
crystals

Article

In-Situ Synchrotron Profile Analysis after
High-Pressure Torsion Deformation

Michael Kerber 1, Florian Spieckermann 2 , Roman Schuster 3, Bertalan Joni 4, Norbert Schell 5

and Erhard Schafler 1,*

1 Faculty of Physics, University of Vienna, Vienna 1090, Austria; michael.kerber@univie.ac.at
2 Chair of Materials Physics, Department of Material Science, University of Leoben, Leoben 8700, Austria;

florian.spieckermann@unileoben.ac.at
3 Department of Lithospheric Research, University of Vienna, Vienna 1090, Austria;

roman.schuster@univie.ac.at
4 Department of Materials Physics, Eötvös University Budapest, 1518 Budapest, Hungary;

jonibertalan@gmail.com
5 Deutsches Elektronen-Synchrotron DESY, 22607 Hamburg, Germany; norbert.schell@hzg.de

* Correspondence: erhard.schafler@univie.ac.at

Received: 5 April 2019; Accepted: 26 April 2019; Published: 29 April 2019
����������
�������

Abstract: The presence of hydrostatic pressure is a general crucial characteristic of severe plastic

deformation methods for reaching high strains and for introducing large quantities of lattice defects,

which are necessary to establish new grain boundaries. Insights into the processes occurring during

deformation and the influence of hydrostatic pressure are necessary to help better understand the SPD

methods. A special experimental procedure was designed to simulate the hydrostatic pressure release:

High pressure torsion (HPT)-deformed microstructure changes related to the release of hydrostatic

pressure after the HPT deformation of copper and nickel were studied by freezing the sample before

releasing the pressure. High-resolution in-situ X-ray diffraction of the heating process was performed

using synchrotron radiation in order to apply X-ray line profile analysis to analyze the pressure

release. The results on copper and nickel generally indicated the influence of hydrostatic pressure on

the mobility and interaction of deformation-induced defects as well as the resulting microstructure.
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1. Introduction

Severe plastic deformation (SPD) imposes strains up to several orders of magnitude, which can

be provided by special deformation techniques and tools. In addition to the principles of conventional

plastic deformation, the presence of hydrostatic pressure is a key characteristic of most SPD methods.

It is usually achieved with special tool designs that prevent the material from free flow. Additionally,

iterative folding and deformation sequences feature a hydrostatic pressure component to some extent.

All together these allow very high strains to be achieved, and subsequently enable the generation

of extremely high amounts of lattice defects, which are responsible for grain fragmentation down to

submicron- or even nanometer-scale.

The hydrostatic pressure also affects intrinsic material properties such as the Young’s modulus

and the flow stress, and in [1] was estimated to increase the flow stress by 15% per 1 GPa pressure.

In this adaption of a large-strain work hardening model [2–4], the enhanced hydrostatic pressure also

increases the enthalpy of vacancy migration, which affects the annihilation of edge dislocations via

its increment. Thus, a certain hydrostatic pressure p induces an extra work (p Ω) when a vacancy

migrates through the lattice (Ω is the atomic volume), which increases the vacancy migration enthalpy.
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Note that for all figures in this publication, the hydrostatic pressure (release) is drawn on the

x-axis as obtained by this equivalence.

Based on this background, the microstructural state can be “frozen” by cooling down the sample

after the torsional deformation, but before releasing the hydrostatic pressure. The warming to room

temperature during the investigation by means of X-ray diffraction corresponded to the pressure

release at room temperature.

2.2. Materials and Methods

In this work Cu 99.99% and Ni 99.99% were investigated due to their role as “model” materials

for the principle investigation of plastic deformation and the connected microstructural evolution.

There are many well-understood post-deformation investigations on these materials, allowing us to

focus on the changes originating from the pressure release.

Disc-shaped samples were deformed by high-pressure torsion (HPT) at 4 GPa and/or 8 GPa at

room temperature by 1 and 1.5 rotations, respectively. The resulting strains γtorsion at the investigated

position of the samples were 25 and 35, respectively, where

γtorsion =
2πNR

d
. (3)

N is the number of rotations, R is the radius of the investigated sample position, and d is the

sample thickness. The most essential part of the deformation process was that after this torsional

deformation under hydrostatic pressure, the pressure was maintained during cooling after the rotation

was stopped. The sample together with the deformation tool was cooled down by liquid nitrogen.

Then, at that temperature the pressure was released and the sample was exported cold to a liquid

nitrogen transport/storage dewar and kept there until the X-ray diffraction experiment (thus ensuring

that no changes in the microstructure occurred upon the pressure release ≡ temperature increase).

A self-designed cooling chamber was set up at the High Energy Materials Science beamline (P07)

at PETRA III (HEMS), DESY, Hamburg. A procedure was developed to transfer the cooled sample

from the liquid nitrogen bath onto the already-cooled low-temperature LINKAM TMS90 stage without

intermediate warming-up and/or icing. The cooling stage could keep a minimum temperature of

about 90 K. After the transfer and awaiting the thermal equilibrium (~1 min), diffraction patterns were

recorded (1–2 s exposure time) by a two-dimensional Perkin Elmer XRD 1621 flat panel detector during

a controlled increase of the temperature at a rate of 10 K/min up to room temperature. The X-ray energy

and wavelength were 50 keV and 0.0248 nm, respectively. The X-ray beam size was 100 µm × 200 µm

and the sample to detector distance was about 2.7 m and was refined during the integration method of

the Debye–Scherrer ring sectors using the FIT2D-software package.

2.3. Evaluation

X-ray Line Profile Analysis (XPA)

The method of X-ray line profile analysis (XPA) has been developed as a powerful tool for the

characterization of microstructures either in the bulk or in loose-powder materials. The diffraction

modeling and evaluation procedures as well as the experimental possibilities and techniques have

been significantly improved. The new generation of X-ray generators, enhanced focusing and

monochromatizing techniques, and last but not least the sources of the highly brilliant synchrotron

radiation allow investigations even in highly distorted and/or plastically deformed materials at high

temporal and spatial resolution. The ideal narrow diffraction patterns show numerous deviations

which are related to the microstructure of the material, and are the subject of peak profile analysis.

These deviations include: (i) Peak broadening, which originates from the finite sizes of crystallites and

the presence of microstrains (-stresses), strain (stress) gradients, and/or chemical heterogeneities.

(ii) Anisotropic peak broadening (including asymmetric peak shapes) arising from anisotropic
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crystallite shape, anisotropic strain, long-range internal (third order) strains (stresses), planar faults,

or chemical heterogeneities [11–16].

According to the kinematic theory of scattering, diffraction profiles result from the convolution

of the size (S) and distortion (D) profiles. The Fourier transform of this is the Warren–Averbach

equation [17]:

A(L) = AS(L)AD(L) (4)

in terms of Fourier coefficients Ai(L), L being the Fourier length. One of the main challenges related to

this equation is the way in which the size of Fourier coefficients, AS(L), and the mean square strain,

< ε2
g,L >, as the central part of the Fourier coefficient AD(L) are interpreted (g is the diffraction vector).

The dislocation model of < ε2
g,L > takes into account that the contribution of a dislocation to strain

broadening depends on its “contrast”—that is, the relative orientations between the diffraction vector

g and the line and Burgers vectors of dislocations, l and b, respectively, in a similar way as the contrast

of dislocations in electron microscopy. The anisotropic contrast can be described by contrast factors C,

which can be calculated numerically on the basis of the crystallography of dislocations and the elastic

constants of the crystal [17,18]. The expression for the strain Fourier coefficient then reads as:

AD(L) =
π

2
L2g2b2

ρCln(
Re

L
), (5)

where b is the Burgers vector, ρ is the dislocation density, and Re is the outer cut-off radius of

a dislocation.

State-of-the-art profile analysis uses physical modeling of the experimental data by least squares

optimization algorithms [19–21]. Thus, it is possible to fit to the lower-order Fourier coefficients

evaluated from the experimental data or even to compute the real space functions from the Fourier

space models describing the broadened peaks. These functions are then fitted to the real space

measured data directly. The latter method was applied in this work, whereas the starting fit parameters

were varied in a wide range and the most frequent physical results with the lowest mean square error

were considered [22].

As a result, the following fitting parameters describe the state of the material in terms of size and

strain: the median m and variance σ of a log-normal function describing the size distribution of the

coherently scattering domains (CSDs), the smallest volume representing a perfect, purely coherent

scattering crystal. It should be noted that bimodal distributions and non-spherical crystallite shapes can

also be modeled. Additionally, one obtains for the dislocation structure: the parameter q describing the

average dislocation contrast, the dislocation density ρ, and the outer cut-off radius Re, characterizing

the extension of the strain field of the dislocations.

3. Results and Discussion

In the presentation of results and their discussion hereafter, the following expressions will be

used to describe the sample/material treatment and condition:

Loaded state: The material was deformed by high-pressure torsion to a certain strain,

then the torsion was stopped but the hydrostatic pressure was maintained—experimentally,

this “deformed state under pressure” was conserved by cooling down the sample with liquid

nitrogen, releasing the pressure after cooling, and then keeping it cooled there until the

diffraction experiment.

Unloaded state: This refers to after the hydrostatic pressure was released—the material

was slowly warmed from liquid nitrogen to room temperature—the in-situ diffraction

experiments investigated this phase.
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on the strength of the material. This coincides with the differences found between the in-situ

HPT–torque flow curves and the post-deformation strength by hardness measurement.

While for copper the dislocation density did not change as dramatically after deformation at

higher pressure, in nickel the increase was rather pronounced. Furthermore, nickel showed no

fundamental change in the dislocation arrangement (mutual screening of dislocation extension field)

during and after unloading, whereas in copper a change in the arrangement was quite pronounced

and also differed considerably with different deformation pressures. Nevertheless, both materials

showed earlier defect mobility/annihilation after an 8 GPa deformation. The reason for this behavior

is related to the discussed microstructural differences.
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Abbreviations

The following abbreviations are used in this manuscript:

SPD Severe Plastic Deformation

HPT High pressure Torsion

XPA X-ray Profile Analysis

CSD Coherent Scattering Domain

CMWP Concolutional Multiple Whole Profile analysis
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