A @chsner @E.,Mll{lmm h@kuhfa



Diffusion in Solids
and Liquids Xl

Edited by

A. Ochsner

G.E. Murch

A. Shokuhfar
J.M.P.Q. Delgado



Diffusion in Solids
and Liquids XI

Selected, peer reviewed papers from the
11" International Conference on
Diffusion in Solids and Liquids
Mass Transfer - Heat Transfer - Microstructure & Properties -
Nanodiffusion and Nanostructured Materials
DSL-2015
June 22-26, 2015, Munich, Germany

Edited by

A. Ochsner, G.E. Murch, A. Shokuhfar
and J.M.P.Q. Delgado

TP



Copyright © 2016 Trans Tech Publications Ltd, Switzerland

All rights reserved. No part of the contents of this publication may be reproduced or
transmitted in any form or by any means without the written permission of the

publisher.

Trans Tech Publications Ltd
Churerstrasse 20

CH-8808 Pfaffikon
Switzerland
http://www.scientific.net

Volume 369 of

Defect and Diffusion Forum
ISSN print 1012-0386
ISSN cd 1662-9515

ISSN web 1662-9507

(Pt. A of Diffusion and Defect Data — Solid State Data ISSN 0377-6883)

Full text available online at http.//www.scientific.net

Distributed worldwide by

Trans Tech Publications Ltd
Churerstrasse 20

CH-8808 Pfaffikon
Switzerland

Phone: +41 (44) 922 10 22
Fax: +41 (44) 922 10 33
e-mail: sales@scientific.net

and in the Americas by

Trans Tech Publications Inc.
PO Box 699, May Street
Enfield, NH 03748

USA

Phone: +1 (603) 632-7377
Fax: +1 (603) 632-5611

e-mail: sales-usa@scientific.net



Table of Contents

Concentration Dependence of Grain Boundary Diffusion
A. Rodin, N. Dolgopolov and A. Pomadchik

The Reduction Processes of the Titanium Containing Iron Ores Treatment
A.N. Dmitriev, R.V. Petukhov, G.Y. Vitkina, Y.A. Chesnokov, S.V. Kornilkov and A.E. Pelevin

Structural and Transport Properties of Rare Earth Oxide-Cu-Ni-Ag Systems
M.V. Surmani, E.F. Camargo, L.D. Luongo, J.A.G. Carrio, M.C. Terence and W.A. Monteiro

Water Sorption of Vegetable Fiber Reinforced Polymer Composites
L.H. de Carvalho, A.G. Barbosa de Lima, E.L. Canedo, A.F.C. Bezerra, W.S. Cavalcanti and
V.A.D. Marinho

Indoor Environmental Quality of School Buildings
J.M.P.Q. Delgado

Inverse Modelling for Prediction of Coating Material Diffusivity and Lag Time of
Controlled-Release Coated Urea Granule
T.H. Trinh and K.Z. Ku Shaari

Investigating Kirkendall Effect in Thin Films
J.J. Toman, Y. Iguchi and B. Gajdics

Operating Activity Visualization and Thermal Performance Measurement of Pulsating Heat
Pipe

P. Nemec, Z. Kolkova and M. Malcho

Fabrication of Foam-Type Porous Silicon Carbide without Cracks and Hollow Struts

J.W. Bang, S.R. Kim, Y.H. Kim, D.G. Shin, Y.J. Lee, H.J. Lee and W.T. Kwon

On the Consistency of the Darken Method with the Onsager Representation for Diffusion in
Multicomponent Systems .
M. Danielewski, M. Zajusz, B. Bozek and K. Tkacz-Smiech

High Temperature Corrosion of Al Hot-Dipped Low Carbon Steels in N,/H,S-Mixed Gases
M.A. Abro and D.B. Lee

Optical Microconcentrator System for Enhancing Solar Cell Photovoltaic Performances
E. Manea, C. Parvulescu, M. Purica, E. Budianu and C. Tibeica

Fabrication of Micro-Lens Array Obtained by Anisotropic Wet Etching of Silicon
C. Parvulescu, E. Manea, P. Schiopu and R. Gavrila

Multiphase Ni-Cr-Al Diffusion: Experiment and Simulations
M. Zajusz, B. Bozek, K. Tkacz-Smiech, K. Berent and M. Danielewski

High Temperature Oxidation Behavior of High Strength Steel Plates
S.Y. Park, P. Yadav and D.B. Lee

Characterization and Fracture Toughness on AISI 8620 with Hard Coatings
M.A. Dofiu-Ruiz, N. Lopez Perrusquia, D. Sanchez Huerta, C.R. Torres San Miguel and V.J.
Cortés Sudrez

Oxidation of Hot Extruded AZ31 Magnesium Alloys Containing Initially Added CaO
Particles
K. Yong Ji and D.B. Lee

Isothermal and Cyclic Oxidation of Ti-6Al1-4V Alloy
M.J. Kim, P. Yadav and D.B. Lee

Energetic and Exergetic Analysis of the Clay Bricks Drying in an Industrial Tunnel Dryer
G.S. Almeida, F.V.S. Tavares, W.M.P.B. Lima and A.G. Barbosa de Lima

Numerical Simulation of Leakage of Oil in a Submerged Duct and the Behavior of Oil in a
Marine Environment
G. Moreira, M.V. Aratijo, C.J.d.O. Buriti, S.R. Farias Neto and A.G.B. Lima

Age Hardening and Accompanying Transformations of the Al-Ag and Al-Cu-Mg
Supersaturated Solid Solutions
F. Lourdjane, Z. Chaieb, A. Raho and M. Kadi-Hanifi

An Experimental Study on the Drying Kinetics of Castor Bean Fruits (Ricinus communis L.,
“Brs Energia” Variety)
E.M.A. Pereira, J.V. Silva, J.P.S. Santos, T.H.F. Andrade and A.G. Barbosa de Lima

12

17

24

30

36

42

48

53

59

65

71

71

83

89

95

99

104

110

116

119



b Diffusion in Solids and Liquids XI

Effective Properties of Pore Network Elements Derived from Reactive Transport in
Individual Pores
Q.R. Xiong and A.P. Jivkov

Mechanical Characterization and Water Sorption in Polyester Matrix Composites
Reinforced with Sisal Fiber: An Experimental Investigation
D. Gomes dos Santos, A.G. Barbosa de Lima and M.V. Silva Pinto

Energy Model Applied to Renewable Energy in Housing Systems
L.J.C. Vasconcelos and V.S. da Silva

A Theoretical Investigation of Banana Drying Using Diffusion Model
R. Pereira de Farias, R. Pinheiro Neto, W. Pereira da Silva and A.G. Barbosa de Lima

Rough Rice Grain Drying (BRSMG CONAI) at Temperatures of 60 and 80°C in Oven
J.V. Silva, CM.R. Franco, E.M.A. Pereira, T.H.F. Andrade and A.G. Barbosa de Lima

Applying Liquid Diffusion Model for Continuous Drying of Rough Rice in Fixed Bed
C.M.R. Franco, A.G. Barbosa de Lima, J.V. Silva and A.G. Nunes

Development of Microstructure and Properties of Mg-Y-(Nd)-Zn Alloys during Heat and
Mechanical Treatment
T. Kekule, H. Kudrnova, M. Vlach, B. Smola and I. Stulikova

Hydrogen Behavior in NdRh;-Based Hydrides
S.A. Lushnikov and T.V. Filippova

The Effect of Salt Solutions in the Capillarity Absorption Coefficient of Red Brick Samples
A.S. Guimarées, J.M.P.Q. Delgado, T. Rego and V.P. de Freitas

Experimental Tests on a Solar Dryer of Indirect Exposure Used to Produce Dried Bananas
A. Gomes Nunes, I. Andrade Gomes, M.B. Grilo and J.G. Chagas

Modelling Phases Formed during Boriding for Estimation of the Depth of Boron through
the Growing in Substrate by the Lattice Boltzmann Method
A.T. Debicha, K. Rayane and O. Allaoui

Application of Multi-Criteria Method on Alternative Energy Selection
A. Chadlia, A. Berreziga and B. Boukrouh

125

131

135

142

148

152

157

163

168

173

177

182



Defect and Diffusion Forum

ISSN: 1662-9507, Vol. 369, pp 1-5
doi:10.4028/www.scientific.net/DDF.369.1

© 2016 Trans Tech Publications, Switzerland
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Abstract. According to different experimental data the grain boundary diffusion the triple product
(P) can change in opposite directions after alloying. In this paper the analysis of the effect of
alloying for different systems is proposed. It was shown that in Al-based system (Cu diffusion in
Al, Zn diffusion in Al) the P value increases with alloying while the solidus temperature according
to the phase diagram decreases, in other systems no such tendency can be seen. Estimations based
on the segregation factor value demonstrate that some structural effect must be proposed in addition
to describe the experimental results.

Introduction

To predict the behavior of diffusing elements in real material it is necessary to take into
account not only the mobility of diffusing element in pure materials, but the dependence of the
diffusion parameters on concentration of all elements in the system. If for bulk diffusion the main
effects are already described and, on the base of that, some approaches for the complete description
of diffusion process in multi-component system have been elaborated, the concentration
dependence of grain boundary diffusion (GBD) parameters is much more complicated. To analyze
the situation, here the main effects for concentration dependence of bulk diffusion coefficient are
described. The main approach includes data about the thermodynamic activity of the components
(e.g. using the CALPHAD approach) and atomic mobility for each diffusing components (see e.g.
the DICTRA approach). The more or less complicated treatment of the diffusion problem has
allowed to obtain good agreement with the experimental results.

The grain boundaries in polycrystals are less studied objects. It is evident that it is
practically impossible to get all the necessary data. That is the reason why it is interesting to look on
qualitative description of this question and what can be taken from the approach developed for bulk
diffusion to describe GB diffusion.

First of all, it is necessary to be precise about the mechanism of diffusion (vacancy or
interstitial). Metal/metal systems is characterized mainly by vacancy diffusion mechanism in the
bulk and here, special attention will be paid to such systems:

For elements forming a substitutional solution the pre-exponential factor of bulk diffusion
coefficient Dy weakly depends on concentration being equal approximately 10*+10° m%/s for
different systems. It can be easily explained by the fact that the structure of the solution does not
change significantly and only the lattice parameters (connected directly with diffusion jump length)
change in some limits. On the other hand the diffusion activation energy mainly follow the solidus
line (see e.g. dependence of concentration dependence of diffusion coefficient in Ti-Nb [1], Cu-Au
[2]). It gives as a general result the decreasing of diffusion coefficient with concentration if the
solidus line goes up.

Taking into account that the diffusion driving force is not exactly the gradient of
concentration, but the gradient of the thermodynamic activity (more precisely the gradient of
chemical potential) the diffusion equation must be rewritten. For example, in dilute solution it is
easy to show that instead of changes of diffusion equation the diffusion coefficient can be expressed
in the Darken form [3]
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where D/ is the diffusion coefficient of the i-th component in a non-ideal solution; D" is the

diffusion coefficient of the i-th component in an ideal solution, obtained, for example from
radiotracer experiments; % is activity coefficient of the i-th component in the solution with
concentration c;.

Note, that this substitution take into account only the change of thermodynamic driving
force and does not include the change of atom mobility. Sometimes, this effect is of great
importance, but for the binary system, even with a high value of mixing enthalpy, we can neglect by
this term because of small concentration (see e.g. [4]).

The situation became more difficult if we speak about grain boundary diffusion (GBD). It
concerns not only the measurement of diffusion parameters (mainly the results are obtained in the
so called ‘B’ regime of GBD according to Harrison’s classification). Unfortunately, neither the
GBD mechanism nor the thermodynamic properties of the GB solution are determined for a non-
special GB. As for kinetic parameters the so called GBD triple product (P =s6D,) can be

determined from experiments and this value is used to describe the process. Here s = ¢, /c is the
GB enrichment coefficient (ratio of GB concentration to bulk concentrations near the GB), J is the
GB width and D, is the GB diffusion coefficient [5]. These three factors can change independently,
but, they can change simultaneously because of some more general changes e.g. if the GB structure
changes (such a change with temperature was demonstrated [6], and change of chemical
composition of GB can play the same role).

Description of Experimental Results.

Acceleration of GBD. The effect of the GBD triple product increasing after preliminary alloying
was observed only in several systems. These are: Zn diffusion in Al and Al —Zn alloys [7]; Cu
diffusion in Al, Al-Cu alloys and in Al doped by Ce [8, 9], by Si and by Mg [10]; Fe diffusion in Al
and Al-Cu [11, 12] alloys. In Figure 1 the results of the works [7-9] are presented as Arrhenius
plots.
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Fig. 1 The temperature dependence of the grain boundary diffusion triple product for Al-Zn/Zn (a),
Al-Cu/Cu and Al-Ce/Cu (b) systems.

We can see the difference in these two pictures. At the first of them the decreasing of the
activation energy can be seen. On the second plot the obtained data correspond to almost equal
value of activation energy (the increasing of EA value was less than 10%). It should be noted that
the calculation of the P value for Cu GBD in pure Al made by EDX analysis in concentration region
0.2-3 % and by measuring the angle of iso-concentration profile at the concentration level less than
0.01% did not show any concentration dependence [13]. But the diffusion in preliminary alloyed Al
at the level of 0.1 % is 2-3 times faster. It means that GB in preliminary alloyed Al and in pure Al
are not the same.
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Slowing down of the GBD. One can find a number of results, demonstrated the depletion of the
GBD by alloying. The largest set of the results was obtained on Cu, and here some of them will be
included for the following discussion.

One of the first (historically) result was decreasing of the S diffusion rate in Cu after alloying of
small quantity of Fe [14]. Later, it was shown that:
- the addition of Fe slows down also the diffusion of Ag [15] and Fe [16].
- Small addition of sulfur changes by 2-3 times the self-diffusion of Cu, and also diffusion
of Niin Cu [17, 18].
- Agpreliminary added to Cu changes by 2-3 times Ag diffusion [19].

Note, that these results are interesting because the same macroscopic effect can be seen in the
systems with different types of interaction between diffusing and alloying elements, e.g. Fe atoms
are neutral for a Fe-Fe pair, strong attractive in Fe-S and repulsive for Fe-Ag.

Ag is a segregated element on Cu GB while Fe is not. But both elements change significantly
the diffusion rate of themselves.

It is important to mention that in all these cases (if reported) the activation energy in non-pure
materials was of a higher value than for pure.

Discussion.

In almost all discussion about this question the main explanation is based on the role of
segregation. The main approach was to take into account the change of the flux from GB to the
bulk, because of non-equality of the GB and bulk concentration (near the GB). Starting from the
work of Gibbs, the modification of Fisher model was made in the term, describing this flux (last
term in the right part of equation):

2
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It was introduced by substitution C = C,/s. Because of this fact the penetration depth, which
can be described by Fisher’s length L= 58%4 %t , Increases proportionally to ', In the same

way the different non-linear segregation effects were taken into account, e.g.:

-saturation effect in the Langmuir-McLean form, effect of chemical interaction in the Fowler form
[20]

-effect of GB nonuniformity [21]

The modified solutions give the main effect in decreasing of the GB penetration depth and in
curving of the concentration profile in semi-logarithmic coordinates. These models described the
depletion of GBD in a qualitative way. But in a quantitative way they do not work well. It can be
illustrated on the system Ag/Cu. The decreasing of P value is 2-3 times in dependence on the
temperature. The estimation of segregation factor (Langmuir-McLean constant) in very dilute
solution b is between 20 and 100 and we can take 100 as a maximal value. Estimation of the change
of s value at the concentration of Ag 0.091% gives:

Cp b

$= ? - 1-c+bc =90 (3)

It means that the change in P value must be around 10% but not 50%. Other factors give an even
smaller effect.

Later, it was suggested to take into account the effect of chemical interaction in the form of
complex formation [22, 23]. This model takes into account two different effects: the change of s
factor as a function of concentration (change of the flux from GB to the bulk), and the modification
of GB flux because not all atoms participate in the GB diffusion process (atoms which form the
complexes are excluded from it). Application of this model for description of Cu GB diffusion in Al
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gives reasonable results. In Fig. 2 the plots demonstrating the effect of complex formation on
segregation and diffusion are presented. In this calculation the parameters b and K (b is the
equilibrium constant for atomic segregation and K is equilibrium constant for atomic complex
formation at GB) were varied. Increasing of K value increases the number of Cu atoms participated
in atomic complexes formation and excluded from the diffusion process. The right picture
demonstrates that the effective Fisher length (distance where the concentration decreases in ‘e’
times) decreases with increasing K value. The GB diffusion and bulk diffusion parameters were
taken as for Zn GB diffusion at 400 °C) [24].
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Figure 2. Distribution of Cu atoms on GB between Al,Cu complexes and free Cu atoms (a) and
concentration profile of Cu GB diffusion (b).

One more effect must be taken into account. The atoms involved in chemical interaction cannot
participate in the diffusion process, but also, these atoms decrease the number of available sites for
diffusion in GB. This effect description was suggested in [9] to describe the decreasing (in 1.5
times) the GB diffusion of Ag in Cu, alloyed by Fe. This effect can be described as pure
geometrical decreasing of the effective GB diffusion coefficient.

As can be seen these effects cannot describe the increasing of P value after alloying. Decreasing
of solidus line according to phase diagrams means the increasing of homological temperature for
constant temperature of diffusion annealing, and in this case the increasing of triple product is
understandable, although as a qualitative estimation only. For example, for the Al - based systems
mentioned above the minimal solidus temperature correspond to eutectic temperature and it is 640
°C for Al-Ce, 546 °C for Al-Cu and 381 °C for Al-Zn. But no correlation between eutectic
temperature and activation energy can be observed. But it can be supposed that in a system with
positive segregation the change in GB chemical composition leads to increasing of atom mobility
on GB.

Summary

To summarize the argument mentioned above it can be noted that to predict the concentration
dependence of the GB diffusion process in the ‘B’ regime, several effects, which are determined by
GB concentration and GB structure, must be taken into account:

- The change of the flux from GB to the bulk (GB enrichment factor);
- The change of the number of diffusing atoms and of the sites available for diffusion
(factor of chemical interaction);
- The change in individual atoms mobility (diffusion coefficient).
These effects must be included separately in the GB diffusion equation and only their
combination allows to describe the total changes.



