 ± 0.06 eV for those at r =

9 mm. The higher error in the last result may be due to inhomogenities across the

height of the disk (see Sec. 3.1).

Figure 4.41: Kissinger plots of HPT-Cu D with 6 revolutions determined by means of

dilatometry (•), DSC (r = 7.3mm �, 9.3mm H, 9mm ×), and RER

(F) with heating rates ranging from 1.25 to 50K/min and the appropriate

regression lines (- - -). For the single RER point see Sec. 4.4.5.
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For comparison, Fig. 4.41 also shows the Kissinger analysis results derived by dilatom-

etry (HPT-Cu D, Fig. 4.39). A single point determined by means of residual electrical

resistance measurements (RER, see Sec. 4.4.5) assuming a pseudo-heating rate is also

shown for the sake of completeness.

Although the temperatures of the dilatometry peaks are located at general lower tem-

peratures, the dilatometry temperature range of stage B fits perfectly to the tempera-

ture range of energy release determined by DSC (see Fig. 4.40). Since stage B in the

dilatometric measurements could be related to recrystallization, the released enthalpy

∆H can be attributed to grain boundaries. ∆H is determined from the area of the DSC

peak in stage B. The mean enthalpy value deduced from all DSC measurements per-

formed on HPT-Cu D amounts to ∆H = −0.92± 0.07 J/g.

The released enthalpy ∆H is connected to the the grain boundary energy γ according

to following: In a simple model of cubic crystals with size d the ratio of total area of

interfaces to volume amounts to 3d2/d3 = 3/d. The released enthalpy ∆HV per unit

volume therefore yields 3γ/d, which corresponds per unit mass to ∆Hm = 3γ/(ρ d)

with ρ the mass density. Written in terms of γ,

γ =
∆Hmρ d

3
(4.10)

is obtained. Attributing the mean value of the released enthalpy ∆H of 0.92± 0.07 J/g

to the removal of grain boundaries totally, and taking the initial grain size d of 257 ±
10 nm (deduced from SEM, Fig. 4.35), a grain boundary energy of γ = 0.70± 0.08 Jm−2

is obtained taking into account the bulk density ρCu = 8.92 g/cm3. This value is re-

ported to be typical of relaxed grain boundaries in Cu [88].

In summary, DSC shows, that grain boundaries which disappear in stage B are in a

relaxed state.
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4.4.5 Comparison with residual electrical resistance measurements

For HPT-Cu also residual electrical resistance (RER) measurements were performed11.

Since lattice defects give rise to charge carrier scattering, RER similar to DSC and

dilatometry can be applied for studies of defect annealing.

By means of spark erosion two samples in axial direction (see Fig. 3.8) with an equiv-

alent strain of ε = 37 were prepared. The resistance was measured at liquid helium

temperature by means of the conventional four-wire method. After each measurement

the samples were annealed isochronally for 10 min in steps of 20 K. This corresponds

to a pseudo-heating rate of 2 K/min. For temperatures below 473 K, the temperature

treatment was made in an oil bath, for temperatures beyond in Ar atmosphere. By

subtracting the residual resistance at the final annealing step, the relative resistance

change ∆ρ/ρ0 was determined.

Fig. 4.42 exhibits the resulting RER change curve. The relative resistivity given for

each annealing step represents the mean value of two rather similar measurements

performed on the identically prepared samples. A dilatometric measurement of Cu D

with a similar heating rate of 2.5 K/min is superimposed.

In the resistance change three distinct sub-stages can be discerned, clearly identifiable

as the characteristic annealing stages A, B, and C from the relative length change mea-

surements. This similarity of the RER and the dilatometry curves is remarkable.

Differentiating the RER measurement curve, a plot similar to the DSC measurements

is obtained (not shown). The minimum peak temperature of the derivative at ca. 433 K

together with the pseudo-heating rate of 2 K/min were used as proof for the Kissinger

analysis of HPT Cu D (see Fig. 4.41).

11 The RER preparation, measurements and evaluation were done by Dr. Daria Setman, University of

Vienna.
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Figure 4.42: Relative electrical resistance change ( • ) of HPT-Cu D in dependence of

the annealing temperature. ∆ρ/ρ0 is the average of two RERmeasurements

on two identical samples. A dilatometric length change curve (- - -) of Cu

D with a similar heating rate of 2.5K/min is superimposed. The annealing

stages A, B, and C are indicated by dotted vertical lines.

99





5
DISCUSSION

Bulk nano- to ultra-fine grained samples of Fe, Ta, Ni and Cu – synthesized by means

of high pressure torsion – were analyzed by a multitude of methods. Systematic inves-

tigations were performed with dilatometry and positron annihilation regarding type

and amount of defects as well as the defect annealing kinetics. The microstructure was

analyzed by means of electron microscopy (SEM and TEM) and microhardness mea-

surements. Influences of the sample purity and sample orientation could be discerned.

In the following the kinetics of defect annealing, the fundamental parameter of grain

boundary excess volume, the total free volume and its origin as well as the issue of

anisotropy is discussed. We start the discussion with an overview of the HPT samples,

the grain size achieved by HPT deformation, and the mean total volume reduction as

determined by dilatometry (see Tab. 5.1).

As the comparison in Tab. 5.1 shows, the microstructure depends on the melting point

as well as on the purity of the corresponding metal. The smallest grains could be

achieved in the case of Ta, which has the highest melting point of Tm = 3290 K. A com-
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Table 5.1: Overview of the HPT metals studied in the present work, with the grain size

d1 in the as-received state and the total volume reduction ∆V/V0,tot deduced

from the mean total relative length changes upon annealing (Eq. 3.4).

HPT samples overview

Material d1 [nm] ∆V/V0,tot [10−4]

Armco-Fe 144 20 - 30

HP-Fe 320 30

Ta 50 - 100 9

Ni 150 14

Cu A,B 242 12

Cu C,D 257 20

paratively larger grain size was observed for Cu with Tm = 1358 K.

However, the largest grain size after HPT deformation occured for high-purity Fe.

Comparing the grain sizes of ARMCO-Fe and HP-Fe in saturation deformation, a strong

dependence on the sample purity is obvious. This issue has already been investigated

more detailed and can be explained with a dynamic recrystallization during the defor-

mation due to the lack of stabilizing impurities [5].

The total volume reduction ∆V/V0,tot – deduced from the mean total relative length

changes upon annealing – is ranging from 9 to 30 × 10−4. The smallest value was re-

vealed for Ta, for which almost no recrystallization could be observed upon annealing

at 773 K. For the other materials, showing strong grain growth upon annealing, an es-

timation of the amount of free volume, localized at the various defects, is given in the

section total free volume (see below).
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Kinetics of annealing

In the present work dilatometry proved to be an excellent method to study defect kinet-

ics of HPT deformed materials, owing to the possibility of defect annealing measure-

ments in dependence of the heating rate. The results were evaluated applying thermal

analysis methods such as the method of Kissinger (see Sec. 3.2.4). In the case of Ni, the

theory of Johnson, Mehl, Avrami and Kolmogorov [80–82] for isothermal transforma-

tion processes was used in addition, by adapting this JMAK-theory for non-isothermal

linear heating treatment as it was done by Henderson ([83], see Sec. 4.3.4).

For the fcc metals the analysis of kinetics was employed for stage B exclusively, yield-

ing the activation energy for recrystallization. In the case of the bcc metals, only one

broad annealing stage was observed. Hence, the determined activation energy has to

be considered as an average of the whole annealing process, including the removal

of vacancy-type defects and dislocations. Tab. 5.2 summarizes the activation ener-

gies of defect annealing which were deduced in Chap. 4. Literature data are listed for

comparison. It is important to mention, that the definition of the rate constant K has

to be taken into account when comparing the respective activation energies. JMAK

1 stands for an annealed fraction fA(t) defined by 1 − exp [− (Kt)n] and JMAK 2 for

fA(t) = 1− exp [−Ktn].

The values for HPT-Fe are all lying in a similar regime of ca. 0.7 - 0.8 eV and compare

very well to the literature value of Voronova et al. [70]. The slight differences between

the measurement in this work are probably caused by some unknown parameters in

the HPT processing.

Regarding the activation energy of the annealing of HPT-Ta, literature data are scarce.

A comparison with literature values of the migration energy of vacancies may be inter-

esting, since hardly any recrystallization could be observed. Investigations of vacancy

diffusion in Ta by means of high-voltage electron microscopy revealed an activation
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Table 5.2: Recrystallization activation energies of HPT samples determined in the

present work by means of dilatometry and DSC in comparison to literature

values.

Fe

Processing Exp.Method Analysis Q [eV] Reference

HPT (Armco 5r) Dilatometry Kissinger 0.83± 0.03 this work (Fig. 4.11)

HPT (Armco 8r) Dilatometry Kissinger 0.69± 0.05 this work (Fig. 4.11)

HPT (HP-Fe) Dilatometry Kissinger 0.75± 0.02 this work (Sec. 4.1.3, [52])

HPT SEM rate change calc. 0.93± 0.10 Voronova et al. [70]

Ta

HPT Dilatometry Kissinger 1.18± 0.02 this work (Fig. 4.19)

Ni

HPT Dilatometry JMAK 1 1.20± 0.01 this work (Fig. 4.32, [73])

HPT Dilatometry Kissinger 1.20± 0.04 this work (Fig. 4.31, [73])

HPT DSC Kissinger 0.95 Setman et al. [9]

Cold worked TEM JMAK 2 1.22 – 1.30 Detert and Dressler [89]

Cu

HPT (Cu A) Dilatometry Kissinger 0.92± 0.07 this work (Fig. 4.39)

HPT (Cu B) Dilatometry Kissinger 0.89± 0.02 this work (Fig. 4.39)

HPT (Cu D) Dilatometry Kissinger 1.02± 0.01 this work (Fig. 4.39)

HPT (Cu D) DSC Kissinger 1.03± 0.02 this work (Fig. 4.41)

HPT DSC Kissinger 0.48− 0.78 Setman et al. [9]

HPT PALS Göhler-Sachs 1.0± 0.1 Číček et al. [42]

ECAP DSC Kissinger 0.80± 0.06 Cao et al. [90]

ECAP FIB JMAK 1 1.68± 0.10 Amouyal et al. [91]

ECAP microhardness JMAK 2 0.68 Molodova et al. [92]
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enthalpy for vacancy migration of 1.1 ± 0.2 eV [93] and molecular dynamics simula-

tions of point defects in bcc metals with the embedded atom method yielded a value

of Q = 0.96 eV for monovacancies in Ta [94]. The excellent accordance of our value

with these studies suggests the involvement of vacancies in the annealing process.

For HPT-Ni an activation energy of 1.20 eV is determined both by means of non-

isothermal JMAK 1 modeling and by means of the Kissinger method. This is

somewhat higher than literature values for HPT-Ni determined by DSC (0.95 eV, [9]).

Detert and Dressler [89] reported 1.22 - 1.30 eV with an Avrami exponent of 1.38 for

cold-worked Ni using the definition of JMAK 2. This corresponds to 0.88 - 0.94 eV

according to the definition of JMAK 1, which again is lower than our value. On the

other hand, the present value found for Ni nicely fits to that of Cu if the different

melting points Tm are taken into consideration. Indeed, scaling the value of 1.2 eV

with the ratio factor Tm,Ni/Tm,Cu = 1.27 yields a value of 0.94 eV for Cu.

The measured values for Cu are lying in the range from ca. 0.91 eV for Cu A and B up

to 1.02 eV for Cu D. DSC measurements on the same sample Cu D yielded a value of

1.03 eV. The reason for the lower values for the sample series A and B can be found in

the higher pressure applied during HPT deformation. For Cu the activation energy Q

is reported to decrease with increasing HPT pressure [9].

In comparison, the values of Číček et al. (1.0 eV [42]) for HPT-Cu and Cao et al. (0.8 eV

[90]) for ECAP-Cu match our values very well. The results of Setman et al. and

Molodova et al. are considerably lower; the authors explain the low values by the

increased shear strain, known to decrease the activation energy [9, 92]. A remarkably

higher value of 1.68 eV, caused by O and P impurities segregating at grain boundaries,

was observed by Amouyal et al. [91].
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Grain boundary excess volume

The excess free volume of a grain boundary compared to the perfect lattice – the vol-

ume expansion eGB – represents a key parameter for the physics of grain boundaries

and is hardly quantifiable directly. Because of the mismatch of the lattice at grain

boundaries, the total number of atoms in a polycrystalline single-phase solid occupies

more volume than it would be the case if arranged perfectly in a single crystal. Given

that no other lattice defects are present, the grain boundary excess volume eGB can

be determined from the macroscopic volume change upon grain growth. The grain

boundary excess volume is then defined as the fraction of volume change to grain

boundary unit area and has the dimension of a length ([m3/m2]). The grain boundary

excess volume should not be confused with the grain boundary thickness δGB, usually

of the order of 0.5 - 1 nm [95].

As the dilatometric studies of HPT-Ni have shown, the annealing of HPT-Ni occurs

in two stages A and B. In combination with positron annihilation, SEM, and literature

data [96, 97], it can be concluded, that in stage A annealing of vacancies and dislo-

cations takes place, whereas stage B is due to the removal of grain boundaries (see

Sec. 4.3.1).

Within stage A in HPT-Ni, the mean grain size does not change significantly as was

confirmed by the grain size analysis of the SEM micrographs (see Fig. 4.21). Actually,

a slight decrease of the grain size in radial direction due to a rearrangement of disloca-

tions could be observed. The stability of grains during stage A is also supported by the

fact, that two different micrographs, one in radial direction in the AR state (Fig. 4.22),

the other one in axial direction after stage A (Fig. 4.21 b)) reveal virtually the same

grain size of 295 nm in tangential direction.

In stage B, however, the defects remaining in the samples are predominantly grain

boundaries and the relative length change observed by dilatometry is only caused by
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the removal of grain boundaries due to grain growth.

For HPT-Cu the grain boundaries annealing in stage B were found to be relaxed equi-

librium grain boundaries as determined by means of differential scanning calorimetry

(Sec. 4.4.4). This can be also assumed for Ni, since there are indications for the relax-

ation of grain boundaries in ECAP-Ni below 400 K [98].

The advantage, that the two stages, stage A with the annealing of vacancies and dislo-

cations, and stage B the grain growth stage, can clearly be separated, allows the deter-

mination of the excess volume eGB of relaxed grain boundaries according to

∆`

`0

∣∣∣∣
GB

= eGB

(
1

dinitial

− 1

dfinal

)
, (5.1)

with ∆`/`0,GB the relative length change due to the removal of grain boundaries, and

dinitial and dfinal the grain diameter at the beginning and at the end of the grain growth,

respectively (cf. Eq. 3.7).

In Sec. 4.3.3 the relative length changes for all dilatometric measurements on HPT-Ni

in axial as well as in tangential direction were presented. Concentrating on the ax-

ial measurements first, a mean value ∆`/`0,axial of (1.76 ± 0.20) × 10−4 deduced from

12 single measurements can be denoted. Since no grain growth could be observed in

stage A, the grain size of the as-deformed sample in axial direction of dinitial = 150 nm

(Fig. 4.22) can be used for the grain boundary excess volume analysis. After stage B,

spherical grains with a diameter of dfinal = 832 nm (Fig. 4.21 c)) could be discerned.

With these values, a grain boundary excess volume eGB of 32 ± 5 pm is determined

according to Eq. 5.1.

In tangential direction 3 single dilatometric experiments were performed, yielding a

mean length change ∆`/`0,tang of (0.85 ± 0.24) × 10−4. With the grain size in tangen-
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tial direction of dinitial = 295 nm (Fig. 4.22) and the same final grain size, an eGB of

39 ± 12 pm can be deduced. The fact that rather identical values eGB are deduced for

tangential and axial direction shows that the observed length change in the two di-

rections exactly corresponds with the different number of grain boundaries in these

directions. This confirms that the observed ∆`/`0 in stage B is due to grain boundaries

and underlines the accuracy of the determined value of the grain boundary excess vol-

ume.

Furthermore it has to be considered whether there is an influence of the linear ther-

mal expansion of a grain boundary, if that differs from that of the bulk. Birringer et

al. [99] found the linear thermal expansion coefficient of a grain boundary αGB in

nanocrystalline Pd being by a factor of 1.1 higher than αcryst of the crystal. Employ-

ing a rule of mixture for the total reversible thermal expansion for the nanocrystal

αnc = (1 − x)αcryst + xαGB and taking into account that for the present case the grain

boundary fraction x is less than 1 %, then for a physical grain boundary width δ of

0.5 nm and a temperature increase by 170 K the contribution to the value of eGB is by

far less than 1 pm and thus negligible.

Also the contribution of dislocations in stage B is considered to be negligible due to

the following. Assuming a value of an initial dislocation density ρ in the as-prepared

state of 3× 1015 m−2 as has been reported for HPT deformed Ni [96], such a dislocation

density would contribute an amount of ∆`/`0 = 3.1× 10−5 to the length change value

according to Eq. 3.5. This is 18 % of ∆`/`0,axial. However, the value of the dislocation

density in SPD deformed Ni is lowered upon annealing up to 470 K by at least one

order of magnitude as, e.g., reported in Ref. [97]. Therefore, annealing of remnant dis-

locations during the grain growth process likely contributes only a few percent to the

value of the grain boundary excess volume.

As summarized in Tab. 5.3, investigations on the grain boundary excess volume eGB

were also performed for HPT-Cu and Fe. The relative length change for Cu is the mean
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value determined from three axial measurements1. In the case of ARMCO- and HP-Fe,

∆`/`0 is taken from the high temperature part of the dilatometric difference curve, i.e.

from 673 K to 753 K for ARMCO-Fe and 648 K to 753 K for HP-Fe. Assuming, that at

these temperatures vacancy-type defects and dislocations have annealed completely,

the remaining length change can be attributed to grain boundaries, allowing the deter-

mination of eGB. The error for the relative length change is estimated to 0.2×10−4 each.

However, the calculations for HPT-Fe are based on single dilatometric measurements

and the results have therefore to be regarded as preliminary. This is especially the case

for HP-Fe, where the measured length change in the high temperature regime is rather

small. Thus, in the following only the preliminary value for ARMCO-Fe is considered.

Table 5.3: Grain boundary excess volume eGB according to Eq. 5.1. d1 and d2 denote the

grain diameters before grain growth and after the recrystallization stage B in

the case of Ni and Cu, and from the high temperature part of annealing in the

case of Fe (∆d1 = 4 nm, ∆d2 = 12 nm), ∆`/`0 the relative length change due

to the removal of grain boundaries. The measuring direction and the number

of measurements are quoted.

Calculation of grain boundary excess volume

Material d1 [nm] d2 [nm] ∆`/`0 [10−4] eGB [pm] direction Nr.

HPT-Ni 150 832 1.76± 0.20 32± 5 axial 12

HPT-Ni 295 832 0.85± 0.24 39± 12 tangential 3

HPT-Cu 242 790 0.97± 0.10 34± 5 axial 3

Armco-Fe 214 406 0.73± 0.20 33± 12 axial 1

HP-Fe 1010 4900 0.40± 0.20 (51± 26) axial 1

1 For calculation of eGB for Cu from ∆`/`0 in stage B, it has not been checked as in the case of Ni, that

the grain size remains stable in stage A. However, since stage B in Cu starts at 372K already, it can

be assumed, that grain growth in stage A is negligible as in the case of Ni.
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Table 5.4: Literature data of grain boundary excess volume eGB determined experimen-

tally and by simulations. The investigated materials and the used methods

are quoted.

Literature values determined experimentally

Material eGB [pm] Method Reference

Fe 19 grain growth kinetics Krill et al. [100]

Ni 160 X-ray diffraction Kuru et al. [101]

Pd 232 density measurements Birringer et al. [99]

Au 12 high-resolution TEM Buckett and Merkle [102]

Au 603 high-resolution TEM Merkle [103]

Al 64 GB angle measurements Shvindlerman et al. [104]

Literature values determined by simulation

Ni 39 - 414 molecular dynamic sim. Zhang and Srolovitz [105]

Ni 28 - 425 molecular static sim. Olmsted [106]

Fe 72 molecular dynamic sim. Wolf and Merkle [107]

In the following the data are compared with literature. For the grain boundary vol-

ume expansion only few experimental data is available in literature (see Tab. 5.4).

For nanocrystalline Fe a value of eGB = 19 pm was derived from modeling of ex-

perimental data on grain growth kinetics [100], slightly lower than our preliminary

result for ARMCO-Fe. From density measurements on nanoycrystalline Pd a value of

eGB = 23 pm was determined [99]. There have been efforts to determine eGB by means

2 Deduced from the quoted excess volume per grain boundary atom.
3 Deduced from Fig. 5 of Ref. [103].
4 Deduced from Fig. 11 of Ref. [105].
5 Deduced from Fig. 4 of Ref. [106].
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of high-resolution TEM for isolated grain boundaries with distinct orientation. For

Au values of 12 pm [102] and ca. 60 pm [103] have been specified. Shvindlerman et

al. [104] utilizes the change of grain boundary equilibration angle as a function of hy-

drostatic pressure on tricrystals in Al with a well-prepared orientation relation. This

approach relies on thermodynamic grain boundary modeling. A value of 64 pm was

determined. A much higher value of 160 pm, determined from X-ray diffraction of

stressed nanocrystalline Ni thin films, has been reported from Kuru et al. [101].

Data sets of the grain boundary excess volume are also available from computer simu-

lations. Although simulation techniques nowadays are quite powerful, the results for

the grain boundary excess volume are sensitively dependent of the choice of the inter-

atomic potential [108]. Recently, values of eGB = 39 to 41 pm [105] have been reported

from molecular dynamic simulations on nickel Σ5 grain boundaries and of eGB = 28

to 42 pm [106] for nickel high-angle grain boundaries. The matching of these data with

our values of 32 to 39 pm is remarkable.

It can be concluded that dilatometry represents an excellent method determining the

grain boundary volume expansion in a direct and straight-forward manner.

Total free volume and the issue of lattice vacancies

The dilatometric measurements revealed irreversible relative length changes upon an-

nealing for all HPT-deformed samples of Fe, Ta, Ni, and Cu. Positron annihilation as

well as electron microscopy imaging have shown that these relative length changes

are caused by the annealing of structural free volume defects. An overview of all in-

vestigated HPT samples with the total volume reduction ∆V/V0,tot was already given

in Tab. 5.1. This total free volume can be attributed to the various lattice defects such

as vacancies, vacancy agglomerates, dislocations, and grain boundaries in the relaxed

and the non-relaxed state. In the following, an estimation of the amount of free vol-

ume, localized at these various types of defects, is given for Fe, Ni, and Cu. For Ta this
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estimation is omitted since the available grain size data are not as precise as required

for that purpose.

Regarding dislocations the free volume can be calculated according to Eq. 3.5. The

maximum dislocation density ρdisl introduced by HPT deformation is of the order of

(2 – 6) × 1015 m−2 [109, 110]. With these values the maximum possible amount of free

volume release due to dislocations ∆V/V0,disl can be deduced. Tab. 5.5 summarizes this

estimation related to the total free volume release ∆V/V0,tot.

Table 5.5: Free volume release ∆V/V0,disl due to the annealing of dislocations according

to Eq. 3.5. ∆V/V0,tot: total volume reduction deduced from the mean total

relative length changes. FGB =
∆V/V0,disl

∆V/V0,tot
: fraction in per cent. b: magnitude

of the Burgers vector (Eq. 3.6). The lower and upper value of ∆V/V0,disl

corresponds to the lower (2×1015 m−2) and upper value (6×1015 m−2) of the

dislocation density [109, 110].

Estimation of free volume at dislocations

Material b [pm] ∆V/V0,disl [10−4] ∆V/V0,tot [10−4] Fdisl [%]

Armco-Fe 248.3 0.6 - 1.9 20 - 30 2 - 9

HP-Fe 248.3 0.6 - 1.9 30 2 - 6

Ni 249.2 0.6 - 1.9 14 4 - 13

Cu A,B 255.6 0.7 - 2.0 12 6 - 16

Cu C,D 255.6 0.7 - 2.0 20 4 - 10

Grain growth to various degrees could be observed for all HPT samples upon anneal-

ing (see SEM, Fig. 4.2, 4.21, 4.34). The free volume release due to the removal of relaxed

grain boundaries can be estimated using the determined values for the grain boundary

excess volume eGB (see above) as well as the grain sizes d1 and d2. This consideration

takes into account not only the recrystallization in stage B, but the entire grain growth
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process including the low temperature grain growth in the case of Fe and stage C in

the case of Ni and Cu. Therefore, d1 and d2 denote the grain sizes in the as-prepared

state and at the maximum annealing temperature, respectively.

Tab. 5.6 exhibits the resulting ∆V/V0,GB as a percentage of the total volume release

∆V/V0,tot. Since the final grain size d2 has only little influence on the total volume

release, for Cu and Ni the values of (∆V/V0,tot) × 1/3 is rather similar to the relative

length change ∆`/`0 shown in Tab. 5.3.

Table 5.6: Free volume release ∆V/V0,GB due to the removal of grain boundaries accord-

ing to Eq. 5.1. eGB: grain boundary excess volume according to Tab. 5.3.

d1, d2: grain diameters in the as-prepared state and after annealing at the

maximum temperature, respectively. (For the exact temperature values see

SEM micrographs of the corresponding material.) ∆V/V0,tot: total volume

reduction taken from the mean total relative length changes. F =
∆V/V0,GB

∆V/V0,tot
:

fraction in per cent.

Estimation of free volume at grain boundaries

Material eGB [pm] d1 [nm] d2 [nm] ∆V/V0,GB [10−4] ∆V/V0,tot [10−4] FGB [%]

Armco-Fe 33 144 406 4.4 20 - 30 15 - 22

HP-Fe 33 320 4900 2.9 30 10

Ni 36 150 3400 6.9 14 49

Cu A,B 34 242 1540 3.6 12 30

Cu C,D 34 257 7733 3.8 20 19

Tab. 5.7 shows the free volume release Fres = 100 − Fdisl − FGB, which neither can be

attributed to dislocations nor to relaxed grain boundaries. This remaining free volume

release has therefore to be attributed to vacancies, vacancy agglomerates, or excess

volume associated with unrelaxed grain boundaries.
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Table 5.7: Percentage of free volume release Fres = 100− Fdisl − FGB, which neither can

be attributed to dislocations nor to relaxed grain boundaries.

Estimation of residual free volume

Material Fdisl [%] FGB [%] Fres [%]

Armco-Fe 2 - 9 15 - 22 69 - 83

HP-Fe 2 - 6 10 84 - 88

Ni 4 - 12 49 39 - 47

Cu A,B 6 - 16 30 54 - 64

Cu C,D 4 - 10 19 71 - 77

This estimation shows that generally a minor part of free volume is localized at dis-

locations. ∆V/V0,disl amounts to a maximum of 16 % of ∆V/V0,tot in the case of Cu.

Regarding the possible amount of free volume localized at grain boundaries very dif-

ferent results due to the different initial grain sizes were obtained. In any case, a high

percentage for the residual free volume was revealed.

In detail, Fres amounts to more than 80 % for Fe of both purities. This result has to

be regarded as a rough estimate, since the grain boundary excess volume eGB for Fe

of 33 pm is a preliminary value. With a higher value of eGB = 72 pm, deduced from

molecular dynamics simulations [107], a still high percentage for Fres of 59 and 73 %

for ARMCO-Fe and HP-Fe is obtained, respectively. This high amount of additional

excess free volume indicates a high concentration of vacancy-type defects in addition

to relaxed grain boundaries and dislocations.

For Ni the residual free volume amounts to ca. 43 %. This corresponds to a volume

change of ∆V/V0 of 6×10−4 mainly occuring during stage A. Assuming that this ∆V/V0

can be attributed to vacancies totally, a vacancy concentration of 7.5 × 10−4 can be es-

timated, taking into account a relaxed vacancy volume of 0.8 Ω, where Ω denotes the
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atomic volume [111]. (A detailed explanation of the vacancy relaxation is given in the

section anisotropy.) This attribution to vacancies is supported by dilatometric measure-

ments on the same Ni samples after pre-annealing at 353 K where vacancies are becom-

ing mobile according to literature [112]. In fact, ∆`/`0 in stage A is strongly reduced

after pre-annealing [73]. This evidence of high vacancy concentrations exceeding 10−4

nicely fits to earlier results obtained for HPT-Ni by Setman et al. by means of DSC and

RER [8].

However, the relaxation of non-equilibrium grain boundaries in this temperature of

stage A has to be taken into consideration as another source of free-volume release.

This is directly concluded from enhanced diffusivities observed in metals after SPD

processing [19, 113]. These enhanced diffusivities decrease towards values typical of

conventional grain boundaries at slightly elevated temperatures, indicating a struc-

tural relaxation due to the annealing of excess free volume. For ECAP-Ni the relax-

ation of grain boundaries is reported to take place below 400 K [98], i.e., in the regime

of stage A.

Regarding Cu, the high residual free volume value is somewhat surprising, particu-

larly since the annealing stage of monovacancies in Cu is located around 250 K [112]

and monovacancies probably are not present at room temperature anymore. The origin

for the high value of Fres can be mainly found in the strong length shrinkage in stage C,

which in most measurements is notably larger than ∆`/`0 of the recrystallization stage

B. Non-equilibrium grain boundaries as possible source for excess free volume can be

safely ruled out, since there are indications of diffusion experiments that the relaxation

of such grain boundaries in Cu already occurs at room temperature [114].

Stage C might partly arise from microvoids, being stable up to temperatures beyond

450 K. This is supported by Číček et al. [42], who observed the annealing of voids with

a volume of 5 to 8 monovacancies and a concentration of the order of 10−6 in HPT-Cu

at temperatures in the regime of stage C. For ECAP-Ti, Lapovok et al. [115] identified

voids of 10 to 200 nm size with a volume fraction in the range of some 10−5 by means
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of small-angle neutron scattering. In both of these studies, however, the volume frac-

tion of voids is notably smaller than the observed free volume release in stage C in this

work.

The yet unsolved question of anisotropy

One novel question emerging from this work and still being unresolved pertains to

the strong anisotropic annealing behaviour as revealed by dilatometry for Ni and HP-

Fe in axial and tangential direction (cf. Sec. 4.1.4, 4.3.2). Whereas in the case of axial

samples an irreversible shrinkage occurred, tangential samples showed an elongation

in the lower temperature part of the annealing (stage A in the case of Ni).

A possible explanation for this issue can be found in the strong anisotropic microstruc-

ture in the case of HPT-Ni. Elongated grains in tangential direction could be observed.

As discussed in the following, the anisotropic length change might be associated with

the anisotropic annealing of vacancies.

Fig. 5.1 illustrates the different arrangement of elongated grains in dilatometric sam-

ples prepared in axial or tangential direction from the HPT disc (cf. Fig. 3.8). It can

be assumed, that vacancies preferentially anneal out in the plane perpendicular to the

elongation axis of the grains, owing to the smaller diffusion length compared to the

direction of elongation.

If the volume of a vacancy equals the atomic volume, the preferential annealing per-

pendicular to the elongation axis will cause no length change in the direction of elon-

gation. On the other hand, anisotropic annealing of relaxed vacancies gives rise to an

increase of length along the elongation axis due to the expansion of the lattice when

relaxed vacancies are replaced by atoms. This will be considered in the following quan-

titatively.
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(a) axial (b) tangential

Figure 5.1: Illustration of anisotropic annealing of vacancies in dilatometric HPT sam-

ples in (a) axial and (b) tangential measuring direction (see Fig. 3.8 for

orientation). The solid arrows indicate the preferential direction of anneal-

ing perpendicular to the elongated grain axis (dashed arrow).
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The volume Vv of a relaxed lattice vacancy is reduced compared to the atomic volume

Ω by:

Vv = (1− r) · Ω (5.2)

with the relaxation factor

r =
Ω− Vv

Ω
= 1− Vv

Ω
. (5.3)

When relaxed vacancies anisotropically anneal out, the relative length increase in tan-

gential measuring direction, i.e., parallel to the axis of elongation (Fig. 5.1 b)) is given

by:

∆`

`0

∣∣∣∣
tang.

= +
1

3
Cvr (5.4)

with the vacancy concentration Cv. When the plane of preferential vacancy annealing

lies parallel to the measuring direction (axial direction, Fig. 5.1 a)), the relative length

change is given by the same elongation due to the lattice expansion, less the shrinkage

due to the annealing of the relaxed vacancies:

∆`

`0

∣∣∣∣
axial

= +
1

3
Cvr −

1

2
Cv(1− r) (5.5)

The factor 1/2 is due to the annealing of the vacancies in two directions, namely axial

and radial. Calculating the ratio M of the tangential and axial relative length change,

the vacancy concentration Cv cancels out, which yields:

M :=
∆`/`0|tang.

∆`/`0|axial

=
1
3
r

−1
2
(1− r) + 1

3
r

=
2r

5r − 3
(5.6)
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From Eq. 5.6 the relaxation factor

r =
3M

5M − 2
(5.7)

can be deduced. We note that in the framework of anisotropic vacancy annealing, the

relaxation factor can be directly determined form the ratio M of the length change in

both directions.

For HPT-Ni, two series of orientation-dependent measurements on sample sets pre-

pared from two different HPT discs were performed. The ratios of the tangential and

axial relative length change for the two series amount to M1 = −0.33 and M2 = −0.41

(cf. Tab. 4.7 and 4.8). According to Eq. 5.7 a value for r of 0.27 and 0.30, respectively, is

obtained, which corresponds to a vacancy volume of 0.73 Ω and 0.70 Ω, respectively.

A literature value for the vacancy volume in Ni amounts to Vv = 0.8 Ω, determined by

means of diffuse X-ray scattering [111]. Scholz and Seeger [116] calculated a value of

0.7 Ω for the vacancy relaxation in germanium. From the inward relaxation reported

by Khanna et al. [117] for molybdenum a value of 0.8 Ω can be estimated. These values

are in good accordance with our findings.

It can therefore be concluded, that this vacancy relaxation model is capable of ex-

plaining the anisotropic annealing behaviour of HPT-Ni completely. Furthermore, it is

strongly supported by evidences for high vacancy concentrations in HPT-Ni as shown

in this work as well as by e.g. Setman et al. [9].

However, the model is only of relevance in materials with anisotropic grain structure

as prerequisite for anisotropic annealing of vacancies. Even stronger elongation of

HPT samples in tangential direction was observed for high-purity Fe. Since the va-

cancy relaxation in Fe is not very pronounced (0.95 Ω [111]) and furthermore the SEM
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micrographs of HP-Fe reveal a rather spherical grain structure, the vacancy relaxation

model can not be employed here. For the moment, the question of anisotropic anneal-

ing behaviour in Fe remains therefore unsolved.

For the issue of anisotropy, HPT-Ni was also investigated regarding macrostresses,

performed by means of XRD measurements. First preliminary investigations revealed

no macrostresses in neither of the two directions axial and tangential [118]. However,

more detailed studies of macrostress will be necessary in order to unambiguously at-

tribute the observed anisotropic length change in Ni to the anisotropic vacancy anneal-

ing. Nevertheless, a new possibility to study vacancy relaxation by means of dilatom-

etry might be offered.
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SUMMARY &

CONCLUSION

With the aim to study free volume type defects in SPD processed metals, samples of

Fe, Ta, Ni and Cu were deformed by means of HPT and investigated by high-precision

difference dilatometry and positron annihilation spectroscopy.

For all samples high absolute concentrations of excess free volume could be directly de-

termined by dilatometry. The values for the total volume change ∆V/V0,total are rang-

ing from 1× 10−3 to 3× 10−3 depending on the material. Estimations of the amount of

free volume localized at dislocations and relaxed grain boundaries revealed high per-

centages of residual free volume, which may arise from vacancy-type defects (mono-

vacancies and agglomerates) as well as from non-equilibrium grain boundaries.

The different annealing behaviour of bcc and fcc metals as observed by dilatometry has

to be pointed out. Whereas Fe and Ta exhibited one broad annealing stage, in the case

of Ni and Cu distinct sub-stages A, B and C were observed which were further stud-
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ied by positron annihilation and electron microscopy. Comparative measurements on

HPT-Cu by differential scanning calorimetry and residual electrical resistivity experi-

ments supported the annealing behaviour as determined by dilatometry.

By means of scanning electron microscopy, the sub-stages observed by dilatometry

could be attributed to specific defects. In particular, the length change in stage B could

be identified with the removal of grain boundaries in the wake of recrystallization for

both fcc metals Ni and Cu. This offered the possibility to reveal the fundamental pa-

rameter of the grain boundary excess volume, using the initial and final grain sizes

as well as the relative length change in this stage. The values for the grain boundary

excess volume eGB yielded 36± 9 and 34± 5 for Ni and Cu, respectively. The value for

Ni can be considered as statistically reliable, since it was determined from a variety of

samples oriented in two different directions.

By variation of the dilatometric heating rate, the analysis of defect annealing kinetics

was possible. For HPT-Fe an activation energyQ for the broad annealing stage of about

0.76 eV could be determined, which compares well to literature data. The value for Ta

of Q = 1.18 eV is in good accordance with literature values for monovacancy migra-

tion. This indicates, that vacancies are involved in the annealing process of HPT-Ta.

The recrystallization kinetics of HPT-Ni were analyzed by means of non-isothermal

Johnson-Mehl-Avrami-Kolmogorov modeling as well as with the method of Kissinger,

yielding the same activation energy of 1.20 eV. This value nicely scales with that of Cu

taking into account the different melting temperatures of Ni and Cu. The values of

Q for HPT-Cu, determined by the Kissinger method, are in the range of 0.89 - 1.02 eV.

DSC measurements revealed Q = 1.03 eV. This activation energy found for HPT-Cu is

in good agreement with literature data.

Positron annihilation turned out to be complement to dilatometry in an ideal manner.

The Doppler-broadening experiments at the positron beam of the FRMII clearly iden-

tified the annealing of atomic free volume defects. The S-parameter change showed
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very similar annealing characteristics, i.e. one stage in the case of Fe and sub-stages in

the case of Ni and Cu, as revealed in the dilatometric measurements. The shift of the

S-parameter curve compared to the dilatometric length change towards higher tem-

peratures could be understood in the framework of diffusion-limited trapping at grain

boundaries. By means of positron lifetime spectroscopy, free volume type defects, such

as vacancies and dislocations, could be identified.

An interesting issue emerging in the wake of this thesis pertains to the different anneal-

ing behaviour for different orientated samples observed for Ni and HP-Fe. Whereas

the axial samples exhibit a continuous length shrinkage upon annealing, the tangential

samples partially increase in length. In the case of Ni the elongation takes place in stage

A. Preliminary XRD measurements did not reveal an indication of macrostresses which

might cause the anisotropy. On the other hand, the anisotropy of the length change

could be quantitatively analyzed within a model of anisotropic annealing of relaxed

vacancies associated with the shape anisotropy of the oriented crystallites. However,

the model can not be applied for Fe, where a rather spherical grain structure does not

support anisotropic vacancy annealing. In order to clarify this issue, further measure-

ments of both, dilatometry and XRD macrostress analysis are required.

In conclusion, high-precision difference dilatometry has proven capable of the com-

prehensive analysis of atomic free volume in bulk nanocrystalline metals. Structural

defects such as vacancies, dislocation and grain boundaries and the corresponding

absolute concentration of free volume could be discerned according to their individ-

ual annealing stage. In addition, the associated thermally activated annealing pro-

cess was studied by applying different heating rates, yielding defect annealing and

recrystallization activation energies. Furthermore, the grain boundary excess volume,

a fundamental parameter directly related to the grain boundary energy, could be de-

termined making use of SEM grain size data. Finally, the combination of dilatometry

with positron annihilation spectroscopy brought a more profound understanding of

the complex atomic defect structure of bulk nanocrystalline metals.
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