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This issue is devoted to the memory of
Professor Wojciech Truszkowski







From the Editor

Only a short time ago, in the 2/2002 issue of *Archives of Metallurgy” the 80th birthday
anniversary of Professor Truszkowski was celebrated by an article presenting the main
directions of his activity, and at that time nobody thought that very soon he would be no
longer among us. It was the idea of persons who had known him well to dedicate 1/2004
issue of our Quarterly to the memory of this eminent man.

In this issue, in a number of short presentations, the various fields of Professor
Truszkowski’s activity are described, his relations with the Academy of Mining and
Metallurgy (now AGH-University of Science and Technology), with the Institute of
Metallurgy and Materials Science as well as with the Polish Academy of Sciences (PAS),
the Polish Academy of Art and Sciences — not neglecting his passion for mountaineering
and, in the later years, long walks in the country.

Professor Truszkowski had excellent psycho-physical conditions for climbing mountains.
In the years 1948-1953, in the High Tatra, in the vicinity of Hala Gasienicowa and Morskie
Oko, he climbed several high peaks. However, as he was greatly engaged in his scientific
work, he could not devote much time to sport.

Professor Truszkowski as a member of the Editorial Board of our Quarterly participated
in the preparation of almost every issue and spent much time correcting several
apparently unimportant details which distinguish a scientific journal of a high rank
from others. We discussed with him the problem of changing the name of ‘‘Archives
of Metallurgy” into ‘‘Archives of Metallurgy and Materials” as in the recent years
the subject matter of the published articles was directed to materials science, as
well as to the problem of including the reports from conferences and workshops.
The latter problem became rather urgent after our Quarterly had been covered by
the Institute of Scientific Information in USA in the year 1998. This fact opened
new possibilities of publishing materials from important international cyclic conferences,
organized in Poland, which until then were published only abroad.

I should like to add some personal reflections from my memories of a long friendship with
Wojtek (as he was usually called) since the year 1956. The many years during which he was
the director of our Institute were marked not only by his great concern about the
development of his specialization, but also by promoting other research directions
represented in the Institute. I owe much to him as regards the development of the theory of
metallurgical processes, which is now the field of my current research carried out together
with my team, and which was initiated in the post-war years by Professor Krupkowski and
Professor Ptak. It was his initiative that I became the editor of ‘‘Archives of Metallurgy”;
I was promoted by him as a candidate to the Polish Academy of Art and Sciences and also to
become the Head of the Institute in the years 1999-2003. Especially during the period when
I served as the director of the Institute I had often an opportunity to make extensive use of



his experience and valuable advice. Wojtek was unwearying in his discussions on the
development of our Institute and he was always friendly and helpful towards all workers of
the Institute.

Zbigniew Moser
Editor
Archives of Metallurgy and Materials

Activity of Professor Wojciech Truszkowski in the Committee of Metallurgy of the
Polish Academy of Science

Professor Wojciech Truszkowski, Ph.D., D.Sc., Eng, passed away at a time when the
Committee of Metallurgy of the Polish Academy of Sciences (PAS) celebrated 50 years of
its existence. He was closely connected with the activity of the Committee since the
moment of its establishment. As a young, but already a mature scientist, he took active part
in the work of the Committee of Metallurgy, at that time under the direction of Professor
Alexander Krupkowski, Nestor of Polish Metallurgy.

In the years 1981-1990 he was chairman of the Committee of Metallurgy of PAS. During
the whole period of his work in the Committee Professor Truszkowski was an unwearying
protector of scientific meetings integrating the environment interested in the problems of
metallurgy.

He thought it very important to organize the Reporting Conferences of the Committee of
Metallurgy of PAS at which the achievements of each past term were discussed and
evaluated. I remember how much Professor Truszkowski was satisfied when after a break of
about 11 years, in which due to the transformations in our Committee, the Reporting
Conferences were not organized, in the year 1998 the XII Reporting Conference of the
Committee of Metallurgy of PAS was opened in Krynica.

In the current activity of the Committee of Metallurgy Professor Truszkowski preferred
monothematic meetings at which specialists exchanged their opinions on a special problem.
He enjoyed participating in scientific discussions.

A very important aspect characterizing the work of the Committee of Metallurgy, which
from its beginning was closely connected with the Institute of Metallurgy and Materials
Science of PAS were the publications. Professor Truszkowski co-operated for many years
with the journal “Archives of Metallurgy”, which due to its high scientific rank is covered
by the Institute of Scientific Information from USA.

The present activity of the Committee of Metallurgy of PAS is based on the fundamentals
and achievements to which Professor Truszkowski has greatly contributed.

Jozef Zasadziniski
Chairman of the Committee of Metallurgy of
The Polish Academy of Sciences



Professor Wojciech Truszkowski

Director of the Aleksander Krupkowski
Institute of Metallurgy and Materials Science
of the Polish Academy of Sciences

Professor Truszkowski belonged to this group of professor Krupkowski’s pupils, who
defined the directions of development of Polish metallurgy in the first years after the second
world war. He focused his interest in plastic anisotropy and crystallographic texture, for
which the original input was offered by W.M. Baldwin Jr., already in 1946, who observed
the differentiated strain rates in three mutually perpendicular directions of the sample
subjected to static tensile test. A further and expanded analysis of the problem was
undertaken by Lankford, Hill, Gensamer, Jackson, Low and Smith. However, the
breakthrough in analytical approach to this problem was made by Krupkowski and
Kawiriski, as well as Lankford, Snyder and Bauscher, who proposed a quantitative method
to define the strain ratio as the measure of plastic anisotropy. In the 60s, as a student of
Non-ferrous Metals Department, AGH- University of Science and Technology in Cracow,
I had the pleasure to listen to professor Truszkowski’s lectures on physical metallurgy and
metal physics. Later, as a researcher in the institute headed by the professor, I saw his
excitement, whenever he talked about quantitative approach to static tension test
description, plastic anisotropy and preferred crystallographic orientation. His career started
and continued to develop at the AGH- University of Science and Technology. He graduated
here and obtained all the scientific degrees, up to professorship. It was at the AGH-
University of Science and Technology in Cracow, where he educated and tutored
a numerous group of Polish specialists in physical metallurgy. However, he realized his
research passion primarily at the Institute of the Polish Academy od Sciences, established in
1953 by professor Krupkowski. Numerous scientists obtained their successive university
degrees under his tutorship. I have the pleasure to count myself among them.

The quantitative definition of crystallographic texture and its relation to plastic
anisotropy was the goal aimed at by the Professor. It was reflected in his numerous
publications in this field. I had the honour to co-author some of the papers focused on the
inhomogeneity of deformation and recrystallization texture. His scientific activity and
passion found a sort of culmination in the monograph book “The Plastic Anisotropy in
Single Crystals and Polycrystalline Metals” published by Kluwer Academic Publishers in
2001. Professor Truszkowski always wanted his quantitative solutions in the domains of
plastic anisotropy and crystallographic texture, and especially for single crystals, to be
remembered. He coined the notion of “texture of f.c.c. single crystals”, understood as the
degree of their imperfection, and analyzed the impact of this real crystalline structure on the
behaviour of materials during deformation tests.



While delivering numerous papers at international conferences, professor Truszkowski
was tireless in his struggle to assure the deserved rank is granted to Polish scientific
thought. He always emphasised Polish contribution into science, especially in the
physical basis of the description of plastic anisotropy. He will remain in our memory
as a man of wide horizons of thought and a passionate scientist devoted to our
Institute to the last days of his life.

Bogustaw Major

Director of the Aleksander Krupkowski
Institute of Metallurgy and Materials Science
of the Polish Academy of Sciences

Co-operation of Professor Wojciech Truszkowski with the IVth Department
of the Technical Sciences of the Polish Academy of Sciences

Professor Wojciech Truszkowski became a corresponding member of the Polish Academy
of Sciences (PAS) in the year 1965. However he was already connected with the Academy
and the IVth Department earlier, and since the moment the Department of Metals was
established at the Institute of Fundamental Technological Research of PAS he was
concerned about the development of this institution. In the year 1965 he was appointed its
vice-director.

He supervised the organization of scientific work, cared about modern equipment and
apparatus, was engaged also in designing and construction of new buildings for the
Department. From 1971 to 1988, and later again in the years 1990-1992, he was director at
first of the Department of Metals of the Institute of the Fundamental Technological Reseach
of PAS, and next of the independent Institute of the Basic Problems of Metallurgy of PAS.
At the same time he willingly shared his knowledge with others carrying out didactic work.
When functioning as director of the institution, he did not restrict his activity to his scientific
specialization. He had many concepts concerning other directions of research. He initiated
many actions and helped to continue them. It is worth to note that during his term of office
and as a results of his efforts the Department acquired a new, high position — it was
transformed into the Institute of the Basic Problems of Metallurgy, which since the year
1994 is known as the Alexander Krupkowski Institute of Metallurgy and Materials Science.
Till the end of his life Professor Truszkowski was an active member of the Scientific
Council of the Institute, and in years 1958-1983 he was also member of the Scientific
Council of the Institute of Fundamental Technological Research.

Professor Truszkowski was greatly concerned about the development of the area of science
in which he specialized. He participated for many years in the activities of the Committee of
Metallurgy of PAS, serving as a chairman for nine years (1981-1990). Until the year 2000
he was also a member of the Prize Commission of the IVth Department. Ready to give



advice, having both experience and knowledge, he helped in suggesting the proper
candidates for the prize in the field of metallurgy and materials science, chemical
engineering, as well as in a thorough evaluation of the candidates.

In the year 1980 Professor Truszkowski became full member of PAS. For many years he
worked for the Department of PAS Cracow. In the years 1958-1961 he performed the
function of a scientific secretary of the Commission for Technical Sciences. Since 1966 he
was a member of the Committee for Metallurgical and Foundry Engineering, and for about
20 years he represented the IVth Departmenr of PAS in the Editorial Commission of the
Department.

In the nineteen-nineties (from 1993 to 1998) he was vice-president of the Department, and
in the years 1999-2002 he was a member of its Presidium. At that time he supervised 35
Scientific Commissions of the Department and reorganized their activity carried out until
then. Following his proposal, several valuable initiatives were undertaken by the Presidium,
intended to activate the work of the Commissions and to raise their rank in science. It was
decided that members would be elected for some definite term of office and their number in
the particular commissions would be limited.

When remembering Professor Truszkowski I cannot forget about my personal contacts in
the course of our joint work in the Prize Commission, and later on, during the sessions of the
Scientific Council of the Metallurgy and Materials Science. In the conversations with
Professor Truszkowski one could notice not only his friendliness but also his concern about
the Institute, its activities and the level of scientific research carried out there.
A characteristic feature of his character was also his true interest in the young candidates for
the scientific careers.

Ifeel deeply moved when remembering my last meeting with Professor Truszkowski, when
at the moment I was elected chairman of the Department of Technical Sciences he
congratulated me heartily and advised what was the most important thing to be done about
the Department. I shall always remember him as a friendly man, concerned about the future
of the Institute, the Department and science.

Wiadystaw Wilosifiski
Chairman of the IV th Department of the Technical Sciences
of the Polish Academy of Sciences

Professor Wojciech Truszkowski a member of the Polish Academy
of Art and Sciences

Professor Wojciech Truszkowski, an outstanding scientist and a great teacher, was
a true Cracovian: Born in a Cracow family, he spent here practically all his life. Equally
important, the family owned a house in town and therefore he had a honour to be a Citizen of
the City of Cracow. All this gave a special flavour to his great professional and personal
achievements.
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Although our professional interest were rather remote, I have known Professor
Truszkowski for many years, mostly from common trips to Warsaw which we undertook to
attend the meetings of the Polish Academy of Sciences. Sitting with him in the same
compartment was considered a real good luck, as he was a great causeur and had many
interesting stories to tell (this was particularly important at the old days when the trip to
Warsaw lasted close to 5 hours). His views about the Polish political system were rather
negative and, being closer than most of us to the industrial and economic reality (due to his
scientific work in material sciences and metallurgy), he could present a number of really
juicy examples of the nonsense and waste in the so-called “socialist economy”.

I was therefore not surprized that he turmmed out to be an ardent enthusiast
of the idea to bring the Polish Academy of Arts and Sciences - after 47 years
of nonexistence during the communist regime — back to life. I know that he considered
this as an important step forward on the road to the independence of our country
and our nation, and thus treated this task as a patriotic obligation. In fact, his
influence and support were extremely valuable from the very beginning: being a long-time
member of the Polish Academy of Sciences, his voice weighted heavily in the
discussions which preceded the historical meeting of 16 November 1989, at which
the Polish Academy of Arts and Sciences was declared active and ready to work.

Since then he very actively participated in construction and organization of the Faculty
of Mathematics, Physics and Chemistry. His activity was particularly crucial in the first,
difficult days, when his enthusiasm and experience greatly helped to form and shape the
Faculty as it is now. He remained active until his last illness, and I always considered him
one of the most valuable advisors. Apart from the great sorrow, his death leaves a terrible
gap in our society, a gap which will not be easy to fill.

Andrzej Biatas
President of the Polish Academy
of Art and Sciences
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TEXTURAL AND STRUCTURAL EFFECTS OF THE CHANGE OF DEFORMATION PATH

IN COPPER SINGLE CRYSTALS IN A CHANNEL-DIE TEST

TEKSTUROWE I STRUKTURALNE EFEKTY ZMIANY DROGI ODKSZTALECENIA

W NIESWOBODNIE SCISKANYCH MONOKRYSZTALACH MIEDZI

The microtextural and microstructural effects caused by the change of the deformation path in
the cold rolling process of fcc metals of medium SFE have been studied by individual grain
orientation measurement in the SEM (ACOM, “Automated EBSD”) and by X-ray pole figure
measurement. The choice of the (112)[111] and the (112){110] orientations and channel-die
compression for the investigation of copper single crystals enabled a more detailed characteristic of
these effects. These investigations aim to elucidate the crystallographic conditions of the strong
texture and structure changes which were observed in cold rolled polycrystalline copper after the
change of the rolling direction. It has been found that the main textural effects is the destabilization
of the {112}<110> orientation which leads to the appearance of the {110}<112> components of
texture in pre-deformed crystals as well as in not pre-deformed (112)[110] single crystals.
However, in the former case in which the deformation path was changed, the transformation
proceeds much faster and more dynamic in comparison with the latter. The fragmentation of the
pre-deformed single crystal structure in the form of non-regular blocks and/or compact clusters of
layers is the origin of the development of two {110}<112> complementary components of texture.
It has been shown that the formation of two sets of layer with complementary {110}<112>
components of texture in these banded structures of pre-deformed samples is rather similar to
deformation band, which differ from the typical copper-type shear bands.

Mikroteksturowe i mikrostrukturalne efekty zmiany drogi odksztalcenia w procesie wal-
cowania metali o sieci Al i §redniej energii bledu ulozenia badano przez pomiar pojedynczych
orientacji przy uzyciu SEM (ACOM, , Automated EBSD”) oraz rentgenowski pomiar figur
biegunowych. Wybér monokrysztaléw miedzi orientacji (112){111] i (112)[110} oraz metody
nieswobodnego $ciskania umozliwil bardziej szczeg6lowa charakterystyke tych efekt6w.

Badania mialy na celu wyja$nienie krystalograficznych uwarunkowari silnych zmian tekstury
i struktury, ktére obserwuje si¢ w przypadku wstepnie walcowanej polikrystalicznej miedzi po

* INSTITUTE OF METALLURGY AND MATERIALS SCIENCE POLISH ACADEMY OF SCIENCES, REYMONTA 25, KRAKOW, POLAND
** INSTITUT FUR PHYSIK UND PHYSIKALISCHE TECHNOLOGIEN, TU CLAUSTHAL, GERMANY
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zmianie drogi odksztalcenia przez obrét 90° wokét ND. Stwierdzono, ze giéwnym efektem
teksturowym jest destabilizacja orientacji {112}<110>, kt6ra powoduje wystapienie skladowych
tekstury {110}<112> we wstepnie walcowanych prébkach monokrystalicznych jak réwniez
w monokrysztalach idealnej orientacji (112)[110] nie poddanych wstepnemu odksztalceniu.
Jednakze w pierwszym przypadku, transformacja tekstury jest bardziej dynamiczna. Fragmentacja
struktury odksztalconych monokrysztaléw w formie nieregularnych blokéw a zwlaszcza w formie
zwartych pakietéw warstw, wystepujacych giéwnie we wstepnie odksztalconych prébkach, jest
przyczyng rozwoju dwéch komplementarnych sktadowych tekstury {110}<112>. Wykazano, ze
powstanie dwéch zbioréw warstw charakteryzujacych sie alternatywnie jedna z dwéch kom-
plementarnych skiadowych tekstury {110}<112> we wstepnie walcowanych prébkach jest
podobne raczej do procesu tworzenia pasm odksztalcenia znacznie rézniacych sie od struktury
typowych pasm $cinania w miedzi.

1. Introduction

The microstructural, textural and energetic effects induced by the change of the
deformation path are widely utilized in practice in the deformation processing of metals;
they enable to impart definite functional properties to the product of a given geometrical
form in a controlled way. One of the typical methods of changing the deformation path in
order to optimize the properties of deep-drawn metal sheets, is cross rolling which consists
in the change of the rolling direction in the successive pass by a 90° rotation about the
normal direction (ND) to the sheet plane.

Incold rolled polycrystalline materials of face-centered cubic (FCC) lattice two types of
the rolling texture are distinguished. Metals of medium stacking fault energy (SFE) are
characterized by the rolling texture of “copper” type (pure metal) described by a series of
orientations C{112}<111>, S{123}<634> and B{011}<112> lying along the so-called
Bfibre. The B{011}<112> orientation with scattering towards {011}<100> (« fibre) is the
main component of the rolling texture of “brass” type, i.e. of metals of small SFE, in which
the phenomenon of mechanical twinning plays a fundamental role.

In most published studies the textural effects induced by the change of the deformation
path have been discussed in relation to the structure and/or texture of polycrystalline metals
[1], where the influence of various forms of deformation inhomogeneities on the texture
transformation is relatively difficult to identify.

Investigation of rolled polycrystalline copper [2] and of some of its alloys [3] have
shown that after the change of the rolling direction a relatively small amount of additional
deformation introduces significant changes in the previously formed structure and rolling
texture. This phenomenon is illustrated in Fig. 1 on which the rolling texture of copper is
characterized by densities of orientation distribution along the texture skeleton lines
running from the orientation C{112}<111> to the orientation B{011}<211>, and after the
change of the rolling direction (by rotation 90° around the normal direction) into the
transverse direction (which refers to Fig.1) from the orientation C90{112}<110> to the
orientation B90{011}<111>. A strong decay of the orientation density in the whole range of
the skeleton line is visible, except a narrow area near the component B90, in which the
orientation density increases.
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Fig. 1. Orientation densities along B-fibre in Cu. The specimens have been cold rolled up to 30%, 60% and 85%
reduction and subsequently cross rolled to 10% and 30% reduction

The change of the deformation path leads to destabilization of the structure and texture
in the deformed material. An elementary explanation of the reason of the disintegration of
some texture components is the instability of these components with respect to the changed
rolling geometry. The results show that significant texture changes appear at relatively
small amount of additional deformation (up to 10%) when the material is deformed before
the rolling direction is changed. The observed changes in the microstructure and texture
appears as a sudden event which corresponds to the character of destabilization and
reorganization of the substructure after the change of the deformation path. The structure
and the texture alterations are slow when the primary deformation is absent.

Previous investigations were based on observations of the global textures obtained from
X-ray measurements and on observations of the microstructure in a light microscope.
However, for a detailed elucidation of the observed effects of the inhomogeneous
deformation further systematic investigations are needed which have been undertaken in
the present paper. First of all, the crystallographic conditions of the observed texture and
microstructure alterations should be considered.

For a clear exposition of the phenomenon, a single crystal of copper with the initial
orientation of C{112}<111> was chosen. This orientation is the dominant stable component
of texture of cold rolled polycrystalline copper and according to the previous investi gations
[4-8], it favours localization of deformation in form of macroscopic shear band (MSB). The
change of the rolling direction into the primary transverse direction change the orientation
C{112}<111> into the C90{112}<110> orientation. Accepting the assumption of homo-
geneous slip, the numerical simulation [10] has shown that the orientation {112}<110> is
not stable and turns over to the B{011}<112> position during rolling transformation.

The aim of this study is to explain the controversial opinion concerning the role of MSB
[3]inthe evolution of texture after the change of the deformation path and to give adetailed
characteristics of the nature of the occurring deformation inhomogeneities depending on
the orientation of the deformed single crystal.

In this investigation rolling has been replaced by a channel-die compression test,
modelling the plane state of strain and on this account representing an approach to the
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rolling process [11], which enable a more precise control of the development of some
definite strain inhomogeneities. A detailed crystallographic characteristics of deformation
inhomogeneities was possible through the measurements of local orientations by
ACOM/EBSD. The results of measurements have the form of orientation map in which the
crystallographic orientations are subordinated to coordinates of points in the sample
cross-section.

This method provides not only detailed information of local character (e.g. geometry of
the grain boundaries), but it enables also an extensive global analysis of the texture and
microstructure by means of distribution function of orientation or orientation differences as
well as of other statistical quantities. The analysis have been completed by X-ray pole figure
measurements and optical microscope observation of the microstructure.

2. Methods of investigation

The investigations were carried out on copper single crystals (99.99%Cu) obtained by
a modified Bridgman method at the Department of Structure and Mechanics of Solid Body
of AGH - University of Science and Technology. Cubic samples have been used with the
edge length 10mm, cut with a wire saw from the supplied prisms 10.2mm by 10.2mm by
100mm in size. The sample walls were chemically and electrolitically polished and then
covered with a Teflon foil to reduce the effects of friction in the channel-die test.

The samples were channel-die compressed with an INSTRON 6025 tensile testing
machine. The value of the load and the change of the sample thickness (distance covered by
the traverse of the testing machine) were recorded. In the case of a change of the
deformation path, the front and the back parts of the sample were cut off perpendicular to
ED; the distance between the parts was 10mm. In the next step, the sample was turned
around the axis ND by an angle of 90° such that the planes perpendicular to the extension
direction took the position of the side planes perpendicular to TD,. Taking into
consideration the typical rolling texture of copper, where the component C{112}<111> is
dominating, the investigations comprised single crystals of the following orientations:
1. (112)[111] (the so-called “copper” orientation C) which was subjected to channel-die
compression without the change of the extension direction (ED) to areduction of z=21.7%,
determining the occurrence of one family of macroscopic shear bands (MBS).

2. C90 — obtained by pre-deformation of a single crystal of the orientation Cto z; =21.1%
(with formed shear band), and next additionally channel-die compressed to z,= 28.7% after
the change of the extension direction by 90° rotation about ND (where ND; = NDy;
ED, = TD,; TD, = EDy).

3. (112)[110] - corresponding to the case of rolling in the transverse direction (TD; =ED)),
not pre-deformed, ideal orientation C. The single crystals of this orientation were deformed
up to the reductions: 20.3%, 41.9% and 66.0%.
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In the plane state of strain, induced by the conditions of the channel-die test, where
E3||ED = — £|IND and €||TD = €, = O, the shears £;; # 0 and &3, # 0 are allowed.
Schmid’s factor of the operating slip system {111}<110> for selected orientations was
calculated from Tucker’s expression

Ws = 7/ 0= cosa.cos B — cosa.cosf3,

based on the assumption that channel-die compression (or rolling) is a superposition of the
elementary processes of compression or tension, where @ and . as well as o, and 8, are
the angles contained between the normal to the slip plane and the direction of slip and the
axes of compression and tension, respectively.

In the case of C(112)[111] orientation a specific configuration of four equally privileged
slip systems (W, = 0.544, see Table 1) occur, favouring the development of shear bands in
the range of large reductions [4-7]. As it follows from Fig. 2a, a pair of co-planar slip
systems (CP), BIV and BII, (Schmid convention or a; and a; in Bishop-Hill
convention) occurs that operates on a common (111) plane parallel to TD, and another pair
of co-linear slip systems (CD), AVI and DV, (c;and d; inBishop-Hill convention)
having a common slip direction [110] slip direction perpendicular to TD. The pairs of the
systems CP and CD are situated asymmetrically with respect to the main deformation axes,
in the plane (ND-ED). The trace of the (111) plane of the CP slips lies along the [112]
direction (resultant of the directions [101] and [011]) and forms the angle 19.5° with ED,
whereas the [110] direction of CD slip (corresponding to the trace of the (001) plane) is
inclined by 35° with respect to ED.

(112)[1711] (112)110]

L T1H0ITDYY
-—

Fig. 2. Stereographic (001) projection showing the active slip systems in channel-die compressed single crystals.
a) (112)[111] orientation ~ the co-planar systems: BII, BIV, and co-linear systems: AVI, DVL
b) (112){110] orientation — single slip systems: AIIl and DI
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TABLE 1
Schmid factor values of the slip systems in the (112)[1 11] single crystals deformed
by channel-die compression
Angle between t/0=cosa.cosp. — cosa.cosp
. . CP(111) plane - ° ¢ © °
Orientation
and ED

] BII BIV AVI DVI Al DI CI CIII

C(112)[111] 19.5 0.544 | 0.544 | 0.544 | 0.544 | 0.408 | 0.408 | 0.000 | 0.000

D@4 4 11){11 11 8} 274 0.710 | 0.710 | 0470 | 0470 | 0.472 | 0.472 | 0.240 | 0.240

11922 1) 35.5 0.816 | 0.816 | 0.363 | 0.363 | 0.499 | 0.499 | 0.454 | 0454

(11633 1) 42.0 0.859 | 0.859 | 0.258 | 0.258 | 0.494 | 0.494 | 0.602 | 0.602

(118)[44 1] 45.0 0.866 | 0.866 | 0.198 | 0.198 | 0482 | 0.482 | 0.668 | 0.662

(1 11DAT1112) 48.0 0.863 | 0.863 | 0.146 | 0.146 | 0.468 | 0.468 | 0.717 | 0.717

(001)[110] 55.0 0.816 | 0.816 | 0.000 | 0.000 | 0.408 | 0.408 | 0.816 | 0.816

In the case of the initial orientation (112)[110] two equally privileged single slip
systems AIIl and DI (W, = 0.816), occur in which the operating slip directions [101] and
[011], respectively are situated symmetrically in the plane (ND-ED) and form equal angles
of 30° with the direction ED (Fig. 2b). This symmetrical arrangement of active slip systems
is disadvantageous for the development of MPS.

The microtexture within the local areas of heterogeneity (MSB, transition bands) and the
neighbouring matrix, the sections of deformed samples (perpendicular to the transverse
direction) were investigated by the ACOM (Automated Crystal Orientation Measurement from
Backscatter Kikuchi patterns, also known as “Automated EBSD”) on a JEOL JSM 6400
scanning micoscope (SEM) [9]. Local orientations data obtained by this ACOM technique in
the longitudinal planes were transformed to the standard ED(or RD)-TD reference system, and
presented in the form of Crystal Orientation Maps (COM), inverse pole figures of ND and ED
respectively and {111} pole figures. In the analysis misorientations and misorientation
distribution functions (MDF) have been calculated in addition.

The global textures of deformed samples were measured using an X-ray diffractometer
Philips PW1830 and presented in the form of {111} pole figures.

On the optical microscope (OM) scale, the longitudinal sections of samples were
characterized in some cases using an etching technique with concentrated nitric acid.

3. Results
3.1. Optical microscopy

Optical microscopy observation shows a typical macroscopic shear band on the side
plane (perpendicular to TD,) of the (112)[111] oriented sample and deformed by 21.7%
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(Fig. 3a). This one family set of the straight MSB forms an angle of 35° with respect to ED
and the plane of MSB is parallel to the transverse direction. The observations on the samples
C90 (i.e. single crystals of C orientation deformed 21.1% and, after a rotation of 90° about
ND, additionally compressed 28.7%) were conducted on the section perpendicular to TD,
after etching with concentrated nitric acid to reveal the trace of the local inhomogeneities.
As can be seen on Fig. 3b, the observed bands are more wavy and form the angles from 26°
to 42° with respect to ED,. The transverse direction is inclined at a small angle with respect
to the plane of these bands. It should be noted that the structure of bands is composed of
packets of thin laminae (~ 50 uwm) which significantly differ from that of the “copper” type
shear bands.

NI

Fig. 3. Optical microscopy in a plane perpendicular to TD of Cu single crystals after channel-die compression.
a) C(112)[111] orientation 21.7% reduction. One set of MSB is shown. b) C90 orientation after the second 28.7%
reduction (the initial C oriented crystal was pre-deformed 21.1% and then ND rotated by 90°).

The specific “deformation” bands are shown after etching with concentrated nitric acid

3.2. Local orientations measurements by ACOM in the SEM

Measurements of individual orientations by ACOM in the SEM were performed in
selected.fields on longitudinal sections (perpendicular to TD) of deformed samples, point
by point with the distance about 0.2um.

The results are presented in the form of crystal orientation maps and in the form of
continuous {111} pole figures and inverse pole figures where the positions of the ND and
ED axes are referred to the standard stereographic triangle.
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3.2.1. Single crystals of the C(112)[111] orientation

Two sets of single orientations data contained in two fields ~ 650 um by 650pum wide are
analyzed. One set is placed in the area of the matrix (field Cy in Fig. 3a), and the other in the
area containing a macroscopic shear band (field Csp in Fig. 3b).

In the area of the matrix (field Cy), a distinct destabilization of the initial orientation
C occurs with a tendency of scattering towards Dillamore position D(4 4 11)[11 11 8]
(¢, = 90°, @ = 27.4°, @, = 45°), corresponding to the rotation (+)7.9° about TDI|[110]
(Fig. 4a). In the range of deformation preceding the development of a single family of shear
bands, the adjustment of the asymmetric configuration of pairs of the co-planar BII and BIV
and co-linear AVI and DVI privileged slip systems take place to the symmetry of
deformation which is induced by the channel-die test (Table 1). In the position D, the [112]
direction (the resultant of the two operating co-planar slip directions [101] and [011]) and
the [110] direction of the two co-directional slip systems are symmetrical with respect to the
(ND,-TD)) plane and are inclined at 27.4° to the extension direction.

Fig. 4. A (112)[1 11) single crystal after 21.7% reduction by channel-die compression.
a) Pattern Quality Map (PQ) imaging the microstructure of the matrix (Field Cy in Fig. 3a)
in the plane of the ND-ED section and the inverse pole figures of the ND and ED axes.
b) The {111} pole figure and the distribution of the axes and misorientation angles (MDF)

When the orientation changes in the matrix, the angle between the common {110] slip
direction of the CD system and the ED direction decreases, whereas the angle between the
(111) plane of the CP systems and the compression plane increases. Accordingly, the value
of the 7/ 0 ratio in the pair of the systems AVI and DVI diminishes from 0.544
to 0.470, and increases in the pair of the systems BII and BIV from 0.544 to
0.710 (Table 1), which leads to an increase of the reduced shear stress 7 in
the CP systems. It is worth nothing that in the (ND-ED) plane the shears along
the symmetrically arranged [112] and [110] directions are of different values (Ycp
> Ycp). In this case the accommodation of the unbalanced bending moments, caused
by the reactions of the anvils by a rotation of (+)&° about the axis parallel to
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TD,, takes place by way of local lattice kinking. The newly formed kink-band is a precursor
of the occurrence of a macroscopic shear band. In the plane perpendicular to TD, (see Fig.
3a) it forms a greater angle (35°-48°) with ED, than is the angle of ~ 28° contained between
ED, and the trace of the CP slip plane (direction [112]) in the matrix. The observed
difference between the inclination angles with respect to ED, is the origin of controversial
opinions presented in literature on the non-crystallographic nature of shear bands.

The results of measurements of single orientations in the area of shear bands (field
Css) (Fig. Sb) do not confirm this hypothesis. A characteristic feature of shear bands
is a local step-by-step change of orientation towards the (001)[110] position, in general
corresponding to the lattice rotation of (+)10°-15° about the TD|[[110] axis. The range
of orientation from D through (114)[221] to (118)[441] in the MSB (Table 1) determines
the change of the inclination angle of the plane of CP systems with respect to the
compression plane. The values of this angle increase from 27.4° through 35.5° to
~45° It must be stressed that in the case of the (114)[221] orientation a coincidence
of the plane of CP systems is found with the shear plane lying in the analyzed
MSB at an angle of ~35° to ED (Fig. 3a). The increase of the Schmid factor
of the CP slip systems (Table 1) from 0.710 through 0.816 to 0.866 (maximum),
is related to the changes in the inclination of the (111) plane as described above.
This newly formed kink-band causes a local increase of the reduced shear stress
in the co-planar systems belonging to the range of orientations cumulated in MSB,
which determines the preferential localization of shear in the CP slip planes.

Fig. 5. The microtexture of a macroscopic shear band formed in (112)[111] single crystal after 21.7% reduction

(Field Csp in Fig. 3a). a) Pattern Quality Map imaging the microstructure in the plane of the (ND-ED) section

and the inverse pole figures of the ND and ED axes. b) The {111} pole figure and the distribution of the axes
and misorientation angles (MDF)

The continuous {111} pole figures and the distributions of the axis and the rotation
angle (orientation differences) calculated from the sets of single orientations in the fields Cy
and Csp (Fig. 3a) give evidence of the crystallographic character of the analyzed “copper
type” shear bands. The orientation of a homogeneously deformed matrix is well described
by the position D, which corresponds to the orientation difference limited to 10° (Fig. 4b)
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and to the distribution of the rotation axis from the surroundings of <112>to <210> which is
connected with the axes of rotation of the operating single slip systems. The (114)[221]
orientation dominates within the shear band (Fig. 5b) whereby the plane of the pair of CP
slips forms the angle 35.26° with the extension direction, ED,. As shown in Figure 5b, the
progressive rotation not exceed 10°, and the preferential concentration of the rotation axes
in the surroundings of the <110> direction are in agreement with the privileged activity of
the pair of CP slip systems.

3.2.2. Orientation C90(112)[110] of a single crystal pre-deformed
in the position C(112)[111]

Prior to the change of the extension direction, a single crystal in the position C was
pre-deformed to 21.1% reduction. In the course of deformation (in accordance with
description given in the preceding chapter), the (112)[111] orientation undergoes
destabilization and becomes displaced towards the direction of the Dilla m o r e position
(44 11)[11 11 8]. The sample is next rotated by 90° about ND. The extension direction ED,
is then along the former transverse direction TD; which causes that the Dillamore
orientation passes into the unstable orientation D90(4 4 1D[110]. This change of the
deformation geometry leads to privileged position of the two systems AIIl and DI, that is
(111)[[101] and (111)[011] which are situated symmetrically to the plane perpendicular to
ED,[110] (Fig. 3b). Operation of these systems, which according to Table 2 possess high
Schmid factors (Ws = 0.849), creates new possibilities for single slips. Slip may be
realized in both slip systems alternately or simultaneously, however in different fragments
of the sample.

Fig. 6. The microtexture of a deformation band in the C90 sample (Field C90 in Fig. 3b) after 90° rotation
about the ND axis and an additional reduction to 28.7% of the pre-deformed (112){111] single crystal.
a) Pattern Quality Map imaging the microstructure in the plane of the (ND — ED, = TD,) section
and the inverse pole figures of the ND and ED, axes. b) The {111} pole figure
and the distribution of the axes and misorientation angles (MDF)
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TABLE 2
Schmid factor values of the slip systems in the pre-deformed C90 single crystals
t/0=cosa.cospc—cosa.cosP.

Orientation
Alll DI All DIV BII BIV CI CIIlt
C90°(112)[110] 0.816 | 0.816 | 0.544 | 0.544 | 0.272 | 0.272 | 0.000 | 0.000
D90°(4 4 11)[110] 0.849 | 0.849 | 0.614 | 0.614 | 0.355 | 0.355 | 0.120 | 0.120
(114)[110] 0.862 | 0.862 | 0.680 | 0.680 | 0.408 | 0.408 | 0.227 | 0.227
(116)[110} 0.859 | 0.859 | 0.731 | 0.731 | 0.430 | 0.430 | 0.301 | 0.301
(118)[110] 0.854 | 0.854 | 0.755 | 0.755 | 0.433 | 0.433 | 0.334 | 0.334
(11 11)[110] 0.846 | 0.846 | 0.733 | 0.733 | 0431 | 0431 | 0.328 | 0.323

It should be noted that during the pre-deformation of the C-oriented sample, the slip
planes of the systems AIIl and DI are the cross-slip planes of the operating dislocations
b IV = 1/2[101] and b Il = 1/2[011] in the CP systems BIV and BII, respectively. Thus, the
cross-slip debris and their density on the planes A and D can act as obstacles which restrict
the dislocation motion in the single slip systems AIIl or DI. Moreover, the components
(114)[110] to (118)[110], which describe the internal MSB microstructure in pre-deformed
C90-oriented sample, lead locally to higher S ¢ h m i d factors. With respect to the matrix
orientations, they range from 0.862 to 0.854 in the systems AIII and DI and from 0.680 to
0.755, in the systems AIl and DIV (Table 2). In the author’s opinion, these initial conditions
drastically restrict the ability of the pre-deformed and C90 oriented single crystals to
accommodate deformation by homogeneous double slip.

An important feature of the micro-mechanical behaviour of the C90 sample during
additional deformation of 28.7% (ED, = TD;) is the appearance of a specific fragmentation
of the structure in the form of wavy bands (black in Fig. 3b). The measurements of
individual orientations from area marked C90 in Fig. 3b show that the microstructure of
these bands consists of a set of laminae 20-60pum thick (Fig. 6a).

The boundary plane of the lamina is inclined by about 10° to TD, and makes an angle of
26° to 28° with the ED, axis. Figure 6a shows that the microtexture of each lamina can be
described by one of the two components (1 11 11)[11 7 6] and (035)[10 5 3] which are
almost complementary. These orientations are close to the complementary components
(011)[211] and (011)[211] of the brass type rolling texture. The {111} pole figure (Fig. 6b)
show that the decomposition of the initial orientation of the C90 sample results from the
rotations of opposite sign about an axis approximately parallel to the TD, direction. The
formation, of two sets of orientations by plastic strain is rather similar to the deformation
banding observed in fcc single crystals with initial {100}<011> orientation. These
deformation bands, with two alternating orientations separated by transition bands,
correspond qualitatively to the banded structures observed here. The crystallographic
mechanism responsible for the formation of the observed compact clusters of layers
oriented alternatively differs from that of MSB, as characterised in the preceding chapter.
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Namely, the alternating changes of orientation, occurring almost simultaneously in the
particular layers, are induced by selected activity of only one of the privileged slip systems
Alll or DI. As a consequence, the axes of 20°-30° rotations in each layer are the directions
[211] and [121], respectively, situated near the TD,||[111] direction. In the case of MSB of
copper type, on the other hand, the local laminar structure of the band can be described only
by one component. In these bands, a co-planar slip {111} plane tends towards a position
parallel to the shear plane and a “resultant” <112> slip direction consequently adopts
a position parallel to the shear direction, as a result of the local change in orientation by
rotation about TD||<110>.

3.2.3. Single crystals of the (112)[110] orientation

The deformation behaviour of the ideal (112)[110] oriented single crystals is
significantly different from that of more inhomogeneous C90-oriented, pre-deformed
samples. The not pre-deformed single crystals have restricted ability to accommodate
deformation by heterogeneous slip which is localised in the banded structures of the
compact clusters of layers oriented alternatively, as characterized in Figs 3b and 6a. The
deformed crystals become divided into larger fragments in which only either one of the two
privileged slip systems AIIl or D1 operates.

Fig. 7. The microtexture of the (112)[110] single crystals a reduction 20.3% by channel-die compression.
a) Pattern Quality Map imaging the microstructure in the section (ND-ED) and the inverse pole figures of the
ND and ED; axes. b) The {111} pole figure and the distribution of the axes and misorientation angles (MDF)

In the range of small reductions below 20% the changes of the initial orientation are
rather small, although a distinct tendency of rotation towards the main component
B{110}<112> of the brass type texture can be observed (see the inverse pole figures in
Fig. 7a). Such a behaviour gives evidence of a relatively uniform activity of two privileged
slip systems (Fig. 7b). The orientation changes become particularly intense above 20%
reduction (Figs 8a and 8b). In particular, a sample deformed to 41.9% attains an orientation
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close to the (011)[211] position, corresponding to one of the complementary components of
the microstructure of a pre-deformed C90 sample. This means that in the analysed fragment
of the sample the (111)[101] single slip system is predominantly operating. As
a consequence, the progressive change of orientation inside this selected area occurs by
rotation of 20°-30° about the [121] AIIl axis close to the TD,||[111] direction. This
interpretation is supported by the results of calculations of the misorientation distribution
function (MDF) presented in Fig. 8b.

111

ND

007 011
111

ED

001 011

Fig. 8. The microtexture of the (112)[110] single crystals after a reduction 41.9% reduction.
a) Pattern Quality Map imaging the microstructure in the section (ND-ED,) and the inverse pole figures
of the ND and ED axes. b) The {111} pole figure and the distribution of the axes and misorientation angles (MDF)

3.3. Evolution of the global textures

The analysis of the effect of the changes of local orientation on the global texture of the
examined single crystals was carried out on the basis of {111} pole figures obtained by
X-ray diffraction measurements using the reflection method.

The orientation changes (Fig. 9a and 9b) that occur in the single crystal of the
(112)[111] orientation after a reduction of 21.7% are in agreement with the local textures as
characterized by the EBSD method. The initial orientation is scattered toward the D matrix
orientation by the TD;||[110] rotation, resulting from the non-equilibrium operation of the
CP and CD slip systems (Fig. 9a). In the area containing the MSB (Fig. 9b, projection on the
ND-TD plane), a further increase of scattering toward (001)[110] is observed. This
step-by-step, progressive rotation of (+)14° about the TD, axis is considered responsible
for the lattice bending in the form of kink-band, which brings the CP slip plane inside the
MSB into a position parallel to the shear plane.
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+- (110)[554]
b) +- (110)[774]

Fig. 9. The {111} pole figures recalculated from ODF for the (112){111] single crystal deformed to 21.7%
reduction. X-ray diffraction method. a) Orientation in the matrix area. b) Orientation in the area containing MSB.
Projection on the (ND-ED) plane

In the case of a pre-deformed C90 sample (Fig. 10a), the additional reduction of 28.7%
leads to distinct decomposition of the initial (112)[110] and/or D90(4 4 11)[110] main
components (Fig. 10b and 10c). The general tendency of the transformation of the
{112}<110> orientation into two complementary {110}<112> components is observed.
The changes of orientation that occur as a result of two alternating (positive or negative)
rotations about the TD,||[111] axis are in agreement with those found in specific
deformation bands, as characterized in Figure 6. Hence, the preponderance of the
orientations in the surroundings of the (011)[211] complementary component seems to be
associated with non-equilibrium operation of one of the two preferred single slip systems
AIIl and DI. Namely in this case, the single system (111)[101] with the axis of rotation
[121] near the TD,||[111] is more active in the particular fragments of the sample.

The evolution of initial orientation in the channel-die compressed single crystals of the
ideal (112)[110] orientation is shown in Figure 11. This orientation after the reductions of
35.3%, 42.0% and 65.9% is transformed towards the (01 D[211) position. The presence of
the second, complementary component is strongly restricted in these samples (Fig. 11b and
11d). The preponderance of only one of the two complementary components coincides with
a rather sporadic occurrence of the banded structures, as it is observed in the pre-deformed
samples C90 (Fig. 6a).

4. Concluding remarks

The choice of the (112)[111] orientation and the use of the channel-die compression
method in the investigation of copper single crystals enabled a more transparent exposition
of effects caused by the change of the deformation path in the cold rolling process of fcc
metals of medium SFE and a more detailed characterization of these effects.
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x +-(146)(211]
b) «-(011){211]

+- o2
) T-(5321023]
a-(441)[214]

Fig. 10. The {111} pole figures for the C90 single crystal recalculated from X-ray pole figures.

a) The {111} pole figure after pre-deformation to 21.1% in the (112)[111] position and then at the beginning
of the second deformation after 90° rotation about the ND axis. b) The {111} pole figure of C90 sample after
an additional reduction of 28.7%. c) Experimental {111} pole figure. Projection on the (ND-ED;) plane.
Additional reduction to 28.7%

It has been shown that the changes of texture and microstructure caused by additional
deformation in the transverse direction of pre-deformed samples correspond with those
observed in cold rolled polycrystalline copper with respect to the preferred C{112}<111>
orientation.
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Fig. 11. The {111} pole figures of the (112)[110] single crystals. a) Initial orientation.
b) Reduction of 35.3%. c) Reduction of 42.0%. d) Reduction of 65.9%

1. The main findings of these studies is the evidence that the destabilisation of the
{112}<110> orientation during rolling leads to the {110}<112> preferred orientation. It has
been shown that this type of transformation occurs in pre-deformed C90 samples as well as
in single crystals with the ideal {112}<110> orientation.

Pre-deformation, however, influences the dynamics of this transformation which
is realized by a rotation of ~30° about the [211] or [121] axis lying in the (111)
or (111) slip plane of the two preferred glide systems DI and AINl. They are
inclined at small angles to the [111] direction parallel to TD,. Orientation changes
are less dynamic in the case of homogeneous double slip in the whole volume
of the crystal (initial stage of deformation of the (112)[110] sample). However,
these changes are faster in the case of simultaneous but non-homogeneous operations
in single slip systems in different fragments of the deformed single crystal. As
a consequence, the fragmentation of the sample microstructure in the form of non-regular
blocks (sample (112)[110]) and/or deformation bands (sample C90) is the origin
of the development of two {110}<112> complementary components of deformation
texture.
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2. The structural effect of the change of the deformation path, occurring in samples C90 in
a specific form of a banded structure, has often been attributed erroneously in the literature
to the development of the copper-type MSB. The substructure within the MSB consists of
very fine microbands, slightly elongated in the <211> shear direction on the {111}
co-planar slip plane. The microtexture of these MSB is formed by progressive,
step-by—step change of orientations from the position D in the matrix to the {114}<221>
position within the band. On the other hand, the formation of two sets of layers (20-60um
thick) with two complementary orientations of {110}<112> in these banded structures of
the C90 sample is rather similar to deformation banding observed in single crystals of
{100}<011> initial orientation. These deformation bands, with two alternating orientations
separated by transition bands with a {100} plane perpendicular to ND, correspond
qualitatively to the compact clusters of layers observed here. In the case of a deformed C90
sample, the planes of the preferred slip systems DI and AIII are situated symmetrically
relative to the (001) plane. Its trace in the section perpendicular to TD; creates the angle of
~30° with ED, which approximately corresponds to the inclination angle of the layers
inside the observed banded structures.

The performed analysis specify the conclusion that the localization of deformation in
the form of typical shear bands or deformation bands depends on the initial orientation of
the single crystal. The lattice orientation with respect to the deformation field determinines
a defined configuration of the preferred slip systems.
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SUBGRAIN AND DOMAIN STRUCTURE OF Al-Cu-Co SINGLE QUASICRYSTALS

BLOKOWA I DOMENOWA STRUKTURA MONOKWAZIKRYSZTALOW STOPU Al-Cu-Co

The influence of low-temperature (100°C) and high-temperature (900°C) thermal treatment on
the subgrain and domain structure of two-subgrain single quasicrystals of Al-Cu-Co alloy was
studied. The low-temperature treatment causes the fragmentation of the domains, and increases
their boundaries density. The high-temperature thermal treatment causes some broadening of the
domains which is connected with the partial disappearance of their boundaries. The treatment also
causes the rotation of the subgrains in relation to one another.

Keywords: Al-Cu-Co single quasicrystals; Mosaic structure; Domain structure

Badano wplyw niskotemperaturowej (100°C) i wysokotemperaturowej (900°C) obrébki
termicznej na strukture blokowa i domenowa dwublokowych monokwazikrysztaléw stopu
Al-Cu-Co. Niskotemperaturowa obrébka powoduje rozdrobnienie domen i zwigkszenie gestosci
ich granic. Obrébka termiczna przy 900°C powoduje poszerzenie domen, wynikajace z zanikania
czgdci ich granic, oraz wzajemny obrét blokéw.

1. Introduction

The subgrains of the mosaic can be studied by methods of X-ray topography in a simple
way [1-8]. These methods enable a determination of the shape, dimensions, arrangement,
strain field and angles of misorientation of subgrains. The defects, appearing in
quasicrystals, such as phasons, dislocations or vacancies may interact with the subgrain
boundaries. It is an interaction of the atomic scale defects with the macroscopic defects. For
example, the authors in [9] report an interaction between the domain (domains of a size
ranged from 10 to 100 nm) containing considerable phason-deformations and the grain
boundaries (about 1 mm in a size) of an icosahedral phase of the Al-Li-Cu alloy.

It was shown in [1, 4], that Al-Pd-Mn single quasicrystals have the subgrain boundaries
and faceted voids surrounded by the strain fields. Annealing of the single quasicrystal for
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96 h at temperature of 750°C and subsequent slow cooling down to room temperature
significantly influences the size and the concentration voids. The concentration of voids
also depends on their distance from the subgrain boundaries [8].

In [2] it was asserted from the X-ray topograms that inside the subgrains of ikosahedral
Zn-Mg-Y (Y = Ho, Tb) single quasicrystals there exist five sets of contrast bands, coming
from the area of the nucleation. Whereas in [3] it was proved that the ikosahedral Al-Pd-Mn
single quasicrystals have the subgrain structure of the disorientation angle between several
arc minutes to several degrees.

The aim of this paper is to examine relation between the subgrain and domain structure
of two-subgrain single quasicrystals of the Al-Cu-Co alloy after low-temperature (100°C)
and high-temperature (900°C) thermal treatment.

2. Material and experimental procedures

Using a modified horizontal static B rid g m a n method, the so called inclined front
crystallization (IFC) method [7], two-subgrain plate-like single quasicrystals of the
decagonal phase of Al-Cu-Co alloy were obtained. The average chemical composition of
the single quasicrystals, determined by X-ray microanalyser, was found to be Al-17.7Cu-
16.8Co [at.%].

One sample was prepared from each of the single quasicrystals. Samples have the form
of plates of 15x3x0.5 mm?® size (Fig.1 (a)). The areas of the samples, in which the
solidification process had begun, were marked B and their terminal areas were marked E.

In the X-ray topograms of all the samples, diffraction images of two subgrains, Q; and
Q, were observed (Fig. 1(b)). The subgrain boundary is placed along the X axis. Reflection
X-ray topograms were obtained from the top surface of the samples by the modified
Auleytner oscillation method [6]. In the topogram shown in Fig. 1(b), the images of
subgrains Q; and Q; are displaced in relation to one another. This is due to a relative rotation
of the subgrains the angle of which is called an angle of subgrains’ disorientation. This
angle varied between 0.1 and 0.7 degrees for the samples examined. The orientation of all
the samples were examined by L a u e diffraction.

An X-ray phase analysis of powder, which was obtained by grinding of the lower surface
of the samples, proved that all the samples consisted only of decagonal phase of Al-Cu-Co
alloy. Diffraction pattern showed only those reflections which were previously reported to
occur from the decagonal phase [7, 10, 11].

The single quasicrystals were examined by the differential thermal analysis (DTA)
method. In Fig. 2, the DTA heating curve, which is typical for the samples in their initial (as
grown) state, is shown. The material for this examination was obtained from the sample by
cutting off a small part near E surface (Fig. 1(a)). The characteristic peak at a temperature of
1040°C to 1060°C corresponds with the well-known reversed peritectic reaction of the
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decagonal phase [7]. However, the change in the slope of the basic line at about 600°C, may
relate to a transformation of the order — disorder type. This corresponds to the results of [12].
In [12] it was shown, by transmission electron microscopy (TEM) investigation, that in
A165Cu,5C020 alloy, below a temperature about 600°C, a decagonal phase with space group
P10 m2 occurs, whereas at high temperature, a decagonal phase with space group
P10s/mmc occurs [12]. A possible order-disorder type transformation in Algs sCuyg5Coyy
alloy isreported in [12, 13]. On the basis of high resolution X-ray diffraction as a function of
annealing temperature, it was asserted in [14] that in the Al Cuy;5Co0475S1; alloy the
transformation of phason order occurs at a temperature 770°C.
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Fig. 1. (a) Shape of the single qusicrystals and the prepared samples. Examples of X-ray topograms obtained
for the sample in the initial state (b, c). Topograms (b) — top surface of the sample. Topogram
(¢) - surface E of the sample, the plane of which is parallel to plane YZ.
Radiation Cu ;. Reflection 23170
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Fig. 2. DTA heating curves of the AlsssCu,77C065 alloy in initial state. Heating rate — 4°C/min

The last stage of the process of single quasicrystals obtaining was rapid cooling from
temperature about 600°C down to room temperature [7]. This caused a situation in which
the real microstructure of the samples in the initial state was not an equilibrium
microstructure at room temperature. These single quasicrystals were annealed at 100°C
(8 h) and subsequently cooled down in the furnace. The treatment was aimed at stabilization
of the low-temperature phase and making the thermodynamic state of the samples close to
the equilibrium state at room temperature. Next treatment was the annealing of the single
quasicrystals at 900°C (8 h) and subsequent cooling down in ice-water. This treatment was
aimed at stabilization of high-temperature phase. The whole treatment took place in
a helium atmosphere of a purity SN.

3. Experimental results

Metallographic examination of lateral surfaces W of the samples (Fig. 1(a)) revealed
bands of contrast parallel to vector R xz which is the projection of the ten-fold symmetry axis
onto surface W (plane XZ, Fig. 1(a), 3(a). Similar bands were discovered on the top surface
of the samples. The direction of the bands tallied with the direction of the projection of the
ten-fold symmetry axis (Rxy) on the top surface of the samples (plane XY, Fig. 1(a)).
Therefore, it was concluded that in the samples there exists a band structure which is set
along the ten-fold axis.

In Fig. 3(b) and 3(c) the typical optical micrographs are shown, which were obtained
after the treatments at 100°C and 900°C, respectively. The treatment at 100°C has caused
a decrease in the widths of the bands and an increase in their density, which is related to the
appearance of additional boundaries of the bands (Fig. 3 (b)). However, the treatment at
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900°C, in contrast, caused a widening of the part of the bands and a decreasing of their
density which means the disappearance of some of the boundaries (Fig. 3 (c)).

Fig. 3. (a) Optical micrographs obtained from the lateral surface W (Fig. 1(a)) for the samples in the initial state;
(b) after thermal treatment at 100°C; (c) after thermal treatment at 900°C.
Rx; — projection of the ten-fold symmetry axis on plane XZ

Each of the topograms shown in Figs. 1(b), (c) (indices of the reflections are marked
according to the convention used in [15]) contains the images of two subgraines Q; and Q,
displaced in relation to one another. Thermal treatment at 100°C did not cause any change in
the displacement but treatment at 900°C increased the amount of displacement. This means
that, in the last case, the rotation of subgrain Q; in relation to @; had occurred.

In the topograms shown in Fig. 1(b) the bands of contrast parallel to axis X, that is, the
axis of the single quasicrystal growth, can be seen. The occurrence of such bands of the
growth origin was discovered in [2] for the Zn-Mg-Y (Y = Ho, Tb) single quasicrystals.
These bands can be related to a slight heterogeneous chemical composition.

After each thermal treatment of the samples, part of the material was ground from their
lower surfaces and then examined by X-ray phase powder analysis. In all cases neither
a change of the peak pattern nor a splitting of the peaks of the decagonal phase was noted.
The only noticeable change was a slight broadening of the weak peaks after thermal
treatment at 100°C and a narrowing after the treatment at 900°C.

For additional five single quasicrystals the density of bands of microstructure (Fig. 3)
and the angle of subgrain rotation as the functions of annealing time at temperature of
900°C were determined (Fig. 4).
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Fig. 4. Relationship of the density of the band of microstructure n(t) and the subgrains’ rotation angle a (1)
versus period of annealing time of the single quasicrystals at temperature of 900°C

4. Discussion of the results

The band microstructure along the direction of ten-fold symmetry axis shown in Fig. 3
may correspond to the domain structure of the low-temperature decagonal phase (space
group P10 m2). This matches the result of the TEM investigations presented in [12].
Additionally, in [12] it was concluded that above 600°C domains disappear and
high-temperature decagonal phase (space group P10s/mmc) occurs. The building elements
of both phases are polyatomic cylindrical clusters. The low-temperature phase consists of
domains with sizes of about 30—-100 nm [12]. Each of the domains contains the clusters with
the same sense of polarity [12]. However, in neighboring domains the sense of polarity is
opposite. In the high-temperature phase no domains occur and sense of polarity of all
clusters is completely random.

Band structures can often be observed in single quasicrystals. For example, band
structures elongated along ten-fold symmetry axes were observed by atomic force
microscopy [16] in polished sections of decagonal phase of Al-Ni-Co and Al-Ni-Fe alloys
annealed at 900°C. The width of the bands was found to be about 0.06 um.

Thermal treatment of samples at temperature 100°C causes a narrowing of the domains
(Fig. 3a, b) which is connected with the fragmentation of the domains into smaller ones. The
annealing at 900°C causes disappearance of some of the domains. This caused the
formation of the wider areas of the “disordered” high-temperature phase. Cooling down in
ice-water stabilizes this phase in ambient temperature. This is visible in the optical
micrograph by widening of the part of the bands (Fig. 3(c)).
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Widening of domains after treatment at 900°C implies a decrease of a number of
domain boundaries parallel to the direction of the ten-fold axis. Mechanical stresses which
are accumulated on the boundaries, are unloaded through rotation of the subgrains in
relation to one another.

The presented results show the dependence between the domain and subgrain structure
in the decagonal single quasicrystals of Al-Cu-Co alloy. This is confirmed by the
correlation between the following functions: (i) & (r) ~ the subgrains’ rotation angle as
a function of annealing time at 900°C and (ii) n(t) — the concentration of the domains as
a function of the time of annealing at 900°C (Fig. 4). While annealing the single
quasicrystals in the time period 6h shorter the increase of the value of function & () takes
place simultaneously with the decrease of the value of the function n(z). While annealing the
single quasicrystals in the time period 6h longer the value of both functions ceases to be
dependent on the time of annealing simultaneously.

Similar dependence between grains boundaries of quasicrystal alloys and their
domain microstructure was also revealed in [9]. There the authors emphasize the
fact that the boundaries are formed together with a domain microstructure during
slow solidification of a quasicrystal alloy. High temperature annealing causes di-
splacements of the grain boundaries and a reduction of phason stresses. However,
their experiments were carried out on polyquasicrystal samples containing great numbers
of grain boundaries [9]. Interactions of many boundaries makes the analysis of
the phenomenon more difficult. In the present case of a single quasicrystal with
only one subgrain boundary, the situation is much easier to analyze. Therefore
such two-subgrain single quasicrystals are a very good model material for the study
of the interaction of macroscopic subgrain boundaries with microstructural defects.

5. Summary

L. Intwo-subgrain single quasicrystals Algs sCu,7,C0445, Obtained by the IFC method, the
band microstructure parallel to the ten-fold symmetry axis was discovered by use of
metallography methods. This structure is probably connected with antiphase domains of
a low-temperature decagonal phase of space group P10 m2.

2. Annealing of single quasicrystals in the “as grown” state at 100°C causes fragmentation
of the band microstructure which consists in appearance of narrower bands and increase
of their boundaries density.

3. The annealing of single quasicrystals at 900°C, and rapid cooling down afterwards,
causes widening of the bands and a decrease of the density of their boundaries.
Concomitantly rotation of the subgrains in relation to one another occur.

4. It is assumed that in the sample, after its treatment at 900°C, the mixture of two
decagonal phases appears, which differ in respect to cluster ordering. The low-
temperature phase (space group P10 m2) contains antiphase domains, which vanish in
the high-tempereture phase (space group P10s/mmc). Disappearance of the part of the
domains’ boundaries at 900°C treatment causes the rotation of the subgrains in relation
to one another and an unloading of the internal stresses accumulated in the boundaries.
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INFLUENCE OF THE 0.01 at.% Ti ADDITION ON Zn SINGLE CRYSTALS
HARDENING IN THE (0001)<11-20> SYSTEM

WPLYW DODATKU 0.01 at.% Ti NA UMOCNIENIE MONOKRYSZTALOW Zn
ODKSZTALCANYCH W SYSTEMIE (0001)<11-20>

Zn and ZnTi0,01at.% single crystals were deformed in a compression test in the (0001)<11-20>
system up to a y= 0.2 range at temperatures 77K, 150K, 293K, 373K, 473K. Two deforming rates
were used; 107 s™' and 10~ s™'. On the base of obtained compression curves of the critical
resolved shear stress CRSS, the hardening coefficient within the range of easy slip ©, and
activation volume V * were determined. A substantial impact of small additions of Ti (0.01at%) on
the process of crystals strengthening was established. The CRSS value single crystals of pure Zn
was changing within a range of 0.46MPa at 77K to 0.27MPa at 473K, wheras for ZnTi0.01 at.% it
amounted respectively 1.96MPa i 0.87MPa.

The hardening coefficient &, was changing respectively from 11.1 MPa to 0.97 MPa for Zn,
and from 80.4 MPa to 7.2 MPa for ZnTi0.01 at.%. The activation volume V* was rising
monotonically with temperature inside a range of 12.7 to 46 x 10~* cm® for ZnTi0.01 at.% and 2.1
to 9.8 x 107 c¢m’ for Zn.

Keywords: Zn and ZnTi0.01 at.% single crystals, precipitation hardening, critical resolved shear
stress, activation volume.

Monokrysztaty Zn oraz ZnTi0.01 at% odksztalcano w prébie Sciskania w systemie (0001)
<11-20> do zakresu y= 0.2 w temperaturach 77K, 150K, 293K, 373K, 473K. Stosowano dwie
predkosci odksztalcenia; 10* s~! oraz 1072 s~*. Na podstawie uzyskanych krzywych §ciskania
wyznaczano krytyczne naprezenie $cinajace KNS, wspélczynnik umocnienia w zakresie latwego
poslizgu @, oraz objetosé aktywowana V *. Stwierdzono silny wplyw niewielkich ilosci dodatku
Ti (0.01% at.) na proces umocnienia monokrysztaléw Zn. Wielko§¢ KNS dla monokrysztaléw
czystego Zn zmieniala si¢ od 046 MPa w 77K do 0.27 MPa w 473K, natomiast dla
monokrysztatéw ZnTi0.01 at.% wynosita 1.96 MPa i 0.87 MPa.

Wspdlczynnik umocnienia €, zmieniat si¢ odpowiednio 11.1 MPa do 0.97 MPa dla Zn oraz 80.4
MPa do 7.2 MPa dla ZnTi0.01 at.%. Objeto$¢ aktywowana V* wzrastala monotonicznie wraz
z temperatura w zakresie 12.7 do 46 X 10~ cm® dla ZnTi0.01 at.% oraz 2.1 do 9.8 X 1072 cm® dla Zn.

* WYDZIAL METALI NIEZELAZNYCH, KATEDRA STRUKTURY I MECHANIKI CIALA STALEGO
AKADEMIA GORNICZO-HUTNICZA. 30-059 KRAKOW, Al MICKIEWICZA 30
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Stowa kluczowe: monokrysztaly Zn i ZnTi0.01 at.%, umocnienie wydzieleniowe, krytyczne
naprezenie §cinajace, wspéiczynnik umocnienia, objeto$¢ aktywowana.

1. Introduction

A hardening with Zn,sTi-second-phase particles [9] is mainly responsible for the
hardening mechanism of Zn-Ti alloys. As Ti solves in Zn with difficulty, it causes the
contribution of solution hardening to be very small. The investigation into hexagonally
structured ZnTi single crystals of an orientation of a preference for basal slip system allow
to observe the mechanism of precipitate hardening within a wide range of deformation
inside one slip system [11].

The research on hardening metal single crystals with second phases particles (included
as a second phase or developed as a result of an effect of secondary precipitation process out
of the solution), were concerned mainly with the single crystals hardening of a regular
lattice. These are the works of Eb e lin gand A sh by [1] who conducted research on Cu
single crystals with an additive of 0.3-1% SiO, phase, and of Dew-Huges and
Robertson[2] whocarried out research on AICu3-5 at.% single crystals hardened with
ALCu phase, Byrne, Fine and Kelly [3] who conducted research
on AlCul.7 at.% single crystals hardened with @, GP I, GP II phases.

The theoretical calculations of the CRSS value conducted with the aid of formulations
established by Oro w an [4] and A s h by [4,5] substantiate their good consistence with
experimental results [1-3].

The precipitation hardening depends also on the stability of the hardening phase.

A research into such dependence carried out by Gu p t a et al. [6] on Al-Mg-Si alloys
demonstrated that upon exceeding some critical temperature, at which the hardening phase
loses its thermal stability and is partially dissolves in the matrix, a vigorous decrease in
microhardening occurs.

The purpose of the conducted research was to examine the impact of the Zn,sTi phase
precipitates on the properties of ZnTi0.01 at.% single crystals within a wide temperature
range and to compare the obtained results with the properties for pure Zn single crystals.

2. Investigation method

The investigation was conducted on ZnTi0.01 at.% single crystals produced by the
modified Brigman’s method. [7] Samples measuring 5X5X10 mm and having an
A,=43°; 0, = 44° orientation were deformed in a compression test over an easy slip system
(0001)<11-20> operating range.

The tests was carried out at temperatures 77K, 150K, 293K, 373K and 473K. Two
deformation rates were applied; 10~ s~! and 107* s~'. In order to maintain identical
friction factors throughout the compression test, investigation washers of buffered Al,O;
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covered with teflon were used. On the basis of compression characteristics values for CRSS
and 0, were established. The value of the activation volume V* was obtained from the
change of strain rate in a constant strain rate test.

3. Results and discussion

As the analysis of the Zn-Ti phase system indicates, below a 0.02 at.% Ti contents the
predominating hardening mechanism is that of hardening with particles of the secondary
precipitates of the Zn,sTi [8] intermetallic phase from the a solution (Fig. 2). Fig. 1 presents
the structure of precipitates on the (0001) plane of a ZnTi0.01 at% single crystal
immediately upon producing single crystals. After an analysis of the chemical composition
(TEM) these precipitates were found to be Zn;sTi.[11]

Fig. 1. Structure of the Zn,sTi precipitates on the plane (0001) of the ZnTi0.01 at.% single crystals
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Fig. 2. The part of Zn-Ti phase diagram. [9]
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The results of mechanical testing are shown in Fig. 3 and 4. ZnTi0.01 at.% single
crystals have substantially higher CRSS and &, values than the examined single crystals of
pure Zn. With rising temperature, the mechanical properties of both examined kind of
single crystals being deformed in the same system (0001)<11-20> rapidly decreases. An
increase of hardening coefficient @, for Zn can be observed a temperature of 150K,
afterwards its value decreases (Fig. 3). As the research [7] demonstrates this phenomenon is
due to an anomaly of the hardening coefficient. This phenomenon was not recorded for
7ZnTi0.01 at% single crystals. For Zn deformed at high temperatures (>373K) the hardening
coefficient @, remains fairly low.
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Fig. 3. Critical resolved shear stress CRSS of the Zn and ZnTi0.01 at.% single crystals
as a function of the temperature
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For pure Zn single crystals the main lattice obstacles on the plane of easy slip (0001) are
the forest dislocations. The investigations [7, 10] demonstrated that their quantity during
deformation within an easy slip interval (¥ < 0.2) does not change.

At temperatures above 293K a steady decrease in hardening coefficient &, was
recorded, thus revealing a occurring conversion of the precipitate structure. As an
examination of ZnTi0.1 at.% single crystals shows the structure of precipitations
can be altered by means of thermal treatment. [11] Fine Zn;sTi phase precipitates
undergo a partial or complete dissolution, whereas great precipitates change size
and shape [6, 11].
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Fig. 5. The influence of the temperature on the activation volume V*;
— for Zn single crystals — V* determined by stress relaxation method (relaxation after strain y= 0.1),
— for ZnTi0.01 at.% single crystals — V* determined on the basis change strain rate in constant strain
rate test (after y= 0.1)

Conducted examinations of the activation volume demonstrate that when temperature
rises, the V * value increases. A monotonic shape of V* = f(T) curves for ZnTi0.01 and Zn
single crystals points to the action of similar hardening mechanisms over the entire interval
of deformation under investigation.

4. Conclusions

— Ti alloy additives of an 0.01 at.% order significantly affect the hardening process of Zn
single crystals.

— In ZnTi0.01 at.% single crystals a prevailing mechanism of hardening phenomenon is
that of precipitate hardening with Zn;sTi — phase precipitates.

— As the temperature rises the mechanical properties of the examined single crystals
strongly diminish.
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— The reason for a strongly decline of hardening above the temperature of 373K is the
partial dissolution of secondary Zn;sTi — phase precipitates.

— Within the deformation range of ZnTi0.01 at.% single crystals under investigation the
hardening mechanism does not change.
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JAN KUSNIERZ

ON TRANSIENT RANGE OF STRAIN HARDENING AND PLASTIC ANISOTROPY
AT TENSILE DEFORMATIONS

PRZEJSCIOWY ZAKRES UMOCNIENIA ODKSZTALCENIOWEGO
I ANIZOTROPII PLASTYCZNEJ W PROBKACH ROZCIAGANYCH

The stress-strain relation, exemplified on tensile test measurement of CuZn37 brass, copper and
aluminium, is considered according to Lud wigson model, and values of transient £, limit
elongation are calculated. That concept is compared to the dependence of r-value on elongation
£and an analogue transient &,, limit is defined. Both values are of the same order and considerably
greater than the €, elongation defined earlier by the author, below which the r-value is non-real, i.e.
has negative value.

Zalezno$¢ naprezenia od odksztalcenia, rozwazana zgodnie z modelem Ludwigsonana
przykladzie wybranych wynikéw 2z rozciggania wycigtych z blachy prébek mosigznych,
miedzianych i aluminiowych, postuzyla do wyznaczenia wydluzZenia ¢, ograniczajacego zakres
przejSciowy. Ta koncepcja zostala poréwnana z zaleinoScia od wydluzenia wspélczynnika
anizotropii plastycznej r, gdzie definiowana jest analogiczna warto§¢ granicznego wydluzenia &,,.
Obydwie wartoéci s3 tego samego rzedu i znacznie wigksze niz okre§lane przez autora wczesniej
wydluzenie £,, poniZej ktérego wsp6lczynnik anizotropii plastycznej r przyjmuje wartoci ujemne
czyli nierzeczywiste.

1. Introduction

The effect of change of deformation path on properties and structure of materials after
pre-deformation has been recently intensively studied. It relates in particular to mechanical
properties, crystallographic texture and microstructure changes under shearing in pre-
deformed by rolling Cu and its alloys [1, 2], Al [3] and steel [4]. In all investigated samples
an influence of pre-deformation on mechanical behaviour was observed and consequently
changes in texture and microstructure were noted especially in initial range of deformation,
with intensity dependent on material and pre-deformation reduction of area. That

* INSTYTUT METALURGII 1 INZYNIERI MATERIALOWEJ IM. A. KRUPKOWSKIEGO, PAN, 30-059 KRAKOW, UL. REYMONTA 25
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phenomenon suggests that the change of deformation path has an general aspect and the
behaviour in a last state of loads is connected with the history of deformation or at least just
penultimate treatment mode.

In the paper, the small deformation behaviour under tension will be considered with
respect to strain hardening (deduced from o — ¢ relation) and to anisotropy coefficient
(r-value) which relates the partial elongation in the width direction to the partial elongation
in the thickness direction.

2. Stress - strain relation according to Ludwigson model

The dependence of stress on strain under plastic deformation is commonly interpreted
as the power law formulae

oc=K¢" 1)
o=0,+Kéeg" (2a)
o=K (e+ &))" (2b)

with o as true stress, € as true plastic strain and n, 0, £, as constants accountable for strain
hardening (n) or elastic limit of the material (o, or &,). Formula (1) was already proposed by
Bullfinger inthe year 1729 [5], as it was noticed by Coulomb [6] (it is also known as
Hollom on formula[7]); formula (2a) is considered as L u d w i k [8] one, while (2b) as
the formula of S wift [9]. The graphical representation of formula (1) in log-log scale
gives a straight line, where n represents the slop of a straight line log o in respect to log
€ axis. The lack of linearity inspired many research workers to invent other formulae, and
among others Krupk ows ki [10] with his latent hardening z,

o= k Zim’ (3)

where z; is ideal cold work and z; = z; + (1 — z;) z, while z is interpreted as actual cold work
(z = 1-A,/A, where A, and A denote the initial and the actual cross section).
Truszkowski[11] had largely discussed the problem of linearity verifying different
measures of deformation and formulae, introducing his heterogeneity parameter s,, which
did not provide satisfactory results either. In the course of experimental collecting of the
data in the stress — strain relation a minimum of two different ranges in o — £relation were
distinguished [12, 13].

Ludwigson [14] admitted to interpret the stress — strain relation as composed of two
ranges i.e.:

(i) stabilised with a linearity of the expression In o - Ing, which implicates a power law
o — ¢ relation in the whole range of straining by tension (strain or work hardening range)

o =K, ", “@
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where it is supposed: K; is a “strength factor” n, is a “strain hardening exponent”,
(ii) initial range in o - € relation as a transient range with A = o — oy, where (with
introduced corrections [15])

A=K.exp(n, * €) (%)

is founded on admission of the fact that the beginning part of the stress — strain relation is the
passage from the initial state (0= g; + 4) to the stabilized plastic flow under tension
(0= 0); although not necessarily caused by planar flow of dislocations favoured by low
stacking fault energy (SFE) as was suggested by Lud wigson [14]; because that type
of behaviour was observed independently on SFE [7, 11-13], which suggests that the
phenomenon is rather a general one. Thus we obtain the ¢ — € relation valid in the
whole range of straining:

oc=K,e"+K.exp(n, * ¢ 6)

where K, is a “strength factor”, K, is a stress at which plastic flow begins; it corresponds to
proportional limit, n, is a “strain hardening exponent”, n, is a “transient sensitivity
exponent”.

The meaning of K, and n, conformtoL ud w i k [8] law, while K, is equal to the value
of stress at £ = 0, which corresponds to the proportional limit of o — ¢ relation. The
introduction of the constants K, and K, in the postulated formula (6) enables to avoid
troubles when one changes the stress units from one set to another one (compare Appendix).

3. Anisotropy coefficient (r-value)

The result of anisotropic plastic flow can be observed visibly during deep drawing of
sheets as ears in a drawn cup and at the localisation of a groove in flat samples undergoing
tension (compare the author’s paper [15]). There are two properties of metal, one expressed
by the strain hardening exponent nl described in Chapter 2 and the other, considered here
coefficient of plastic anisotropy (r-value), which control the ability of sheet metal to deep
drawing operation [16].

Recently Truszkowski [17] had re-evoked his method of estimation of r, =
r (€=0) from the maximal error limit of integral r~value on tensile elongation in opposition
to the initial suggestion of the determination of the r-value at the limit of uniform elongation
[16]. He also called over the author’s paper [18], where r = r(€) dependence was deduced
from linear dependences of partial strains on &. According to definition [16, 19] r-value is
calculated as the ratio of partial strains &, in the width direction (¢,, = In (wlw,), where w,
and w correspond to the width initial and after elongation, respectively to partial strains &,
inthe thickness direction (&, =1n (¢/1,), where ¢, and ¢ correspond to thickness initial and after
elongation, respectively, namely
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r=¢&,/€,. @)

In the author’s papers [15, 18] linear relations were postulated (similar were re-evoked
recently by Liu [20])

Ex.=Inw,/w=A+a*e¢ (8)
&E=In@¢/H)=B+f*¢ 9)
with limit conditions
a+pf=1 10)
A+B=0 (1D

and where in (7) the numerator (8) and denominator of (9) were multiplied by
(= 1) for comfort.

The expression (10) enables to postulate the r-value independent of £, as was proposed
already [15, 18]

rv=al - ). (12)

The constants A and B account for the run of r-value in the vicinity of £ = 0 and in
consequence of (11) only one is independent, suppose A; when A is negative then r tends to
0 when £— 0, and when A is positive then r tends to e when £ — 0. The formulae (8) and (9)
determine directly the limit elongation €,

&,=|A/a| when A <0 or |B/f] when B <0, (13)

such that for € < &, the r-values are negative and do not have any physical meaning. The
expressions (8), (9) and (12) giving the constant 7, value resolve also the problem of the
difference between the differential r # = de,, /de, and the integral r-value [16, 17, 20].

4. Experimental results and discussion

In the following, re-examinations of certain author’s results [18], according to
Ludwigson [14] model, are presented. In Fig. 1 there are demonstrated the stress
— strain relations of a M2-90 sample, cut out of a sheet at 90 degrees to the rolling direction
(in Fig. 2 for Al-0 cut out in the rolling direction and in Fig. 3 for Cul-45 cut out of a sheet at
45° degrees to the rolling direction are illustrated), and subjected to tension, when natural
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logarithm scaling is applied. The total assembly of experimental points for M2-90 brass
(Fig. 1a) can be described by the formula o = &, + A, while the linearity description
comprises

In 0y, =4264 + 05251n ¢ (14)

and K; = e*?* = 71.094 MPa, and nl = 0.525. The difference 4 = o — 0, between
omeasured and o recalculated is presented in Fig. 1b. and may be described as a straight
line when semi-logarithm scaling is applied

A =95.692 exp(-0.226 * ¢), (15)

where €= £[%] and K, = 95.692 Mpa, n2 = —0.226 according to hypothesis postulated by
Ludwigson [14].
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Fig. 1. Stress — strain relation according to Ludwigson model [14] for CuZn37 sample M2-90:
aQ)o=01+A4,b) A=K, exp(n, * €. (compare constants for € [%] in Table 1)

The material constants of Al, Cu and CuZn37 brass according to Ludwigson
formula are presented in Table 1 (constants for & [dimensionless] and €[%] are compared in
the Appendix). The strength constant K, and the strength hardening exponent nl can be
compared with the previously obtained results according to Ludwik formula [8].
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For all cases considered we observe a satisfactory approximation conformity according to
Ludwik and Ludwigson formulae (Table 1). In Table 1 there is also presented

the limiting value £, (formula 16) above which the A/ o relation is below +0.02:

[MPa]

A

In o [MPa]

|A(e)/ 0] < 0.02 for

E> €.

18

14
Cu1-45
. o
6
A=19.134%xp(-0.309* & )
2
(o]
2
-5 0 10 15 20 25 30 35 40
& [%)

6.2

6
58
56
54

5

— N In a1=454037Ine

48f
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04 1 16 2.2 28 34 4

In & [%}

Fig. 2. Stress — strain relation according to Ludwigson model [14] for Cu sample Cul-45:
a)o=0,+4,b) A=K, exp(n, * €). (compare constants for £ [%] in Table 1)

(16)

In the Table 2 there are presented the data to interpret the coefficient of plastic
anisotropy r according to formulae (7) - (13). In the last three columns there are gathered the
coefficients to interpret the (&) function in an analogous way as the o~ € relation. We had
received the constant anisotropy coefficient r, supposing the linearity of partial elongation
as was demonstrated in Fig. 4b for brass M2-90, in Fig. 5b for copper Cul-45 and Fig. 6b for
Al-0. Now we can admit, that the initial part is a consequence of material as well
experimental parameters influencing the measured values of partial elongation, and as in
the prior o — € relation the initial part is a transient one responding to the deformation of
cross-section, constrained by tension acting in tensile axis. We can suppose

I'=l‘k+rt

I =19 *exp(ny * €)

17)

(18)
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r(0) =ry +ro), (19)

n, — is the exponent for transient behaviour of 7, (&) in the range of near zero deformation,
T, Fo; are constants.

10

Al-0

A [MPa]

A =T7151*exp(-0.56 * ¢ )

e [%]

4.2

3.8

3.6

in ¢ [MPa]

34

/ In ¢ =3.385+0237%In ¢
Z

32
2.5 -1.5 0.5 0.5 15 25 35

In & [%]

Fig. 3. Stress — strain relation according to Ludwigson model [14] for Al sample Al-0:
a)0=0,+A4,b) A=K, exp(n, * £). (compare constants for £ [%] in Table 1)

The expressions (17) and (18) are illustrated in Fig. 4a and 4b for M2-90, in Fig. 5a and
5b for Cul-45 and in Fig. 6a and 6b for Al-0; particularly, the r, obtained according to (18)
makes us sure that the degree of deviation r(0) from 7, may be significant (Table 2) and
depends upon the case as it was demonstrated elsewhere [15, 18]. That mode of reasoning
approves the mode of determination of r-value proposed by the author [18]; in the last but
one columnn of the Table 2 there is given the elongation &,, above which the measured
r value is charged by experiment with error smaller than c (it differs from the constant r; by
the chosen admitted small ¢ = 0.02 value), namely

[(x(e) —rir} <002 for €>¢,,. (20)
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TABLE 1
Parameters of stress — strain curves of Al, Cu and CuZn37 brass (M2)
No Sample K, [MPa] nl K.MPa] | m | e
Ludwigson [10], € [%]

1 Al-0 29.518 0.237 7.151 -0.560( 3.8

2 Al-45 33.78 0.281 5.101 -0.724 2.5

3 Al-90 30.054 0.210 8.459 -1.713 22

4 Cul-0 88.850 0.388 38.521 -0.539| 45

5 Cul-45 90.017 0.370 19.134 -0.309| 6.0

6 Cul-90 94.16 0.350 159.153 -0343| 3.0

7 M2-0 73.626 0.519 108.399 -0.305{ 102

8 M2-45 68.717 0.529 96.886 -1357| 125

9 M2-90 71.094 0.525 95.692 -0226| 127

Ludwigson [10], € [dimensionless]
10 Al-0 87.920 0.237 7.151 -56.0 0.038
11 Al-45 123.214 0.281 5.101 -72.4 0.025
12 Al-90 79.050 0.210 8459 |-171.3 0.022
13 Cul-0 530.466 0.388 38.52 - 539 0.045
14 Cul-45 494.680 0.370 19.134 -309 0.060
15 Cul-90 471.918 0.350 159.153  [-343 0.030
16 M2-0 803.584 0.519 108.399 -30.5 0.102
17 M2-45 785.352 0.529 96.886 -236 0.125
18 M2-90 797.688 0.525 95.692 -22.6 0.127
Ludwik [4], € [dimensionless]
K, [MPa] nl o, [MPa]

19 Al-0 74.65 0.40 21.62 -
20 Al-45 92.00 0.33 7.53 -
21 Al-90 67.72 0.37 20.15 -
22 Cul-0 529.66 0.41 13.95 -
23 Cul-45 493.52 041 19.39 -
24 Cul-90 456.55 0.40 30.97 -
25 M2-0 735.78 0.73 120.96 -
26 M2-45 721.37 0.70 101.82 -
27 M2-90 760.49 0.70 100.11 -
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TABLE 2
Coefficient of plastic anisotropy (r-value) for Al, Cu and CuZn37 (M2)

Sample l A I o ] B I I I Toy | -0y I r(0) I €n [%] I & [%]
€ (%]

Al-0 +0.024 0.325 -0.024 0.480 0.047 0.325 0.527 4.89 0.04
Al-45 -0.071 0.830 -0.123 0.200 0.300 0.430 0.500 10.04 0.72
Al-90 -0.133 0.587 +0.004 0.705 0.092 0.137 0.797 13.69 0.23
Cul-0 { -0.013 0.409 -0.001 0.752 |-0493 0.437 0.259 7.98 0.03

Cul-45 | +0.033 0.630 -0.033 0.600 |-0.258 0.203 0.342 15.11 0.09
Cul-90 | -0.280 0.480 +0.287 0.863 [-0.202 0.174 0.661 14.14 0.58

M2-0 | -0.132 0432 +0.132 0.750 |-0.523 0414 0.227 8.58 0.31
M2-45 | +0.077 0.398 -0.077 0.650 |+0.255 0.343 0.905 15.39 0.13
M2-90 | +0.128 0.386 -0.128 0.610 |+0.913 0.256 1.523 16.86 0.02

28
22 M2 - 90
~16} &8 == 0.128+ 0.614¢5
- ]
3 10 E
w
g =+0.128+0.386+¢
w
4
2
5 5 15 25 35 45 55
e [%]
16
14

iz M2 -90

r=0.61+0.913 " exp(-0.256 * & )

0.8 e \
0.6 5oL -e 002000
04|

o'20 10 20 30 40 50

&{%]

Fig. 4. Anisotropy coefficient r depending on elongation for CuZn37 sample (M2-90) cut out of a sheet at 90°
to the rolling direction RD [18]: a) partial strains €, and &,, b) r-value versus & %]
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Fig. 5. Anisotropy coefficient r depending on elongation for copper sample (Cul-45) cut out of a sheet
at 45° to the rolling direction RD [18]: a) partial strains ¢, and &,, b) r-value
versus € [%]

The transient range obtained from ¢ — ¢ relation or r(€) dependence define similar limits
of transient range of elongation (€, in Table 1 and €,, in Table 2) which is considerably
greater than &, in Table 2, the limit of non-real, i. e. negative r-value [15, 18]. The most
convincing reason is the fact that the passage from elastic to plastic deformation, where
different plastic deformation mechanisms (mainly slip on different active slip systems,
activity of cross-slip or partial dislocations and twinning) become active and the constrains
resulting from interactions of grains inevitably influence the initial course of o— gand r (&)
relations in the form of transient range.
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Fig. 6. Anisotropy coefficient r depending on elongation for Al sample (Al-0) cut out of a sheet
in the rolling direction RD [18]: a) partial strains €, and &,, b) r-value versus & [%]

5. Conclusions

The stress strain relation modified by Lud wigs on seems to describe correctly the
experimental data for metals independently of SFE values with transient up to &, limit
elongation.

Taking into account the mathematical correctness it is postulated to use the formula
o — £ in whole range

o=K, e" + K. exp (nt * &), @1)

where K| is a “strength factor”, K, is a stress at which plastic flow begins; it corresponds to
proportional (elastic) limit, n1 is a ““strain hardening exponent”, ntis a “transient sensitivity
exponent”.

In a similar manner the r-value can be presented as the sum r = r, + r, with transient
up to &, limit elongation
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r=ry+ ry *exp(ng * €), (22)
where r, is constant, n,, is a transient sensitivity exponent for r-value. Both &, and &,
are of the same order.

APPENDIX:
Constants at € [%] and ¢ [dimensionless]

Suppose the o— ¢ relation with €= & [%] is described by the constants K, n1, K, and nt then
for o — € relation with € [dimensionless] one obtains the constants:

K; (¢ dimensionless) = K, * 102" (A1)
nt (€ dimensionless) = 100 * nt (A2)
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MECHANICAL PROPERTIES OF Fe-(3-4)%Mn-0.8%C PM STEELS

WELASNOSCI MECHANICZNE SPIEKANYCH KONSTRUKCYJNYCH STALI MANGANOWYCH
Fe-(3-4)%Mn-0,8% C

The powder metallurgy route may allow sintered manganese steels to be made based on pure iron
powder and ferromanganese powder with control over alloy microstructure. The factors that
contribute to the mechanical properties of sintered Fe-(3-4)%Mn-0.8%C manganese steels, such as
the basic powder grade, sintering temperature, sintering atmosphere dew point and cooling rate are
summarised. The paper shows the influence of these parameters on the tensile strength, yield
strength, transverse rupture strength, impact strength and hardness of the investigated steels. It is
showed that tensile high strength level higher than those of many conventional steels can be
obtained already in the as-sintered condition.

W artykule przedstawiono wplyw parametréw wytwarzania na wlasnoSci mechaniczne
spiekanych konstrukcyjnych stali manganowych o zawarto$ci manganu wynoszacej 3% mas. i 4%
mas. oraz stalej zawarto$ci 0,8% wegla. Powyzszy sklad spiekanej stali wybrano w oparciu
o wyniki dotychczasowych badafi prowadzonych zaréwno w kraju jak i zagranica. Jako parametry
wplywajace w znaczny spos6b na przebieg spieckania, a tym samym na wlasnosci spiekéw,
wyodrebniono: rodzaj zastosowanych proszkéw zelaza i zelazomanganu, temperature spiekania,
temperature punktu rosy atmosfery spiekania oraz szybko$§¢ chtodzenia materiatu po spiekaniu.
Przeprowadzone badania mialy na celu okre§lenie:

— wplywu rodzaju proszkéw Zelaza i zelazomanganu na wlasnoSci wytrzymalo$ciowe i plastyczne
spiekéw,

— wplywu temperatury spiekania, temperatury punktu rosy atmosfery spiekania i szybkosci
chtodzenia od temperatury spiekania na wlasnosci fizyczne i mechaniczne spiekéw,

— odpowiednich warunkéw wytwarzania spiekanych stali manganowych.

Z przeprowadzonych prac i uzyskanych rezultatéw badai wynika, Ze zmiany wymiarowe
badanych spiekéw sa giéwnie zalezne od temperatury spiekania, a wlasno$ci wytrzymatoSciowe
i plastyczne badanych spiekéw sa funkcja nastepujacych parametréw wytwarzania: temperatury

* WYDZIAE METALURGII I INZNIERII MATERIALOWEJ, AKADEMIA GORNICZO-HUTNICZA, 30-059 KRAKOW,
AL. MICKIEWICZA 30
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punktu rosy atmosfery spiekania, temperatury spiekania oraz szybkosci chlodzenia po spiekaniu.
Stwierdzono réwniez, Ze wlasno§ci mechaniczne spiekanych stali manganowych w istotnym
stopniu zalezg od rodzaju zastosowanych proszkéw Zelaza i Zelazomanganu.

1. Introduction

Most powder metallurgy (PM) steels differ significantly from their wrought
counterparts. Nickel and cooper, and in some cases molybdenum, are the alloying elements
which have traditionally been used in high-strength sintered structural steels. Manganese
has a significant influence on hardenability but its use is restricted because of its strong
affinity for oxygen. Consideration of Ellingham-Richardson diagrams indicates that
sintering of manganese steels is not practicable in endogas and, even in pure hydrogen, the
dew point requirements for sintering temperatures of 1120 and 1250°C are —60°C and
—-50°C, respectively. While Ni, Cu, and particularly Mo additions cost more than additions
of Mn, their oxides are reducible during sintering in standard industrial conditions (1120°C,
dissociated ammonia atmosphere, —30°C dew point). However, the powder metallurgy
industry follows possibilities in order to develop nickel-free sintered steels, which render as
high mechanical properties as diffusion alloyed nickel-containing sintered steels and
further fulfil the requirements of health protection.

The first fully commercial PM steel with Mn in excess of 1% was patented in 1996 and
produced by Canadian company Stockpole. Commercial exploitation of PM Mn ferrous
alloys appears restricted to < 1.5% manganese at sintering temperatures < 1300°C.
However, even these Mn contents require special processing procedures, €.g. comminuting
ferromanganese under nitrogen to a mean particle size of 8yum to minimise the oxygen level
of the starting powders and facilitate manganese diffusion and sintering at 1280°C in
a relatively dry atmosphere of hydrogen/nitrogen with dew point —40°C. With tensile
strength of 600 MPa, and acceptable dimensional stability, manganese PM steels with
~7g/cm® density find applications in automotive powertrain components, e.g. clutch
backing and apply plates, synchroniser components, transmission sprockets and helical
gears. In Europe, in recent years manganese have been introduced as alloying element in
iron-based structural parts on laboratory scale [1-5] and for pilot scale production [6],
primarily in Germany, Slovakia, Poland and Bulgaria. Manganese is added as an alloying
element to sintered steels to provide solid solution strengthening of ferrite, cause
precipitation of alloy carbides (Fe, Mn);C, (Mn, Fe),C; and (Mn, Fe),C rather then
cementite, and improve the hardenability. Manganese has a significant influence on
hardenability, but it must be in solution in order to contribute to hardenability. The focus of
alloy development should be to utilise Mn alloying addition and carbon in combinations
that optimise the synergistic effect of their presence on the hardenability of the alloy. Such
steels as Fe-(3-4)%Mn-0.8%C are referred to as being *‘sinter-hardenable”, since sintering
furnaces equipped with enhanced cooling capacity have been produced for many years.
There are a number of benefits of the sinter-hardening process. First of all the need for the
secondary quench-hardening treatment is eliminated.
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This study is an attempt to evaluate common manufacturing techniques and sintering in
semi-closed container, determine their significance on the PM steel thermal history, and
introduce an efficient approach to the generation of sintering process specifications based
on actual material behaviour properties.

The different demands of a furnace-cooled material targeted for high strength and
tensile elongation will be compared with those of convective-cooled material where the
need is for a combination of hardness, strength, and ductility.

In this study, the data will be treated in two groups. The first group will pertain to
the influence of iron and ferromanganese powders grades on the mechanical properties
of steels. The second group will have to do with observed variations in mechanical
properties caused by changes in sintering temperature and dew point of the sintering
atmosphere.

2. Experimental procedure

2.1. Powder used

Eight PM steels based on Hogands iron powders were manufactured and examined.
Two iron powders have been used in these investigations: NC 100.24 sponge iron powder
and ABC 100.30 atomised iron powder. The manganese was added in the form of
ferromanganese powders. Two types of ferromanganese powders were used: HP III
ferromanganese powder, prepared from high-carbon ferromanganese grit produced in Huta
Pok6j then milled in nitrogen atmosphere in ZM Trzebinia, and Elkem low-carbon
ferromanganese provided as a fine powder by Huta Baildon.

Elemental carbon was added to both iron powders in the form of ultra fine graphite
(Hogands C-UF). The content of ash in graphite powder was 3.3% and content of sulphur
was 0.08%.

2.2 Powder characterisation and testing

The investigated properties of the iron and ferromanganese powders were chemical
compositions, hydrogen loss, particle size and distribution, apparent density, tap density,
flowability and compressibility. The results of the chemical analysis (Leco CS 125, Leco
TC 336 and conventional wet analysis) of iron and ferromanganese powders are given in
Tables 1+2.
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TABLE 1

Hydrogen loss and chemical analysis for NC 100.24 and ABC 100.30 iron powder —- LECO CS 125

and TC 336 analysis

Element, wt. %
Powder Hydrogen loss
ISO 4491 o} N
NC 100.24 0.16 0.008 <0.001 0.268 <0.001
ABC 100.30 0.06 0.001 <0.001 0.054 <0.001
TABLE 2
Chemical composition — 40 um HP III and ELKEM ferromanganese powders
i Chemical composition, wt. %
Powder Density, i
g/em? Nn C Si 0 N S
HP IIT 7.18 79.04 6.35 0.67 0.08 0.02 <0.001
ELKEM 7.36 89.31 1.18 041 2.28 0.13 <0.001

The density of the ferromanganese powder was determined using pyknometer. Two
main methods were used to determine the particle size: sieve analysis and sedimentation
method basedon S t o k e ’ s law. Table 3 shows the results of sieve analysis for NC 100.24
and for ABC 100.30 iron powders; Table 4 presents the results of sedimentation analysis of
ELKEM and HP III ferromanganese powders.

TABLE 3

NC 100.24 and ABC 100.30 iron powders particles size distribution

Size range, um

Particle size weight
distribution, %

Cumulative, %

Particle size weight
distribution, %

Cumulative, %

NC 100.24 iron powder ABC 100.30 iron powder

040 9 9 10 10
40-80 28 37 30 40
80-120 39 76 35 75
120-160 23 99 23 78
160-200 1 100 2 100
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TABLE 4
Elkem and HP III ferromanganese powders particles size distribution
Stokes’ diameter, distr\?tl)ilt?:rtl, % e disu:!‘:t?:rtx, % Cumulative, %
Hm Elkem ferromanganese powder HP 111 ferromanganese powder
0-10 16 16 7 7
10-20 63 79 4 11
20-30 10 89 13 24
30-40 4 93 15 39
40-50 3 96 17 56
50-60 3 99 23 79
60-70 1 100 21 100

The results of apparent and tap density, flowability and compactibility of iron powers
and ferromanganese powders are listed in Tables 5+6.

TABLE 5
Physical properties of NC 100.24 and ABC 100.30 iron powders
NC 100.24 iron powder ABC 100.30 iron powder
Property AGH Hoganis AGH Hoganids
measured certificate measured certificate
values data values data
Flowability, s — ISO 4490 27.90 31.50 21.10 24.00
Apparent density, g/cm® - 1SO 3923 2.64 2.43 325 3.05
Tap density, g/cm’ — 1SO 3953 3.16 - 3.79 -
Compactibility (600 MPa), g/cm’
~ISO 3927 - 6.92 - 727
TABLE 6

Physical properties of ELKEM and HP III ferromanganese powders

measured values

Property ELKEM ferromanganese | HP III ferromanganese
powder powder
Flowability, s — ISO 4490 do not flow do not flow
Apparent density, g/cm® ~ ISO 3923 2.00 3.13
Tap density, g/cm® — ISO 3953 3.23 397
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2.3. Mixing

Mixtures of powders were prepared by blending iron, ferromanganese and graphite
powders. The powders were mixed in a double cone laboratory mixer (60 min, 50 rev./min)
to produce mixtures of the required uniform ferromanganese and graphite particles
distribution. No lubricant was added to the powders before mixing. Table 7 shows chemical
compositions of the powder mixtures.

TABLE 7
Summary of chemical composition, powder mixtures and specimens type

No{ Iron powder Ferr(;r(x)l:r;i:nese Chemical composition, wt. % Specimen type

Fe Fe-Mn-C Mn C Si Rectangular ISO
1.} NC 100.24 ELKEM 3 0.8 0.056 A,B,CD LJKL
2.{ NC100.24 ELKEM 4 0.8 0.074 E,F,G H M,N,O,P
3.1 NC 10024 HP III 3 0.8 0.025 HP-a HP-c
4.| NC 10024 HP III 4 0.8 0.034 HP-b HP-d
5.1 ABC 100.30 ELKEM 3 0.8 0.056 R AA
6.1 ABC 100.30 ELKEM 4 0.8 0.074 U AB
7.1 ABC 100.30 HP III 3 0.8 0.025 T AC
8.1 ABC 100.30 HP 1II 4 0.8 0.034 S AD

2.4. Compacting

The blended powders were compacted in steel dies with zinc stearate lubricated
walls. Unaxial, single-action compacting with a stationary lower punch was used. Two
types of compacts were pressed: rectangular 55x10x5mm transverse rupture test bars and
tensile strength test bars. Dogbone tensile test pieces were prepared according to ISO 2740
standard. Bars were pressed under pressure of 700 MPa.

2.5. Sintering

Sintering was carried out in dry hydrogen atmosphere in a horizontal laboratory
furnace. The heat resisting steel tube furnace was equipped with water jacketed rapid
convective cooling zone. The dew point of the hydrogen atmosphere was controlled from
~40 to —60°C. The compacts were heated to the sintering temperature at heating rate of
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75°C/min. The temperature control was + 2°C. Sintering was performed at 1120, 1150,
1180 and 1200°C for 60 minutes employing rapid (convective) and slow furnace cooling.
The convective cooling rate in the temperature range of 1100+500°C was approximately
60°C/min. The furnace cooling rate in the temperature range 1100+500°C was ap-
proximately 3.5°C/min. To improve both the local dew point (self-gettering) and to
minimise the loss of manganese due to volatilisation, the specimens were sintered in
a stainless steel semi-closed container. Following specimen preparation, density was
determined on representative samples using the immersion technique. Summary of
sintering temperatures for different types of powder mixtures is presented in table 8.

TABLE 8
Summary of Fe-(3-4)%Mn-0.8%C sintering temperatures of specimens prepared from NC 100.24+ELKEM,
NC 100.24+HP 111, ABC 100.30+ELKEM and ABC 100.30+HP III powder mixtures

Type of Sintering temperature
mixture 1120°C 1150°C 1180°C 1200°C
—40°C|~50°C|~60°C|-40°C|- 50°C|- 60°C |- 40°C |- 50°C |- 60°C |- 40°C |- 50°C |- 60°C
Ml X X X X X X X X X X X X
M2 - - - - - - - - - - - X
M3, M4 - - - - - - - - X - - -

M1 — NC 100.24+ELKEM, M2 - NC 100.24+HPIII, M3 — ABC 100.30+ELKEM, M4 — ABC 100.30+HPIII

3. Testing of sintered specimens

3.1. Tensile test

The tensile properties were ascertained for as-sintered steels on dogbone tensile
specimens according to PN-EN 100021 standard. Tensile test was carried out with
MTS 810 testing machine at a crosshead speed of 0.5 mm/min. Elongation was measured
with a 10 mm MTS 632.13C-23 extensometer. The load applied and strain were recorded
continuously throughout the test. The resulting stress-strain curves were analysed
to identify the 0.2% offset yield strength, tensile strength and tensile elongation at
fracture. In addition to the tensile and elongation testing, failed specimens underwent
metallographic examination. Testing was performed on between 10 and 20 specimens per
material.

Figures 1+4 and Table 9 present the results of the tensile test.
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UTS, MPa

Dew point, °C

Fig. 1. Tensile strength of Fe-(3-4)%Mn-0.8%C specimens made of M1 powder mixture and sintered at different
temperatures in the atmosphere with different dew point. Mean values for ISO 2740 samples

Cooling method

Fig. 2. Tensile strength of Fe-(3-4)%Mn-0.8%C specimens made of M2, M3 and M4 powder mixtures
and sintered at different temperatures in the atmosphere with ~60°C dew point. Mean values for ISO 2740 samples
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Fig. 3. Elongation of Fe-(3-4)%Mn-0.8%C specimens made of M1 powder mixture and sintered at different
temperatures in the atmosphere with different dew point. Mean values for ISO 2740 samples

A %

Specimen type furnace

AD convective Cooling method

Fig. 4. Elongation of Fe-(3-4)%Mn-0.8%C specimens made of M2, M3 and M4 powder mixtures
and sintered at different temperatures in the atmosphere with -60°C dew point. Mean values for ISO 2740 samples
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3.2. Bend test

Transverse rupture strength was determined by three-point bend testing with stress
at fracture evaluated used simple beam theory, i.e. assuming elastic behaviour, according to
PN-ENISO 3325 standard. The fixture had two support cylinders mounted parallel with the
28.6 mm distance between the centres. The load cylinder was mounted midway between the
support cylinders. The testing equipment provided a static condition of loading. The value
at which the load suddenly dropped to the first crack was recorded. The transverse rupture
strength, in MPa, was calculated from the Navier formula:

3Fl
TRS = i
where: F —is aload,in Ne wtons, required for structure, measured at the moment of
breakdown of the piece; [ — is the distance, in mm, between supports; b — is the
width, in mm, of the test piece at right angels to its height; 2 — is the height
(thickness), in mm, of the test piece parallel to the direction of the test load
application
The results of bend test are shown in Table 9 and Figs. 5+6.
This procedure is only truly applicable to brittle specimens. It was used in this study as
a routine measure to quickly distinguish between the apparent bend strength of the
investigated alloys. However, some specimens involved in this study were optically found
capable of being bent and an attempt was made to take into account plasticity and to convert
some results to true bend strength [7-12].

TRS, MPa

Fig. 5. Transverse rupture strength of Fe-(3-4)%Mn-0.8%C specimens made of M1 powder mixture,
sintered at different temperatures in the atmosphere with different dew point. Mean values
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TRS, MPa

Specimen type

Fig. 6. Transverse rupture strength of Fe-(3-4)%Mn-0.8%C specimens made of M2, M3 and M4 powder mixtures,
sintered at different temperatures in the atmosphere with -60°C dew point. Mean values for rectangular specimens

3.3. Impact test

Impact test (KC) was carried out using 55X10x5 mm specimens and a 15 J Charpy
bar impact tester according to the PN-EN 10045-1 standard. Samples were placed on
supports with a distance of 25 mm. Table 9 and Figs. 7+8 present the results of impact test.

KC, Jicm®

Fig. 7. Impact energy of Fe-(3-4)%Mn-0.8%C specimens made of the M1 powder mixture,
sintered at different temperatures in the atmosphere with different dew point. Mean values
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KC, Jicm®

furnace

convective  Cooling method

Specimen type U

Fig. 8. Impact energy of Fe-(3-4)%Mn-0.8%C specimens made of M2, M3 and M4 powder mixtures,
sintered at different temperatures in the atmosphere with —60°C dew point. Mean values

3.4. Apparent surface and cross-sectional hardness

The apparent hardness, as well as cross-sectional hardness of the test specimens
(HV o), was determined by means of Vickers hardness tester according to the PN-EN ISO
3878. Table 9 and Figs. 9+12 show the resuits of hardness tests.

Apparent surface hardness,
HVyo

= Dew point, °C

Fig. 9. Apparent surface hardness of Fe-(3-4)%Mn-0.8%C specimens made of M1 powder mixture,
sintered at different temperatures in the atmosphere with different dew point. Mean values



68

hardness, HV,,

Apparent cross-sectional

Fig. 10. Apparent cross-sectional hardness of Fe-(3-4)%Mn-0.8%C specimens made of M1 powder mixture,
sintered at different temperatures in the atmosphere with different dew point. Mean values

Apparent surface hardness HV,o

Specimen type

Fig. 11. Apparent surface hardness of Fe-(3-4)%Mn-0.8%C specimens made of M2, M3 and M4 powder mixtures,
sintered at different temperatures in the atmosphere with —60°C dew point. Mean values
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Apparent cross-sectional hardness
HVyo

Specimen type

Fig. 12. Apparent cross-sectional hardness of Fe-(3-4)%Mn-0.8%C specimens made of M2, M3 and M4 powder
mixtures, sintered at different temperatures in the atmosphere with —60°C dew point. Mean values

4. Experimental results

The following section will compare the effect of the sintering temperature and dew
point of the sintering atmosphere on density, hardness, UTS, TRS, tensile elongation, and
impact energy with of the various materials (the iron and ferromanganese powders) and
processing techniques. The test program examined two principles: alloying with man-
ganese to improve hardenability of the steel and processing to attain high sintered
mechanical properties. The analysis was performed by sorting the steels into 14 processing
groups (Table 9). Tables 1+6 show the results of physical testing of iron and
ferromanganese powders. It can be noticed that ABC 100.30 iron powder has better
compactibility (ISO 3927) than NC 100.24 iron powder. It influenced green density
(density before sintering) of the specimens. It appears that low-carbon ferromanganese
powder additions favour higher green density. In most cases, the density involved in tensile
testing did not exactly match the density of the transverse rupture specimens. When this was
the case, the tensile properties reported were extrapolated from the available data to insure
that the two set of data (UTS and TRS) were as comparable as possible. The specimens
made of ABC 100.30 and ELKEM or HP III powder mixtures reached the green density
7.11 glem? for rectangular and 6.99 g/cm® for ISO specimens. The specimens made of NC
100.24 and ELKEM or HP I1I powder mixtures had green density not exceeded 6.95 g/cm’
for rectangular and 6.85 g/cm® for dogbone tensile specimens. The dimensional change,
from die size, of the investigated steels increase with increasing Mn content and decreasing
dew point of the sintering atmosphere.
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Having demonstrated that, when added as high— or low-carbon ferroalloys, manganese
could dissolve in the iron to increase hardenability, a series of test premixes was made using
3 and 4% Mn additions to assess their influence upon sintered properties of PM steels. Four
alloy combinations were evaluated. Two were combinations of manganese added at levels
3 and 4%. Two extra combinations of NC 100.24 and ABC 100.30 iron powders were made
(Table 7). The properties of the alloy combinations were examined with 0.8% carbon
additions.

The optimum combination of mechanical properties appeared to be obtained with a total
3% manganese addition at 0.8% carbon level. The test data indicate that the tensile strengths
of Fe-(3-4)%Mn-0.8%C compare well with those previous published for as-sintered and
rapidly cooled PM Mn steels. The results showed that UTS and TRS of the 3%-0.8%C and
4%-0.8%C steels were increased significantly by using lower dew point sintering
atmosphere. Increasing the cooling rate to 60°C/min (convective cooling) increases the
martensite content. There may be some retained austenite within the martensitic regions and
s0 increasing Mn content increases the proportion of retained austenite. Microstructure of
the 4%Mn alloy possesses some lighter etching possibly austenitic areas.

Table 9 and Figs. 1+12 present the results of mechanical investigations for
Fe-3%Mn-0.8%C and Fe-4%Mn-0.8%C steel specimens. In general, the UTS and TRS of
the Fe-(3-4)%Mn-0.8%C PM steel slightly increases with decreasing dew point of the
sintering atmosphere (Table 9, Figs. 2+3, and Figs. 5+6). Decreasing atmosphere sintering
dew point increases also impact energy and in some cases apparent surface hardness. The
data (Figs. 1+12) indicate that the effects of manganese, dew point of the sintering
atmosphere and cooling rate on the mechanical properties of the investigated alloys are
relatively predictable. However, it may be prudent to limit the Mn additions such that
dimensional change is close to that of current PM steels.

When considered separately, the data suggest that increasing cooling rate tends
to decrease strength the Fe-3%Mn-0.8%C steels. On average, increasing the manganese
content by 1% decreases UTS by about 100 MPa. The PM Fe-(3-4)%Mn-0.8%C
alloy steels show similar variation in TRS to that observed with UTS. Overall,
the TRS of the Mn steels also fell with alloy additions above 3%. However, the
differences become less with increasing sintering temperature. The data suggests
that a 3% manganese addition is optimal.

Cooling rate has a strong effect on the UTS, TRS, impact energy and apparent surface
hardness. Decreasing cooling rate to furnace cooling (3.5°C/min) in some cases increases
mechanical properties by factor up to ~ 2. When furnace cooling is employed, plasticity of
the specimens increases, and tensile elongation is up to 2%.

The results of tensile and bend tests showed that the TRS/UTS ratio is 1.5+2.0 and
depends on density of sintered manganese steels. It is well recognised that the value of TRS
can exceed that of UTS of the same PM steel, identically processed, by factor up to ~ 2,
although both these parameters appear relate to the fracture stress in tension by the same
mechanism. Taking account of plasticity in bending, the Euler-Bernoulli analysis extended
for linear work hardening and by considering the stress distribution in a bending specimen,
using Weibull statistics, the tolerated ratio (depend on Weibull modulus) between true
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maximum stress in bending and tension was evaluated by Cia$ et al. [7-12] to be in close
agreement with the experimental data. This was considered valid as un-notched specimens
are sensitive to microstructural feature such as porosity and inclusion size and shape.

The investigated steels possessed relatively low elongation at break given their high
strength levels. Elongation increased with increasing sintering temperature and density and
decreasing dew point of the sintering atmosphere and cooling rate, so that the furnace
cooled steel possessed higher elongation by 0.5+1.0%. The T and AC furnace cooled
specimens (Table 9) possessed an elongation approximately 1.3 % higher than that of the
convective cooled specimens for a given density.

The impact properties of these steels are shown in Figs. 7+8, and it is seen that the
toughness is high particularly in view of the strength level involved. As might be expected
the impact toughness in furnace cooled condition is superior to that of the convective cooled
condition. The impact strength of the —-40°C dew point atmosphere sintered specimens is
somewhat lower, probably because of oxides introduced during alloy preparation.

5. Summary and conclusions

The results indicate that processing of the Mn alloy steels achieved its objectives.
The benefits of improved hardenability are shown if comparing the properties of
Fe-3%Mn-0.8%C steels with those of commercial sintered nickel steels. The results
indicate that PM steels consisting of the (3-4)% Mn plus 0.8% C possess high mechanical
properties. Their properties are explained by the processing parameters in a relatively
predictable manner. Thus it should be possible to design Mn steel structural parts to meet
strength requirements. This research has considered several processing variables associated
with sintering of Fe-(3-4)%Mn-0.8%C steels in semi-closed container in hydrogen
atmosphere. Here we found that best overall processing requires manipulation of the
variables to control the alloy microstructure formation during heating, sintering and
cooling. Optimal processing depends on the green density, heating rate, maximum sintering
temperature and sintering atmosphere. It is important to emphasise that for a given
chemistry, if cooling rate is such as to produce the bainitic/martensitic structure, the
strength is relatively sensitive to powder preparation practice and sintering conditions;
however this is not the case for the hardness which is much less structure sensitive. It is quite
clear that transformation inducted structure and combination of manganese and carbon in
solid solution can together produce a substantial increase in strength of PM steel in the
absence of nickel. The decision to give a preference to Mn over Ni was based, among other
things, on the fact that Mn has a greater effect on the hardenability of steel than Ni. Produced
manganese steel specimens demonstrated satisfactory strength and elongation in the
sintered condition and provided good basis for developing in new class of powder
metallurgy alloys. We found that sintered in semi-closed container 3%Mn-0.8%C steel has
indeed a remarkable combination of strength and toughness. With regard to microstructure
the results obtained with produced specimens are encouraging and promise applications for
the design of high performance structural application. Finally, it has to be mentioned that
post sintering heat treatment can be applied with regard to mechanical properties without
a significant loss of dimensional stability [7-11].
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The various experimental facts relating to mechanical properties described in the

present paper can be summarised as follows.

1. The optimised chemical composition, alloying technique and processing of PM
manganese steels result in high mechanical properties of the material, which can be
improved by increasing sintering temperature and/or applying sinter-hardening. The
need for a secondary quench-hardening treatment is eliminated. Typically, sinter-
hardened Mn steels need only low-temperature tempering to relieve stresses and
improve toughness. No objections against practical application of Mn steels are
obvious, with the stipulation that the hydrogen-reach sintering atmosphere with low
dew point and semi-closed container are applied.

2. Improved processing of low alloy steels containing manganese resulted in
mechanical properties (UTS 500 MPa and elongation up to 2% for furnace cooled
specimens) equal or superior to those of many conventional PM steels. The
properties of the investigated PM steels, which were determined following
laboratory sintering in semi-closed containers are surprisingly good and belong to
the best data available on comparable materials. The characteristics of this new class
of steels suggest potential application in areas where high strength and hardness are
desired, for example in the construction of sintered gears.
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MAREK DZIARMAGOWSKI*

THE ASSESSMENT OF SUITABILITY OF THE NON-METALLIC PHASE
OBTAINED FROM THE CONVERTER SLAG FOR SOIL FERTILISATION

OCENA MOZLIWOSCI WYKORZYSTANIA FAZY NIEMETALICZNEJ
OTRZYMANE] Z ZUZLA KONWERTOROWEGO DO NAWOZENIA GLEB

The constant search for new products containing Ca and Mg for soil fertilisation was the
premise for using to this end material obtained during converter slag reduction in an electric arc
furnace. The fraction smaller than 0.5 mm in size is suitable for soil liming. This fraction has
abeneficial chemical composition and chemical activity. Using this fraction for fertilisation causes
the de-acidification of soils and increases the yields of the cultivated plants.

Stale poszukiwanie nowych produktéw zawierajacych Ca i Mg do nawozenia gleb stanowilo
przestanke do wykorzystania w tym celu materialu otrzymanego w procesie redukcji zuzla
konwertorowego w elektrycznym piecu tukowym. Do wapnowania gleb nadaje si¢ frakcja o §rednicy
mnigjszej niz 0,5 mm. Ma ona korzystny sklad chemiczny i aktywno$¢ chemiczna. Stosowanie tej
frakcji do nawozenia powoduje odkwaszenie gleb i zwigkszenie plonéw uprawianych ro§lin.

1. Introduction

About 70 percent of soils in the country require liming, and about 60 percent need to be
fertilised with magnesium. For this reason, systematic research on products containing Ca
or Ca and Mg has been carried out to determine their suitability for liming and fertilising
with magnesium.

The constant search for new products containing Ca and Mg for soil fertilisation was the
premise for using to this end material obtained during converter slag reduction in an electric
arc furnace. The suitability of this material for soil liming was assessed by the Institute of
Soil Science and Plant Cultivation (Instytut Uprawy, NawozZenia i Gleboznawstwa) in
Pulawy, the only institute in the country with the relevant experience.

* WYDZIAL METALURGII I INZNIERII MATERIALOWEJ, AKADEMIA GORNICZO-HUTNICZA, 30-059 KRAKOW,
AL. MICKIEWICZA 30
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2. Research method

Converter slag reduction was carried out in a single-arc furnace described in previous
papers [1-3]. The charge material consisted of ground converter slag and ground electrode.
The slag mass was 5000 g, and the mass of the reducer — 250 g. The mass of the reducer was
5 percent of the slag mass in order to obtain the self-disintegrating non-metallic phase. The
slag mixed with the reducer was added constantly over 40 minutes and processing
continued for four minutes after the adding process was completed. As a result of
processing, 916.1 g of metal phase and 2476 g of the self-disintegrating non-metallic phase
was obtained. The chemical composition of the metal phase was presented in Table 1.

TABLE 1
Chemical composition of metallic phases
chemical composition, %
mass
C Fe Si Mn Al Cr P S
916.1 092 91.34 0.75 5.40 0.005 0.11 1.40 0.028

The grain size was determined during the non-metallic phase analysis to assess
how the grinding level of the material under study influenced its fertilising suitability.
To this end, two samples of 250 g were weighed and screened through screens
containing mesh of an adequate diameter. Also, the chemical composition of the
non-metallic phase fractions obtained and heavy metal content that can cause soil
contamination and worsen the quality characteristics of plant products were determined
along with neutralisation power and chemical activity. The neutralisation power was
defined as the percentage of CaO dissolved over five minutes in HCI at a temperature
of 100°C, and the chemical activity was defined as the percentage of CaO dissolved
during five minutes in HCI at a temperature of 20°C related to pure CaCQ;. Samples
of 1 g mass were used. The results are presented in Table 2-3.

The suitability of the non-metallic phase for fertilisation was tested by carrying out pot
experiments on two soils:

— slightly clayey sand of acid reaction and low content of available magnesium
— common dust of acid reaction and very low content of available magnesium
Soil characteristics are listed in Table 4. Nine fertilisation methods were applied according
to the following scheme:

NPK

NPK + limestone acc. to 0.75 Hh

NPK + limestone acc. to 1.5 Hh

NPK + dolomite acc. to 0.75 Hh

NPK + dolomite acc. to 1.5 Hh

NPK + non-metallic phase of ¢ 0.5 mm size acc. to 0.75 Hh

NPK + non-metallic phase of ¢ 0.5 mm size acc. to 1.5 Hh

NPK + non-metallic phase of ¢ 0.5 2.0 mm size acc. to 0.75 Hh

NPK + non-metallic phase of ¢ 0.5 2.0 mm size acc. to 1.5 Hh

hecibe B
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TABLE 2

No. fraction fraction share neutralisation power chemical activity
¢ mm % % Ca0 % CaCO;

L. <0.08 17.3 65.8 129.4

2. 0.08-0.25 35.9 64.1 120.3

3. 0.25-0.5 16.1 66.9 111.4

4. 0.5-1.0 8.8 63.0 88.7

5. 1.0-2.0 6.3 44.0 519

6. >2.0 15.6 28.0 29.4

The cultivated plant was maize. White mustard was the aftercrop. NPK components
(nitrogen, phosphorus and potassium) were applied as salt in amounts suitable for
pot cultures. For a soil mass of 7 kg, 1 g of nitrogen, 0.2 g of phosphorus and 1.5 g
of potassium were added. The amounts of limestone, dolomite and non-metallic phase were
calculated so that the sum of hydrogen ions, specified by the magnitude of the
Hh coefficient, was neutralised in the soil. When cultivation was finished, the amounts
of calcium and magnesium and certain metals available to plants and soil were determined.
The results of these experiments are listed in Tables 5-7.
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TABLE 4
Chemical composition of soil
mg/100 g of soil mmole/100 g of soil
Soil |pHker Hh mmole/100 g of soil T V%
PzOs Kzo Ca Mg K Na
soil [ | 4.2 2.57 20.7 11.5 | 1.12 [ 0.15 | 0.18 { 0.01 | 4.03 | 36.2
soil II| 5.4 2.55 8.0 63 1359 1026|008 004|652 609
T=Hh+S Hh - sum of hydrogen ions, S — total basic cations
N
DV =-—"+ 100
T
TABLE 5
Plant yield resulting from various fertilisation methods
crop yield, g/pot
No. fertilisation method e while Qstard
green mass dry mass green mass dry mass
soil I {soil I{ soil I [soil I | soil I |soil II{ soil I |soil II
1. |NPK 474.11440.6)119.6(116.0| 43.4 | 498 | 49 | 6.9
2. INPK = limestone acc. to 0.75 Hh 452.8 (4179|1203 1189 58.7 | 316 | 9.1 | 4.4
3. |NPK + limestone acc. to 1.5 Hh 5204 {469.5{133.5(130.4| 453 | 393 | 55 | 63
4. INPK + dolomite acc. to 0.75 Hh 488.2 1434.7 (13461166 526 | 292 | 59 | 4.0
5. |NPK + dolomite acc. to 1.5 Hh 525.5(468.3|135.0|122.3| 400 | 334 | 56 | 54
6. |NPK + non-metallic phase of ¢ 0.5 mm
size acc. to 0.75 Hh 484.3 1463.112631122.6| 41.0 | 368 | 50 | 5.3
7. |NPK + non-metallic phasc of ¢ 0.5 mm | 570 o1 514 111411 | 1362 399 | 500 | 56 | 91
size acc. to 1.5 Hh
8 |NPK+non-metallic phase of ¢ 0.5-20 mm| \1, o | 4oy o | 1184 | 1243 | 37.6 | 460 | 54 | 71
size acc. to 0.75 Hh
9 |NPK+non-metallic phase of ¢ 0.5-20mm 50 » {44 4 | 1389 130:5| 509 | 630 | 59 |10
size acc. to 1.5 Hh
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3. Assessment of non-metallic phase suitability for soil liming

The non-metallic phase under analysis contained 69 percent particles of a size smaller
than 0.5 mm, 9 percent 0.5-1.0 mm in size and about 22 percent larger than 1.0 mm in size.
Those fractions smaller than 0.5 mm with their CaO content exceeding 60 percent showed
the greatest neutralisation power and chemical activity. Their chemical activity exceeded
that of CaCO;.

The FeO content in fractions of sizes not exceeding 0.5 mm was smaller than 6 percent,
which shows that introducing these fractions into soil does not pose a threat to it. The FeO
content in fractions exceeding 0.5 mm in size increased to over 10 percent. The introduction
into soil of a fraction with this amount of iron may have an adverse influence on its
properties, especially during subsequent soil acidification. Fractions exceeding 0.5 mm in
size also contain a relatively large amount of MnO, an excess of which is also hazardous.
These fractions too contain the largest amounts of Cr,Os. Zinc, copper, lead and cadmium
contents were low in all fractions and did not suggest any problems. The content of sodium,
potassium and phosphorus was also low and of practically no importance. The SiO, content,
which plays norole and is simply ballast, was high in all fractions of the non-metallic phase.

Pot experiments showed that the highest yields of green mass and dry mass of maize
were obtained when the non-metallic phase smaller than 0.5 mm in size was applied
according to 1.5 Hh. The highest yields of green mass and dry mass of the aftercrop on
slightly clayey sand were obtained using limestone according to 0.5 Hh. On dusty soil, the
green mass and dry mass of the aftercrop were the highest where the non-metallic phase of
size smaller than 0.5 mm and 0.6-2.0 mm was applied. However, it was previously found
that the 0.6-2.0 mm non-metallic phases contained too many iron oxides.

Fertilisation influenced the nutrient content in plants. The calcium content in plants
cultivated on limed soils was higher than calcium content in plants cultivated on soils solely
fertilised with NPK. At the same time, calcium content in plants increased when doses were
applied according to 1.5 Hh. This concerns limestone, dolomite and the non-metallic phase
to the same extent. The magnesium content in plants was highest when dolomite was
applied. In plants cultivated on dusty soils, magnesium content was higher when the
non-metallic phase was applied of a size smaller than 0.5 mm than in comparison with that
obtained through the application of NPK for reference purposes.

Chemical properties of soils changed beneficially during plant cultivation. The
application of calcium carriers caused a clear increase in pHCI and a change of soil
qualification from very acid to slightly acid. This means that for slightly clayey sand the
further application of calcium carriers is unnecessary while for dusty soil this operation
should be limited. It was additionally found that the non-metallic phase did not introduce
adverse metals into the soil.

4. Summary

Summarising the above-cited results of the analysis of the chemical composition of the
non-metallic phase and its suitability for fertilisation, it can be concluded that fraction
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smaller than 0.5 mm in size is suitable for soil liming. The fraction has a beneficial chemical
composition and chemical activity. Using this fraction for fertilisation causes the
de-acidification of soils and increases the yields of the cultivated plants. The yields of plants
obtained when this fraction was used were higher than yields obtained with the application
of limestone or dolomite. Non-metallic phase of larger sizes should not be used for soil
fertilisation because of excessive amounts of iron oxides. These may be used as an addition
to the sinter in the blast-furnace process.
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CONTRIBUTION OF PULSED LASER DEPOSITION CONDITIONS TO TEXTURE,
MORPHOLOGY AND RESIDUAL STRESSES DEVELOPED IN TiN THIN LAYERS

WPLYW WARUNKOW OSADZANIA LASEREM IMPULSOWYM NA TEKSTURE,
MORFOLOGIE I NAPREZENIA WLASNE W CIENKICH WARSTWACH TiN

Titanium nitride (TiN) thin layers were fabricated by pulsed laser deposition (PLD) by means of
a Nd:YAG laser with Q-switch on three types of materials: ferritic steel, metallic titanium and
polyurethane. A uniform smooth surface was observed to form in each case. Texture examinations
were carried out for both the deposited TiN and the substrate. The application of the position
sensitive detection technique in texture examination allowed to draw the pseudo-pole figures of
residual stresses, while the X-ray diffraction method (sin, i) made it possible to measure residual
stress values for the TiN phase. The substrate surface was positioned parallel (on-axis) and
perpendicular (off-axis) to the surface of the target, to simulate deposition on 3D elements.
Residual stresses measured in the TiN phase showed compressive values within the range of — 6 to
—8 GPa for the on-axis growth and of about —2.8 GPa for the off-axis position in case of ferritic
steel substrate, while they were within the range of —8 to — 10 GPa for films fabricated on the
metallic titanium substrate and of the order of — 4 to — 5 GPa for the polyurethane substrate (0.5 mm
thick). The application of scanning electron microscopy (SEM) for examining materials
cross-sections revealed the form of diffusion layers with continuous transfer from the deposited
film to the substrate. Transmission electron microscopy (TEM) examinations performed on the thin
foils prepared from the cross-section of the metallic titanium covered with the TiN confirmed the
diffusion character of the deposited layer. A fine grained microstructure of the deposited TiN phase
was stated. The morphology of the surface of the deposited layers was examined by means of the
atomic force microscopy (AFM). The results showed that deposition parameters and layer
thickness influenced the crystallite sizes and their vertical diameter.

Cienkie warstwy azotku tytanu (TiN) wytwarzane byly metoda osadzania laserem impul-
sowym (PLD) z zastosowaniem lasera typu Nd:YAG z modulacja dobroci. Zastosowano trzy
rodzaje podloza: stal ferrytyczna, tytan oraz poliuretan. Obserwowano tworzenie sie jednorodnej,
gladkiej powierzchni we wszystkich przypadkach. Przeprowadzono badania tekstury

* INSTYTUT METALURGII I INZYNIERII MATERIALOWEJ IM. A. KRUPKOWSKIEGO PAN, 30-059 KRAKOW, UL. REYMONTA 25
** JOANNEUM RESEARCH, LASER CENTER LEOBEN STR. 2, A-8712 NIKLASDORF, AUSTRIA
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dla osadzonej warstwy TiN oraz stosowanego podloza. Zastosowano ustawienie podioza
réwnolegle do tarczy i prostopadle co modelowalo osadzanie na elementach 3D. Wykorzystanie
pozycyjnic czulej detekcji w badaniach tekstury umozliwito wykreslenie pseudo-figur bieguno-
wychrozkladu naprezent wlasnych, za$ stosujac rentgenowska metode pomiaru naprezei wlasnych
(sin’) uzyskano dla warstwy TiN warto$ci w zakresie — 6 do — 8 GPa dla polozenia réwnoleglego
i 2.8 GPa dla polozenia prostopadiego w przypadku podioza ze stali ferrytycznej, za§ —8 do
—10GPa dla warstwy TiN osadzonej na tytanie i —4 do —5 GPa dla osadzonej na poliuretanie
(0.5 mm grubosci). Wykorzystujac skaningowa mikroskopi¢ elektronowa (SEM) do analizy
przekroju poprzecznego powlok na PU ujawniono dyfuzyjny obszar przejSciowy pomiedzy
osadzona warstwa a podiozem. Badania na transmisyjnym mikroskopie elektronowym (TEM)
wykonane na cienkich foliach z przekroju poprzecznego tytanu pokrytego TiN potwierdzily
i w tym przypadku dyfuzyjny charakter warstwy przejéciowej. Stwierdzono nanokrystaliczng
mikrostrukturg w osadzonej warstwie TiN. Morfologie powierzchni analizowano mikroskopem sit
atomowych (AFM), a uzyskane wyniki wykazaly wplyw parametréw osadzania oraz grubosci
osadzonej warstwy na wielko$¢ krystalitéw i nieréwno§é powierzchni.

1. Introduction

Titanium nitride (TiN) is a well known material for its tribological performance, as it
increases the lifetime of cutting tools [1, 2]. It is also taken into consideration as a potential
biomaterial [3]. TiN films are commonly formed by chemical vapor deposition (CVD) and
physical vapor deposition (PVD) techniques [4]. These methods, however, require elevated
substrate temperatures — even higher than 500°C - to achieve good adhesion between the
film and the substrate and to reach high hardness. The deposition at elevated temperatures
limits some applications where the substrate cannot withstand heating. Thus, there is a high
demand for developing low-temperature deposition processes for TiN thin films, such as
pulsed laser deposition (PLD) [5-9]. Pulsed laser deposition (PLD) belongs to the modern
technologies which allow to produce thin layers of the nanostructure type. The possibility of
depositing virtually any materials — from pure elements to multicomponent compounds — on
various substrates makes PLD a very promising technology in the fabrication of thin layers
for a wide range of applications. A typical set-up for the deposition of metallic alloys and
multilayers consists of a target holder and a substrate holder housed in a vacuum chamber.
In an UVH chamber, ablated targets are struck at the angle of 45° by a pulsed and focused
laser beam [5]. The atoms and ions ablated from the target are deposited on substrates
mounted on a heater. High-power pulsed lasers with nanosecond pulses are used as an
external energy source to vaporize materials by ablation and to deposit thin films. The
following three general growth modes have been distinguished in the literature [10]
according to characteristic structures observed during the deposition of atoms onto a flat
substrate: Frank-van der Merwe (FM),Stranski-Krastanov (SK), and
Volmer-Weber(VW).In the FM mode, a crystal growth covers the substrate and is
characterized by two-dimensional (2D) nucleation. The 3D nucleation is observed in VW
mode, while the SK mode is a combination of the SK and VW growth.

During the early stages of deposition, these three classical morphologies are developed,
but the structure should remain approximately similar. These morphologies are continued
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as long as the surface diffusion transport is sufficient to allow the film surface to remain
close to equilibrium. These later stages lead to the formation of “polycrystalline” or
“columnar” growth and kinetic effects based on deposition rates and surface transport
rates, which are the determining factors for the developed morphologies. Kinetic effects
based on deposition rates and surface transport rates are major determining factors for the
mentioned morphologies. The polycrystalline mode corresponds to a dense film, without an
appreciable fraction of voids, but containing grain boundaries. The substrate is usually
either amorphous, or polycrystalline, but with a large misfit relative to the low index
surfaces of the crystalline film material. Columnar growth occurs under conditions similar
to those for polycrystalline film, except that the surface diffusion rates are extremely low.
Rough columnar crystals are formed, separated from each other by void regions. The
transition from the near-equilibrium to kinetic mode occurs when the clusters reach the
critical size. The calculation proposed by Mullins [10] allows one to estimate the cluster size
at which the transition from the classical modes of growth to the kinetic modes occurs.
Faceting during deposition is another factor that influences film morphologies and
polycrystalline microstructures. The crystallographic orientation of the surface of a thin
film may have a large impact on its morphology. It is well known that growth rate depends
on orientation, and can produce faceting and other effects. The crystallographic
relationships in the inter-phase area strongly influence the adhesion of deposited layers. The
fact, that substrate texture is inherited during the deposition process, is one of the factors
that have an impact on microstructure and preferred crystallographic orientation of the
deposited layers. The problem has been investigated intensively for a few years, especially
for a metallic layer deposited on the single-crystals, which imperfection of crystallographic
orientation can be characterized by the geometrical and material factors [11].

The aim of this work was to apply the PLD using a Nd-YAG pulsed laser for deposition
of TiN on metallic titanium, ferritic steel and polyurethane substrates, in order to study the
morphology, texture and residual stress development in the thin layers deposited on various
substrate materials with the different roughness.

2. Experimental
2.1. Materials and method of examination

Thin films of titanium nitride were deposited using PLD (pulsed laser deposition)
method by means of a Nd:YAG laser, operating at the fundamental harmonics (1064 nm) in
nitrogen environment in the reactive chamber (Fig.1). High purity titanium targets were
used for ablation, effectuated by the application of energy pulses with the following
characteristics: 0.6 J (fluence about 30 J/cm?), duration: 10 ns, repetition rate: 50 Hz. The
deposition on metallic (ferritic steel and pure titanium) and non-metallic (polyurethane)
substrates was performed at room temperature. Before deposition, the reactive chamber had
been evacuated to the pressure below 2x10 ~*Pa by means of a pumping unit, consisting of
arotary vane pump and a turbo-molecular pump. During deposition, the flow of the process
gases (Ar, N,) was adjusted by means of electronic mass flow controllers.
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Substrates
N AT on-axis off-axis Substrate
movement

Gas flow

Beam guiding systems

Pulsad:iaser system
(NO:YAG) Vacuum chamber

Vacuum pump

Fig. 1. Schematic view of the PLD system used in experiments

Since the properties of the substrate surface have an important influence on the film
growth, this problem was studied on titanium samples used as targets with the following
surface preparation:

a. original surface of the substrate, as rolled,

b. mechanically ground surface,

¢. mechanically polished surface.

To simulate 3D deposition [12], the experiments on the ferritic steel substrate were
performed with the sample mounted in parallel (on-axis) and normal (off-axis) positions
with respect to the target surface (Fig.1). Prior to the deposition, all substrates were cleaned
in an ultrasonic cleaner with acetone and ethylene. In the case of ferritic steel and titanium,
the deposited film thickness was of the order of 1 um. The nitrogen flow during deposition
was at the level of 30 sccm. In order to improve adhesion of TiN to metallic (ferritic steel,
titanium) and non-metallic (polyurethane PU) substrates, the onset of the process was
triggered by the deposition of metallic titanium. The first step of the deposition process
lasted for about 2—3 minutes and led to the formation of a layer about 0.1 pm thick. Different
film thickness of the TiN was produced on PU using a prolonged time of exposure (raised
number of laser shots). Layers with the following thickness values were fabricated on 1 mm
thick PU: 0.5 ; 1.0 and 3 um.

Structure examinations of the deposited layers were performed by means of scanning
electron microscopy (SEM Philips XI.30), transmission electron microscopy (TEM Philips
CM20), atomic force microscopy (AFM) and X-ray diffraction (XRD Philips PW 1710).
Texture examinations by means of the XRD method were performed for the above
mentioned TiN layers, produced in different geometries. Three pole figures were measured
on the basis of the diffraction lines of the 111, 200 and 220 types in the back-reflection
mode. The complete pole figures were obtained by processing of the experimental
data, carried out by means of a dedicated program prepared for this purpose, and
the LaboTex [15].
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2.2. Results and discussion

Atomic force microscopy examinations of the morphology of TiN deposited in on-axis
and off-axis geometry showed that a finer structure was produced in the on-axis position,
when deposited species had higher energy (Fig.2).

Fig. 2. AFM micrographs of surface layers deposited by means of a Nd:YAG laser in the on-axis (a)
and off-axis (b) geometry

Texture examinations performed on the sample surface revealed differences and the
results are shown in Figs. 3 and 4. Examinations of the ferritic steel used as a substrate were
performed to study a possible contribution of the substrate texture to the preferred
orientation developed in the deposited layers. The obtained results are presented in Fig. 5 in
the form of complete pole figures. Measurements of residual stresses in the TiN phase,
performed by means of the XRD method, showed compressive values within the range of
—6 to -8 GPa for the on-axis growth, and of about —2.8 GPa for the off-axis position.
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Fig. 3. Pole figures (111), (100) and (110) based on reflections 111, 200 and 220, respectively for TiN
deposited in the on-axis geometry by means of a Nd:YAG laser revealing the {110}<011> texture
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Fig. 4. Pole figures (111), (100) and (110) based on reflections 111, 200 and 220, respectively for TiN
deposited in the off-axis geometry by means of a Nd:YAG laser revealing {112}<223> texture
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Fig. 5. Pole figures (111), (100) and (110) based on reflections 111, 200 and 220, respectively for the steel sheet
used as a substrate, revealing dominant {110}<112> texture which is very characteristic for the annealed ferritic
steel sheets subjected to the heat treatment after cold-rolling

The impact of the surface roughness of the metallic substrate (titanium) on the preferred
crystallographic orientation of the deposited TiN layer was studied within the framework of
texture analysis, performed for: as-rolled, ground and polished samples. Differences were
identified in the related pole figures, as presented in Fig. 6. It could be expected that the
relationship identified for the as-rolled sample — where the {111} plane in TilN was parallel
to the (00.1) Ti — would lead to improved adhesion, because the deposition occurs on
closely-packed planes in the cube and hexagonal structures, respectively.

The diffusive character of the boarder between deposited TiN layer and metallic
titanium substrate suggests a possible good adhesion of the PLD coating (Fig. 7). The ring
type of electron diffraction obtained from the TiN coating would prove that the deposited
layer has a character of a nano-structure.

Deposition of the TiN at ambient conditions on non-metallic (polyurethane) substrate
revealed in the AFM micrographs that the uniform thin layer and diameter of crystallite
were related closely to the thickness of the deposited layer, which is presented in Fig. 8.
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Morphology examinations of TiN layers deposited on PU showed a correlation between
increasing grain size and layer thickness (Fig. 8). It tends to increase together with an
increase of the layer thickness. The increase of layer thickness was obtained by means of
a higher number of laser shots, while the other deposition parameters remained unchanged.
The measurements — performed by means of the X-ray method — of residual stresses in TiN
deposited on PU revealed the following relationship between stresses and layer thickness:
—2.5 GPa was identified for 0.5 pm and — 1.5 and — 1.75GPa for 1.0 and 3.0 um thickness,
respectively. Texture examination of TiN deposited on PU revealed the preferred
orientation to be close to random. The TiN layers deposited on polyurethane are of diffusive
character, which can be inferred from the diffusive shape of the interface layer/substrate and
EDX line scan of Ti through the thickness (Fig. 9).

AS ROLLED GROUND POLISHED

=dant

Fig. 6. (00.1) pole figures of metallic titanium substrate measured beneath the deposited TiN
layer for different roughness of the substrate (upper part) and {111} pole figures of the deposited TiN
layer on the different substrate roughness, respectively (bottom)

Ti substrate TiN coating

-

Fig. 7. TEM micrograph of the cross-section of TiN layer deposited on metallic titanium
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Fig. 8. AFM micrographs of the surface layers deposited on the polyurethane substrate by means
of a Nd:YAG laser at the fluence 3 to 50 W/cm® in nitrogen environment with the layer thickness
of 0.5 um (a); 1 um (b) and 3 pum (c)

vvvvvvvvvv

012345867839
um

Fig. 9. SEM micrographs of the cross-section of the broken polyurethane samples with the TiN
layer deposited by means of a Nd:YAG laser, with the thickness of 1um (a)
and the EDX line scan analysis through the thickness (b)

2.3. Concluding remarks

Metallic titanium was used as the target. Previous results, presented in [13, 14], showed
that the TiN phase was formed independently of the nitrogen flow in the reactive chamber.
Even deposition of metallic titanium in argon environment led to the formation of a new
tetragonal phase of the Ti(N) type [13]. The obtained electron diffraction patterns of the ring
type indicated the presence of a very fine grain or even nanostructure in PLD layers [13]. To
improve adhesion of TiN, the onset of the process was triggered by the deposition of
metallic titanium. This first step of the deposition process lasted for about 2-3 minutes and
led to the formation of a layer with the thickness of about 0.1 pwm and with grain size slightly
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higher than that of the subsequently deposited TiN, which could be inferred from the
tendency to form spot-type electron diffraction patterns. Even contrast in darkness may
indicate the presence of a variation in nitrogen concentration through the thickness of the
deposited layer. AFM micrographs showed that both microstructure and texture were
different, depending on the applied geometry of deposition. In the on-axis position — due to
higher energy of deposited species, which resulted from hitting the substrate surface at right
angle — the probability of nucleation and the activation of diffusion on the surface was
higher, which led to finer structure. In the case of the off-axis deposition geometry,
however, the ablated species could hit the surface only after scattering, caused by a collision
with the other atoms in the deposition chamber. The differences in the deposition
mechanism led also to changes in the film thickness, which was about two times smaller in
the case of off-axis positioning, compared to the on-axis grown films. The differences in
texture were more pronounced (Fig. 3 and 4). The deposition conditions in the off-axis
geometry led to the formation of a texture, where a well-developed crystallographic axis
was observed beside the preferred crystallographic plane. It could be suggested that there
was a correlation between the texture type developed in the deposited layers and the texture
of the substrate in the examined samples. The correlation can be described by the
relationship (111) TiN parallel to (110) Fe.

The impact of the surface roughness of the metallic substrate (titanium) on the preferred
crystallographic orientation of the deposited TiN layer was studied within the framework of
texture analysis of the samples subjected to different surface preparation, i.e. as-rolled,
ground and polished samples. Certain differences were identified in the measured pole
figures (Fig. 6). It could be expected that the relationship identified for the as-rolied sample
— where the {111} plane in TiN was parallel to the (00.1) Ti — would lead to improved
adhesion, because the deposition occurs on closely-packed planes in the cube and
hexagonal structures, respectively.

The examination of the TiN layers fabricated at room temperature on polyurethane
substrate showed a correlation between the increase of grain size and of the layer thickness.
An increase of the layer thickness was achieved by means of a higher number of laser shots,
while the other deposition parameters were constant. Morphology observation of the
cross-section of broken samples revealed a possible adhesion which was inferred from the
smooth layer/substrate interface, and more evidently from the change of concentration of
titanium in line scan.
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A DEPENDENCY BETWEEN UNDERCOOLING AND EUTECTIC GRAIN DENSITY

IN NODULAR CAST IRON - MODELING RESEARCH AND THEIR
EXPERIMENTAL VERIFICATION

ZALEZNOSC MIEDZY PRZECHEODZENIEM A GESTOSCIA ZIAREN EUTEKTYCZNYCH

W ZELIWIE SFEROIDALNYM - BADANIA MODELOWE
I ICH WERYFIKACJA DOSWIADCZALNA

In this work, analytical expressions for grain density were derived for the globular eutectic
transformation that occurs during the solidification of nodular cast iron. The model incorporates
heat and mass balance equations in considering nucleation and growth of nodular eutectic grains. In
particular, an expression in proposed to correlate the volumetric density of nodular eutectic grainto
the maximum degree of undercooling. The proposed expression avoids the use of fitting
parameters, frequently employed to correlate the experimental outcome with the relevant
nucleation mechanisms involved. Experimentally, 0.6 cm, 1.0 cm, 1.6 cm and 2.2 cm thick plates,
respectively were used in this work. The plates were made of nodular graphite cast iron of
hypereutectic composition. Measurements of the degree of undercooling versus the eutectic grain
density were carried out and good agreement was found to exist between the experimental and
predicted data.

W pracy wyprowadzono analityczna zalezno$¢ na gesto$¢ ziaren eutektyki kulkowej, kt6ra
powstaje podczas krystalizacji Zeliwa sferoidalnego. Gestos¢ ziaren eutektyki kulkowej i predkosé
Jej wzrostu zgodnie z opracowanym modelem wynika z bilansu masy i ciepla. W szczegdlnosci,
zaproponowany model teoretyczny pozwala otrzymaé zalezno$¢ miedzy maksymalnym stopniem
przechtodzenia zeliwa sferoidalnego a objgtoSciowa gestoscia ziaren. W zaleznosci tej nie
wystepuja, tzw. parametry dopasowania, stosowane w innych pracach, celem uzyskania zgodnosci
wynikéw badafi dodwiadczalnych z opracowanymi modelami teoretycznymi. Otrzymana zalez-
no$¢ zweryfikowano do§wiadczalnie na przykladzie odlewéw plyt o grubosci cianki: 0.6 cm, 1.0
cm, 1.6 cm i 2.2 cm. Plyty wykonano z zeliwa sferoidalnego o skiadzie nadeutektycznym. Pomiary
stopnia przechlodzenia Zeliwa sferoidalnego oraz gestosci ziaren eutektyki kulkowej potwierdzity
do$¢ dobra ich zgodno$¢ z wynikami obliczefi wedtug opracowanego modelu.
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1. Introduction

Nodular cast iron is modern engineering material which production constantly
increasing. Including austempered ductile iron (ADI) one may say that, with lover expense
of production properties of nodular cast iron are now in range of the field of cast made of
cast steel and some grade of steel. It has been made a lot of papers in the field of production
nodular cast iron [1-4]. Some of them with fundamental meaning are connected with
solidification kinetics, which depends on two processes, that is nucleation and growth of
graphite eutectic grain. Nucleation is the dominant process at the beginning of solidification
and lead rapidly to establishment of the final grains population. Grain density is very
significant structural parameter of the cast iron, which has important influence on:
> Microsegregation of alloying elements [5, 6], degree of segregation and in consequence

increasing in microstructure homogeneity decreases with increasing grain density.

Redistribution of alloying elements during solidification partially determines kind of

eutectics transformation (stable or matastable). Chemical inhomogeneity has also

influence on further transformation in solid state [7].
> Chilling tendency of cast iron, chilling tendency decreases with increasing grain

density [8].
> Pre-shrinkage expansion, pre-shrinkage expansion increases with increasing grain

density [9].
> Formation of the open and closed contraction cavity, contraction cavity volume

increases with increasing grain density [10].
> Type of metallic matrix, fraction of ferrite in microstructure of nodular cast iron

increases with increasing grain density (decreasing mean grain radius at constant

volume fraction of graphite), at identical chemical composition and equal cooling

condition {11].

Carrying out calculation of the grain density on the basis of classical nucleation theory
[12, 13] or dynamic nucleation theory [14-16] is difficult for lack of date regarding
so-called fitting parameters [1, 17, 18]. The foregoing difficulty has been removed in work
[19], but it concerns only cast iron with eutectic composition.

The aim of this present work is to expand model given in [19] in order to also embrace
no eutectic cast iron.

2. Analysis

List of symbols used in present article are presented below.
Symbols their meaning and definition

Symbol Meaning Definition Units
a Constant - °C-!
b Coefficient of heat accumulation v
of the material of the mould B J(em? °CN5)

B, B, Temperature parameters Equations (7), (14) -



Cef
Cy

C Si, P
Ca

&

Cgr ’ C4

dR,/ dt

dT/dt

o

o
-

o3

NN AR

~

AN

Mgr, My

Ny
N

9da
qs
qm

r
R,

R,

Effective specific heat of metal
Specfic heat of metal

Carbon, silicon and phosphorus content
in liquid cast iron

Carbon content in austenite at
graphite/austenite interface

Carbon content in austenite at
liquid/austenite interface

Carbon content in eutectic

Carbon content in graphite and in liquid
Diffusion coefficient of the carbon

in austenite

Eutectic grains growth rate at maximum
undercooling

Metal cooling rate

Volume fraction of pro-eutectic phase
Surface area of the casting

Graphite fraction

Coefficient

Latent heat of graphite eutectic

Latent heat of graphite

Latent heat of pro-eutectic phase
Casting modulus

m3s, my The slopes of the E’S’, JE’ and BC’

lines respectively in Fe-C-Si system
The mass of the carbon in graphite
and austenite envelope, respectively
Planar grain density

Volumetric eutectic grain density
Accumulated heat flux in casting
Heat flux generated during solidification
Heat flux extracted from casting into
mould casting

Radial coordinate

Radius of graphite

Radius of austenite envelope

Graphite eutectic grain radius

at maximum undercooling

Metal colling rate

Time

Time at onset of graphite eutectic

Equation (8)

Figure 3

Figure 3

Table 4
Fig. 3

Equation (51)

Equation (16)
Table 4

Table 4
Equation (42)
Table 4
Table 4

Figure 3

Equations (34,38)

Equation (54)
Equation (4)
Equation (25)

Equation (3)

Figure 3,
equation (39)
Figure 3,
equation (48)

Equation (50)
Equation (16)

Figure 1,
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J/(cm®°C)
J/(cm®°C)

wt. %
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°Cls

cm?

J/cm3

Y/em®

Yem?
cm
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solidification equation (11)
4 Time at onset of pro-eutectic Figure 1,
solidification equation (5) &
tm Time at maximum undercooling Figure 1 s
T Temperature - °C
Ty Initial temperature of mould material - °C
T, Equilibrium temperature of the graphite  Figure 1, oC
eutectic equation (55)
T; Initial temperature of metal in mould cavity Figure 1, table 4 °C
T, Liquidus temperature at the onset .
ofqpro-eutectil(): solidification Figure 1 °c
Ti, Liquidus temperature of pure graphite 3800 °C
T, Liquidus temperature of pro-eutectic . oC
phase, when its fraction f, = 1
T, Tempera.ture at maximum undercooling Figure 1 °oC
of eutectic
Vv Volume of eutectic grain - cm®
V. Volume of casting - cm®
Ve Volume of pro-eutectic phase - cm?
W, W, Parameters Equations (6,12) \s/m
0 Thermo-chemical coefficient Equation (13) J/(cm? °C)
w Frequency Equation (19) 1/s
Q1, Q2 Constant Equations (28,29)
AT Degree of undercooling Equation (18) °C
AT, Maximum undercooling Equation (56) °C
Per Graphite density Table 4 g/em?
Dy Austentie density Table 4 g/cm?

Tree stages of cooling and solidification * of the cast iron can be distinguished in present
analysis (Fig. 1), that is:
Stage I - Cooling of metal in liquid state from the initial temperature of
metal in mould cavity (T)) to the liquidus temperature (T,) in the
0 <t <t time range.

Stage I — Cooling and solidification of pro-eutectic phase from the temperature
(T)) to the beginning of graphite eutectic solidification (T.) inthe t; St<t,
time range.

Stage Il - Cooling and solidification of eutectic from the temperature (T.) to the

minimum temperature at the beginning of solidification (Ty) in the
te £t < t, time range.
In present work it is assumed that castings will be made of sand mould. Therefore Biot
number <0.1 and thermal gradient in the casting can be neglected. Taking it into account
equation of heat balance in cast-mould system can be written as:

* In reality one more process of cast iron cooling occurred, that is during pouring into mould but for the sake of its lower meaning it is inore often
neglected.



97

m = Qs + qa- (1)

e \

£
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T
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=
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i te Im
Time, s

Fig. 1. Cooling curve of no eutectic cast iron

Stage I

In this stage temperature of the melt decreases from the initial one (7;) to the liquidus

(7)) thus solidification process is impossible. In consequence g, = 0 and equation (1) can be
rewritten as:

In=qa (2

where:

_bR(T - Ty).

m = —E———] 3
q N 3

cyVd(T, - T)
a = _——; 4
q a C)]

After solving an equation (2) (for the initial conditions: T=T;at t=0, and for T= T,
at t = 1;) we get the time elapsed during the first cooling stage as [20]

1= (WBM)Y; 6))

Cv'\lE
h W= ; 6
where > (6)
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Q)

Stage 11

The second stage embraces cooling and solidification of pro-eutectic phases in the range of
liquidus temperature (7)) to the beginning of eutectic solidification (T.). It is assumed that
heat generated during solidification of pro-eutectic phases is uniformly released. So-called
the effective heat capacity of metal is described by [21].

f=Cy + ————. 8
Cer = Cv T, - T. ®)

Taking into account c.; instead of cy in equation (4) and combining it with equation
(3) it is obtained

bR (T = Tv) _ceVod(To — T)

N @ ®)

After solving the equation (9) (for the initial conditions: T="T,at¢=t, and for T=T, at
t =t,) we get the temperature during this stage as

=0

+ Tos (10)

T=(T —Tb)exp[ WM
1

as well as the time at the beginning of the eutectic solidification

_nM?

= 4b? 0% (11)
cef\/E
: W, = ——;
where T (12)
¢=cvB + cBi; 13)
T, - Ty
B, =1 i 14
1 nTe T, (14)
After differentiation of equation (10) the expression for the cooling rate yields
ar__@-T o [-————‘f‘ - \/?’] (15)
dt 2w, Myt WM
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Essential for the goal of our work is knowledge of metal cooling rate at the end of stage IT (when
t =1,). It can be calculated by means of equations (5), (11) and (15) and after rearranges

dT 2b2(Te - Tb)
ar _ __2b°(T - To) 16
a ° iM% 9 (16)

Stage 111

As it was mentioned before stage III concermns processes of cooling and solidification of
graphite eutectic in in the ¢, <t <, time range what replies in the T, < T < T,, temperature range.
During this stage, the segment of the cooling curve (Fig. 1) where the eutectic reaction takes
place can be defined as a function of the degree of undercooling AT according to:

AT = ATysin[w(t — t)]; a7

where: AT=T.-T; (18)
4

= 19

® 2(tm - tc) ( )

From equations (17) and (18) follows that the temperature of cast iron at the beginning
of stage III is described by equation:

T =T, — ATysin[@(t - t.)]. (20)

Equation (17) has nature of an arbitral assumption and in consequence, equation (20)
is also arbitral established. It can be proved that they very good describe experimental
facts. As an example it can be figure 2 where it is shown course of real cast iron
temperature (continuous curve) in comparisons with course of calculated temperature
(dotted line) based on equation (20).

Cooling rate in stage III can be found by differentiating equation (20):

%: - AT, o cos[w(t - t)]. @)

Therefore at the beginning of stage III (¢ = ¢,) cooling rate yield

dT
— =-AT,0; 22
m @ 22)

Combining equations (19) and (22) as well as rearranges it is obtained

AT, _ 24T -
(tm i te)_ ndt-
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Fig. 2. Comparison between predicted (dotted lines) and experimentally determined (continuous lines)
cooling curves for cast iron in the time interval ¢, to t,. (a) Eutectic, (b) hypoeutectic,
(c) inoculated after 4 min., and (d) inoculated after 15 min. [8]

This is turn indicates that the maximum undercooling solidification time ratio is directly
proportional to the cooling rate, d7/dt (stage II). Moreover, at the onset of eutectic
solidification (¢ = t,), the cooling rates in stages II and III must equal each other.

Therefore, using equations (11), (16), and (23), the time for maximum undercooling
can be determined from

_M2n¢[¢(Tc - Tb) + nATmccf
N 4b*(T, - Ty) '

m

(24)

Let us consider heat generation rate during eutectic solidification in stage III
From description of the sequence of eutectic grain growth in cast iron follows
that they are spherical until the moment of bringing together. Volume of eutectic
grain amount to V = 4nR%3, where: R — grain radius while increment the volume
of grain amount to dV = 47 R*dR. Volume of liquid cast iron amount to V, — V,
=V - V,/V) = V(1 - f,), where: V,, f, — volume and volume fraction of
pro-eutectic phase, respectively, which is arisen in stage II. It is assumed that
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instantaneous nucleation occur i.e. at the beginning of stage III nuclei density (N) amount to
grain density. Taking into account foregoing statements and assumptions equation of rate of
heat generation during the stage III can be written as

_4nL.NV.(1 - f,)R%dR

s 25
q at (25)

In order to establish radius R as well as growth rate dR/dt of grain, eutectic
transformation in nodular cast iron will be considered.

Consider a diffusion transformation (fig. 3) and assuming spherical geometry, the
steady state solution for carbon diffusion through the austenite shell can be found by solving
the equation

2dC d?C
DIZ—=+—|=0. 26
(r dr drz) (26)
A
I B
. E <
=1 e TN
E . \ N J AT
5 \ a
=
s’ Cz
G G Cq >

Concentration

Fig. 3. Schematic representation of a fragment of the phase equilibrium diagram and eutectic grain
with the range of carbon content

General solution to the above equation gives
c=9.+%, @7)

where: ris the radial coordinate, and ¢, and @, are constants which can be determined from
the boundary conditions C = C, at r = R, and C = C, at r = R,. This yields

R,(C, - Cy)
- C. — 2. 28
0 =GC; R, - R, (28)
RR(C, - C
== 1R2(C, 3)_ (29)

R, - R,
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Hence, the solute concentration field in the austenite envelope can be described by:

R - R)GC; - Gy)
rR; - Ry)

C=G; (30)

Moreover, derivation of equation (30) the carbon concentration gradient in the austenite
envelope at the liquid — austenite interface amount to

§ _ (r-Ry)(C; - CyR, . (C, - Cy) 31)
dr r? R, - Ry) r(R; - Rl).

On austenite solidification front that is for r = R, concentration gradient in
the austenite yield:

iC|  Ri(G -Gy
dR R, - R)Ry’

Y

(32)

Let us consider the balance of mass in the accepted diffusion system. The mass of the
carbon (C,) in a volume 4 1t R,%/3 before the beginning of the transformation (when only
liquid exist) is

4
m; = Ean Cs. (33)

After eutectic transformation, diffusion system consists of graphite with radius (R;) and
concentration (C,,) as well as austenite envelope with radius (R,) and (R;). Therefore the
mass of a carbon in graphite can be described by

4
mg, = EnR?Cg,. (34)

Increment of the volume of the austenite envelope amount to dV = 4 7t rdr. Increment
the mass of the carbon can be written as

dm, = 4nC(r)rdr; (35)
while, the mass of the carbon in austenite envelope describe the following equat
Rz my
= 4n [Crdr. (36)
Ry

Taking into consideration equation (30) and after its solution

4 1
m, = §1t [Cg R} - R - §R2R1 G- IR, + Rl)]' G7
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Third part in brackets of above equation is neglected for the sake of its small value *. In this

connection it can be written:
4 3 3
m,,=§n(C3R2 "Cle ).

From the mass balance, based on equations (33), (34) and (38) we obtain:

C4 — C37)l/3
R =Ry| =—2
=R

The continuity condition across the liquid — austenite interface is given by

dR; dC
Ci-C)4 = Dy Y

Combining equations (32), (39), and (40) yields:
Rz dRz = det;

where:

C3"'C2

C, - C '
- afEE )

(38)

(39

(40)

4D

42)

Equation (42) can be interrelated with the degree of undercooling (AT). After assuming
that the JE’, E’'S’ and BC’ lines of the Fe-C-X system (Fig. 3) are straight and
taking into account the silicon influence on Cg and C¢ points of the equilibrium

system it can be written

—10-3 o . Py AT}
C;=10 _(CE 0.1181)———1 0 ———2-,
ey [ - . Py AT—_
C;=10 _(CE 0.1181)—-—100 + ——3_,

—10-3 B . Pc AT
C,=10 [(Cc 0.3Si) 100+m4’

* Error of this simplification not exceed 3%.

43)

@49

(45)
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Taking into account typical date: m, = 4070; {cm® °C g~'], m; = 2486; [cm® °C g~'],
m, = 1655; [em® °C g7}, p, = 7.3; [g cm %], p. =7.0; [g cm %] according to equations
(42-45) calculations were made. The results of the calculations are shown in Fig. 4, from
which it follows that

k = {AT) is almost linear and it can be presented in simply form
k=aAT; (46)

where: a = 0.0033 [°C'].
Combining (17), (41) and (46) we find thet

R;[dR, = aDAT, [sin[w (t - t)]dt. (47)

Upon integration, the integration constant can be found using the limiting conditions ¢ =¢, at
R, = 0, yielding

172
R, = (2aDa?Tm[1 —cosf[w(t - tc]]) ; (48)

the rate of eutectic grain growth becomes

dR, _ (aDa)ATm)”Z sin[@(t - to)] 49
dt 2 (1 - cos[w( — t D'
0.2
0.16 1  §j=25%
0.12 -
v
0.08 -
0.04 -
0 T j T T

0 10 20 30 40 50
T, °C
Fig. 4. k coefficient correlated with the undercooling AT

At the time of maximum undercooling (¢ = z,,), equations (16), (23), (48) and (49) after
rearranges give us grain radius and growth rate of eutectic grain:



105

MAT.( aDce Tt ¢)“2
= : 50
Ra b ((Tc =Ty ' ©0)
R _ R(aD(_T= - Tb))m 1)
d M TCer @ ‘

Therefore equation of the heat generation rate equation during eutectic solidification at
maximum undercooling after taking into account equations (25), (50) and (51) for R = R,,
and dR/dt = dRm/ dt can be finally written as:

1/2
q. = 4L.NMV,(1 - f,)(naD)*'? (:r—?f‘T) . (52)
e b.

At maximum undercooling the cooling rate is zero thus the rate of heat accurnulation is
zero. In this connection the heat balance yield:

Js = Qun- (53)

Taking into account equation (3) for t = z,, as well as equations (52) and (53), after
crearranges it is obtained nuclei density numerical identity with eutectic grain density,
which has arisen during eutectic solidification.

s b3 (T = Ty)?
T 2micyLe(l - fr) MP (@D AT, 2 [ ce ATy + ¢(T, — Tp)]™?

60))

From equation (54) follows that graphite grain density in cast iron decrease with
maximum undercooling increases, as rest of the parameters remains invariable.

3. Experimental procedure

The experimental verification of the model was done on the hyper-eutectic cast
iron. The test melts were made in an electric of low frequency (50 Hz) induction furnace
and 8000 kg crucible capacity. Charge materials for the furnace consisted of iron scrap,
steel scrap and silicon carbide. After melting of the charge and preheating to the
temperature of 1485°C cast iron was poured into a casting ladle where spheroidization
treatment was made by cored wired injection method. Afterwards process of inoculation
was made, see table 1. Four different inoculants in different amounts were used (table 1).
The aim of using different type and process of inoculation was to obtain different value of
maximum undercooling. Cast iron was poured into mould of plates of the thickness 0.6; 1.0;
1.6 and 2.2 cm. The length and height was 10 cm in the case of 0.6 cm, 1.0 cm and 1.6 cm
thick plates; in the case of 2.2 cm it was14 cm. All plates had one common gating system.

The foundry mould was prepared from the quick-hardening moulding sand and was
provided with P/PtRh10 thermocouples in quartz sleeves of 0.16 cm diameter for plates of
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the thickness 0.6 and 1 cm, and 0.3 cm for plates of other thickness values. The terminals of
the thermocouples (Pt-Pt10Rh) were placed in the geometrical centre of each mould cavity,
perpendicular to the heat transfer direction to improve the reliability of measurements.
Additionally, samples were cast for analysis of the chemical composition that enabled
calculation of the equilibrium temperature of eutectic transformation which according to
the stable Fe-C-Si-P equilibrium diagram [22]

T, = 1154 + 5.22Si — 14.88P; (55)
TABLE 1
Type of metalurgical treatment, consumption and type of spheroidizator and inoculants
No. Consumption, % Consumption, %
of Type of metallurgical treatment type of type of
sample spheroidizator inoculants
1 Cast iron poufed 1pto mould after 4 minutes 091; K102 0.28; Zircinoc
from inoculation (in ladle)
- _— . 5 ) 0.86; Zircinoc
2 Double inoculation (in ladle and in pouring basin) | 0.83; K102 +0.5: RZMS5AV
3 Inoculation under down-gate 1; INJECTALLOY 0.28; Foundrysil
. L . " . . 0.87; Zircinoc
4 Double inoculation (in ladle and in pouring basin) | 0.87; K102 +0.3: RZMS5AV
5 Inoculation in pouring basin 1.08; INJECTALLOY | 0.65; Zircinoc
6 Inoculation in pouring basin 0.94; INJECTALLOY]| 1; FeSi75
7 Inoculation in pouring basin 0.8; PEM 0.55; RZM55AV
Chemical composition is presented in table 2.
TABLE 2
Results of chemical composition
No. Chemical composition, [% wt.]
of heat c P s Si Mn Mg
1 3.62 0.02 0.02 2.68 0.51 0.05
2 3.84 0.03 0.01 2.30 0.28 0.05
3 3.73 0.01 0.02 2.57 043 0.04
4 3.62 0.01 0.02 2.65 0.44 0.03
5 3.71 0.02 0.01 2.77 0.44 0.04
6 3.75 0.03 0.01 2.7 042 0.03
7 361 0.02 0.01 2.67 0.51 0.04
Mean 3.70 0.02 0.01 2,63 0.04 0.04
value
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The maximum undercooling in the individual plates was determined in the following
way:

ATn =T - Tn (56)

After cooling of castings, from their geometrical centres the specimens for metallographic
examinations were taken. An example of structures of heat no. 6 is presented on figures 5.

Photos were made by means of scanning electron microscope (Jeol 5500 LV) with
magnification of 50 x. Using scanning electron microscope it can be possible to distinguish
graphite from impurities, which would have deformed final experiment results. Planar
microstructure is characterised by the grain density (Na), which gives the average number
of grains per unit area. The N,y parameter has been determined by means of the automatic
quantitative analyser (Leica Qwin). Planar grain density were recalculated into volumetric
grain density by means of Owadano equation [23]:

N= 6—“—(1.2NA)3’2; 57)

Eer

Results of experiment are shown in table 3.

Fig. 5. Structure of nodular cast iron form heat no. 6 in plates thickness of 0.6 cm,
a) 1.0 cm, b) 1.6 cm, ¢) and 2.2 cm, d), respectively
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Results of experiments and numerical calculations

TABLE 3

Grain density, N

I\:“za‘:f T‘;};x;]l(;isss M(:il]xlus u::::cl;lllir:g, Experiment, Calculated base
g 2 R
0.6 0.268 45 133 13.22
. 1.0 0.417 36 55 5.84
1.6 0.606 21 33 6.34
22 0.837 18 3.2 3.37
0.6 0.268 36 19.7 19.73
) 1.0 0.417 31 8.5 7.33
16 0.606 22 5.7 5.11
22 0.837 12 4.8 7.19
0.6 0.268 49 17.8 10.13
3 1.0 0.417 34 10.1 6.18
1.6 0.606 26 4.5 3.67
22 0.837 20 4.3 248
0.6 0.268 43 16.7 14.79
4 1.0 0.417 33 10.1 7.17
1.6 0.606 21 4.7 6.40
22 0.837 13 3.9 6.89
0.6 0.268 35 24.1 21.47
1.0 0.417 24 16.0 13.22
’ 1.6 0.606 15 12.0 12.01
22 0.837 10 5.5 10.82
0.6 0.268 30 27.8 29.43
1.0 0.417 22 18.6 15.52
: 1.6 0.606 12 12.9 18.74
22 0.837 10 5.1 10.47
0.6 0.268 41 18.5 16.51
, 1.0 0.417 31 99 8.26
1.6 0.606 19 5.8 7.98
22 0.837 16 39 441
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In order to calculate graphite eutectic grain density, according to equation (54) it was
assumed typical date from table 4. Results of calculation are shows in Fig. 6, and in table 3.

TABLE 4
Results of the experiment

Parameter Value unit
Latent heat of graphite eutectic [19] L.=1825.8 Jem ™3
Latent heat of graphite {8] L, = 3559.7 Jem ™3
Specific heat of metal [8] cy =595 Jem™3°C-!
Coefficient of heat accumulation _ 2 —12om-1
by the material of the mould Raid2 Jem™sTEC
Plffucxor% cczefﬁcxent of the carbon D=3x10-¢ cm?s™!
in austenite
Imqal .tf:mperature of metal in mould T, = 1280 oC
cavity
Mould initial temperature Te =20 °C
Directional coefficient a=0.0033 °ct

L. C+0318i+033P-13
Liquidns temperature )= °C
2.57-107
C - Ce e
Volume fraction of pro-eutectic graphite = ¢ )P 0
(C - Ce)pe + pgr(cgr - C)

Carbon content in eutectic C.=426-030Si-036P % wt.
Density of eutectic Pe =0.926 X py + 0.074 X pg, gcem™
Density of austenite py=13 gcem™?
Density of graphite Pgr =222 gcm™>
AT, 2632 °C
Volume fraction of graphite in eutectic*** ger=0.1 -

calculations.

Remark: * For D literature show a range of 8.62 x 1077 + 1 x 10™° [24, 25], 3 x 10™¢ was used for the]

*" Mean value was used from cooling curves for the calculations.
“** Mean value was used from metallographic examinations for the calculations.

Solid line on figure 6 has been calculated for cast iron with averaging chemical
composition. In equation (54) the essential parameter, which decided on casting cooling
rate is its modulus (M). At constant casting modulus as nuclei density (grain density)
increases maximum undercooling decreases as shows result based on equation (54). Figure
6 shows result which concern cast iron with different physicochemical state (different:
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spheroidization and modification treatment, time after modification, chemical composition).
From figure it follows that results of calculations and experimental measurements good tally.

40
35 1
30 1
25

M =0.268 cm

M=0.417 cm

M =0.606 cm
20 M =0.838¢
15 -

10

5 ch
0 T T T T T

N, em” x 10°

AT, °C

Fig. 6. Eutectic grain density as a function of maximum undercooling and modulus:
o — experimental results
o — results based on eq. (54),
- — results based on eq. (54) for averaging chemical composition.

5. Conclusion

1. Heat and mass balance equations were used in considering the nucleation and growth of
nodular eutectic grains during the solidification of nodular cast iron.

2. An analytical solution is found that allows predict density of eutectic grain as a function
of maximum degree of undercooling. The analytical solution requires only a knowledge
of the parameters of metal and mould.

3. The predictions of proposed analytical model are rather in good agreement with
experimental measurements of nodular eutectic grain density.
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EDWARD FRAS*, ANDRZEJ JANAS*, PAWEE. KURTYKA **,
STANISEAW WIERZBINSKI**

STRUCTURE AND PROPERTIES OF CAST Ni3AVTiC AND Ni3AVTiB2 COMPOSITES
PART II. INVESTIGATION OF MECHANICAL AND TRIBOLOGICAL PROPERTIES AND OF CORROSION RESISTANCE
OF COMPOSITES BASED ON INTERMETALLIC PHASE NisAl REINFORCED WITH PARTICLES OF TiC AND TiB,

STRUKTURA I WEASCIWOSCI KOMPOZYTOW ODLEWANYCH Ni3AVTiC ORAZ Ni3AVTiB2
CZESC I1. OCENA WLASCIWOS$CI MECHANICZNYCH, TRYBOLOGICZNYCH I ODPORNOSCI NA KOROZJE
KOMPOZYTOW NA OSNOWIE FAZY MIEDZYMETALICZNEJ Ni;Al WZMACNIANYCH CZASTKAMI TiC i TiB,

The study gives the results of mechanical tests carried out to determine the characteristics of
high-temperature strain response (0-€) of composites "in situ” based on intermetallic phase Ni;Al
reinforced with particles of TiC and TiB., the volume content of which is 5 and 10%. Basing on
these results, the temperature ranges and strain rates were established within which the composites
yndergo plastic deformation; some selected mechanical properties of composites at high
temperatures were determined as well. Tribological tests were conducted on Miller apparatus,
evaluating the effect of abrasion time on a relative loss of matrix weight, on overall composite loss
of weight, and on change of abrasion wear rate. In a similar way, also the resistance of the
investigated composites to electrochemical and gas-induced corrosion was determined.

W pracy przedstawiono wyniki analizy charakterystyk mechanicznych wysokotemperaturowe-
go odksztaicania (o-€) kompozy6w ”in situ” na osnowie fazy miedzymetalicznej NisAl
wzmacnianej czasteczkami TiC oraz TiB,, kt6rych udzial objetoSciowy wynosit 5 oraz 10%.

Na podstawie wynikéw badai ustalono zakresy temperatur i predkosci odksztalcenia,
w ktdrych istnieje mozliwo§¢ plastycznego ksztaltowania kompozytéw, a takze okre§lono wybrane
wlasno$ti wytrzymalosciowe kopozytu w podwyzszonych temperaturach. Przeprowadzono préby
trybologiczne na aparaturze Millera oceniajac wplyw czasu §cierania na wzgledny ubytek masy
osnowy i kompozytéw, a takze na zmiane predkosci $cierania.

Analizowano réwniez odporno§¢ badanych kompozytéw na korozje elektrochemiczng
oraz gazowa.

1. Introduction

The systematically extending range of the available engineering materials, this
including also composites, makes us think of their rational selection, based on multi-

* WYDZIAL. ODLEWNICTWA, AKADEMIA GORNICZO-HUTNICZA, 30-059 KRAKOW, UL. REYMONTA 27
** WYDZIAL MATEMATYCZNO-FIZYCZNO-TECHNICZNY, AKADEMIA PEDAGOGICZNA, 30-084 KRAKOW, UL. PODCHORAZYCH 2
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criterial optimisation, supported by the methods of computer-aided design (CAD-),
computer-aided manufacturing (CAM-), and computer-aided materials selection (CAMS-).
Complex use of the above mentioned programmes requires constant updating of
our knowledge on the mechanical, tribological and structural properties of composites,
determined for a possibly wide range of temperatures.

Mechanical properties of material reflect its response to loading or strain, which is
either constant or changing in time, and the time itself can vary from a fraction of second
(impact resistance test) up to several years (creep resistance test). As revealed by numerous
research studies, composite materials can be loaded and/or shaped over a wide range of
temperatures and at different strain rates in the medium of air, gas, or liquid. The response of
material to loading is expressed by its strain, which successively assumes the form of elastic
strain, plastic strain, and finally a rupture’.

By now, numerous methods of investigating the mechanical properties have been developed;
they enable simulation of loading conditions to which parts of machines and constructions are
exposed in service. The results of the tests which enable these properties to be determined are
usually applied in practice when parts of constructions are designed, mainly in a comparative
analysis of true stresses and stresses calculated from theoretical relationships (models).

Testing of mechanical properties includes technological properties determining the ap-
plicability of material in certain types of treatment, and mechanical properties which, to be
determined, require prior knowledge of the values of force or of the moment of force, usually
considered one of the basic parameters. Thinking of the performance conditions under which the
parts of constructions will be operating later, these properties are determined under the following
test conditions: static loads (increasing slowly), dynamic loads (increasing rapidly), fatigue
response (cycling loading), and creep behaviour tested in creep resistance test (long-term creep,
constant load or stress). Here it should be noted that material properties determined by vatious
mechanical tests (tensile, compression, torsion, bending, impact, creep and hardness) are not
physical properties, as they depend entirely on the adopted test conditions (shape and dimensions
of specimens, rigidity of the testing machine, and rate of load variations)

This study presents some selected results of investigation of the mechanical properties
carried out on an intermetallic phase of NisAl and on Ni;AVTiC and Ni; Al/TiB, composites
“in situ” fabricated by the method of self-propagating high-temperature synthesis in bath
(SHBS) in as-cast state. In final analysis of the problem, using the results obtained in
compressicn and tensile tests conducted over a wide range of temperatures and strain rates,
the stress-strain curves were plotted and described by Hollomon and Ludwigson equations.
The results of tribological tests were also presented along with the results obtained in testing
of corrosion resistance to the effect of chemical agents and gases.

2. Results and discussion

2.1. Investigation of mechanical properties of NiAlB matrix alloy and of
Ni;A/TiC and Ni;AVTiB, composites

The mechanical properties of Ni;AI/TiC and Ni;Al/TiB, composites were investigated
using the results of tangential uniaxial compression and tensile tests, applying constant
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temperature (293, 1073 and 1273 K) and travel rate of traverse (0,2 cm/min.). The specimen
dimensions used in the tests were ¢ 6 mm, h 9 mm ¢ or the compression test, and ¢ 5 mm, |,
25 mm for the tensile test.

The initial strain rates computed from relationship & = 1/1y*dl/dt assumed the values of
3,710 (compression specimens) and 1,3*103"' (tensile specimens). The static
compression and tensile tests were carried out on an INSTRON testing machine provided
with computer control, with data recording system (measurement of Al and P), and
a furnace with protective argon atmosphere controlled by OMEGA CN 76000 microproces-
sor, ensuring the accuracy of temperature measurement in a furnace working zone of £1 °C.

The investigation also covered an intermetallic compound Ni;Al with various additions
of boron used as a matrix alloy, as well as two composites, i.e. Ni3Al/TiC and Ni,AV/TiB,,
containing 5 and 10 vol.% of the reinforcing phase in the form of TiC and TiB,,
respectively.

The analysis of stress-strain curves plotted in a double logarithmic system (logo-loge)
revealed, both in compression and tensile tests, the occurrence of two ranges of the strain
hardening, and therefore in further interpretation of the data it was decided to apply the
well-known functions developed by Hollomon (functions 1 and 2) [3] and by Ludwigson
(functions 3, 4, 5) [4] in the form of:

o = K,e™ (first range of strain hardening) (1)
0 = K,e™ (second range of strain hardening) )

where: K, and K, - strength coefficients, n; and n, — strain hardening coefficients in the
range of low and high deformations, respectively.

o=Keg"+tA 3)
A - 8(K2+n25) (4)
o= Ke" t e***¢" (complete curve of strain hardening) )

where: K, and K, — strength coefficients, n, and n, — strain hardening coefficients in the
range of low and high deformations, respectively [4-8].

In further part of analysis, comparing the values of the yield stress oat different levels of
strain &, the increments of the yield stress were determined for various composites in respect
of their matrix, using relationship:

Oy
(0'0— 1)£=conﬂ 100% 6)

where: o0, and o, — values of the yield stress at different strain levels determined for
composite and matrix, respectively.
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Figure 1 shows the mechanical strain response characteristics obtained in uniaxial
compression test carried out on NiAlB matrix alloys with various boron contents : a) change
of yield stress o'in function of strain € and boron content, b) change of proof stress Ry, and
shortening A in function of boron content. The values of temperature and strain rates are
given in the drawing.

Allov N1AIB
& =3.7x10%1
T=293K

£=37x10"" |

pcccocccgochocgepiogoige:

PP, iy

wt.%

Fig. 1. Mechanical characteristics of NiAIB alloy strain response: a) yield stress ¢ vs strain € and boron content,
b) proof stress Ry, and shortening A vs. boron content. The values of temperature and compression rates are given
in the drawing
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In an analogical system, Figure 2 shows the mechanical strain response characteristics
obtained in uniaxial tensile test carried out on NiAIB matrix alloys with various boron
contents: a) change of yield stress o'in function of strain € and boron content, b) change of
proof stress Ry; and elongation A in function of boron content. The values of temperature
and strain rates are given in the drawing.

Alloy NLI\]_B
¢ = 1.Hx107%1
T=293K
Bl 589
560
Hl 480
B 400
= 320
[ 240
1160
[Js0 .,
< 1000 - 1 |
% Alloy NiAIB
'“ ¢ =3.7x10"", T=293K
Q'! ..uuunpnunuauu...ﬂ ]
>-‘ .,..n-onn.-u--.........uu"' U
g‘ 500 [ "‘"’-,1 D . n
I i - ] N
. —n--- pad .. o B
x o s OO Py
<‘ 0 ‘0. A %x100 i | | b) .
-— ™M VNI pop= e d
o o oo™ Q QO. 3
o o ocap S 852 S
o o oocap P e &

wt. % B

Fig. 2. Mechanical charakteristics of NiAlB alloy strain response: a) yield stress o vs strain € and boron content,
b) proof stress Ry and elongation A vs. boron content. The values of temperature and tension rates are given
in the drawing



118

An analysis of the mechanical strain response characteristics of the NiAlB alloys
has revealed that with boron content increasing up to 0-0.05 wt.%, the range of alloy
yielding in compression test tends to be gradually extended, but with this value exceded, the
formation of structural discontinuities and consequently a drop of deformability are
observed.

Parts of machines operating under the effect of different, in respect of value and
direction of application, forces (loads) require additional investigation to be carried out on
the anisotropy of the mechanical properties. Figure 3 shows as an example the results of
such experiments made for the NiAIB alloy containing 0,05 wt.% of boron, strained in
compression tests at temperatures of 293 and 1223 K and at a rate of 3,7*10"s™.

1800 ; - ;
& =3, 7107

§ um,l'.s-m!:, et 4
] 600 .
a)
0 " i
0,0 0,1 0.2 03
8
1800

A o]

¢ = 3,704 |
§ 1200 }3=12mK - o o,
6 m o
b)
o A
0,0 0.1 02 0.3

Fig. 3. Mechanical characteristics of the strain response of anisotropic NiAlB alloy specimens; the temperature
of compression test: a) 293 K, b) 1223 K, strain rate 3,7¥10*s"

In the case of specimens tested at high temperatures (1223 K), the anisotropy of
the values of the ratio : yield stress 0 — to- strain € = 0,16 is quite insignificant, which
proves that the matrix alloy is characterised by properties close to the isotropic
ones.
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Adopting finally for the matrix an NisAl + 0,05 wt.% B alloy, a series of composites
b"in situ” reinforced with TiC and TiB, particles were made. The compositions
and designations of both matrix and composite are given in Table 1.

TABLE 1

Compositions and designations of matrix and composite

“‘E:\‘;g"‘fii“i !

Alloy NiAIB |
1500 [ 2.=3,7x107%!

€
2000 r
1500 £=1 3-[0;'311'1
E 1000
o :
500 |- . —— ..293 K]
; 4 1273K b)

0.0 0.1 0,2 03 04

Fig. 4. Strain hardening curv18les plotted tor NiAIB matrix alloy subjected to: a) compression test, b) tensile test,
conducted at temperatures of 293 and 1273 K. The values of strain raters are given in the drawing

Figure 4 shows the strain hardening curves plotted in a system of o = f(€) for specimens
of NiAIB alloy subjected to a) compression test and b) tensile test carried out
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at temperatures of 293 and 1273 K, while Figure 5 shows these curves plotted in a system
of logo =log(e) together with the individual strain hardening ranges described
by Hollomon equations. The strain hardening curves plotted for both matrix alloy
and composite have two ranges; in the second range lower values of the hardening exponent
n are observed. In an analogical system, the investigation was made for composites
B (Figs.6 and 7), C (Figs.8 and 9), D (Figs.10 and 11) and E (Fig.12). Additionally, for
composite B the ranges of strain hardening described by Ludwigson equation were
presented (Fig.13), and points obtained experimentally and computed theoretically were
compared for their consistency.

The synthesis of results are the strain hardening curves plotted in Figures 14 and 15,
which show the course of relationship o — € plotted for alloys and composites (excluding
composite E) subjected to compression test (Fig.14) and tensile test (Fig.15) carried out at
temperatures of 293 and 1273 K.

To evaluate the effectiveness of the process of reinforcing the composite matrix
with particles of TiC or TiB,, it is important to know the effect exerted by the type
of particles and their volume content on an increase of the yield stress. This evaluation
is possible using the coefficient of relative increase of the yield stress determined by
equation (6).

The conducted investigation has proved that in both compression and tensile tests (Figs.
15 and 16, respectively), the yield stress raises from the lowest values obtained for matrix
alloy to the highest values obtained for Ni;Al/TiB, composite (5 vol.% TiB,). The sequence
of increments in the values of stress o does not depend on temperature at which the tests
have been conducted.

In a similar way, the relative increments in the yield stress o follow the sequence of
composite B, C and D. Since the composites possess the same matrix and, moreover, are
fabricated by the same technique (SHSB ”in situ”) and have the same volume content of the
reinforcing particles, the increase in stress is mainly caused by different values of Young’s
modulus E, which for TiC is 379 GNm™, and for TiB, is 500 GNm? [9].

Quite a specific feature of the examined composites is their limited deformability and
higher values of the yield stress at high temperatures.

2.2. The results of tribolegy investigation

The tribology investigation consisted in abrasion tests performed on Miller apparatus
equipped with a V-shaped trough filled with water bearing SiC particles of dimensions 4-6
um. A constant specific pressure exerted on the specimen was 0,07 MPa; the arm with the
mounted specimen was driven by electric motor and made reciprocating movements at
a frequency of 48 strokes per minute, with path length of one single stroke amounting to 0.2
m. For specimens of matrix (A) and composites (B, C, D, E) tests were performed in
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four-hour cycles. Upon completing of each cycle, the specimens were rinsed and dried, and
then the weight loss was measured in milligrams; the surface exposed to friction was
examined under the light microscope and under the scanning electron microscope. Figure
17a shows the effect of friction time on relative loss of weight in both matrix (A) and
composites (B, C, D, E), while Figure 17b shows the effect of abrasion time on changes in
abrasion wear rate. The curves plotted and shown in these drawings confirm the role that the
reinforcing phase plays in these processes.

The relative loss in weight Am/m in relation to the time of abrasion can be, with some
approximation, described by function:

%ﬂ ®)=at (7

where a and b are the constants which can be calculated from an analysis of
regression and experimental data. For the described materials these relationships
assume the following form:

Matrix A: Am/m(r) = (0.0211365)/O%897; r=(.997 (8)
Composite B: Am/m(f) = (0.0120243)105%59); r=0.999 9)
Composite C: Am/m(f) = (0.0093131)r057%629; r=0.997 (10)
Composite D: Am/m(r) = (0.0093556):°7'6579; r—0.998 (11)
Composite E: Am/m(f) = (0.0038424)106535549. r=0,999 (12)

where : r — coefficient of regression
Changes in surface topography of the matrix and of some chosen composites subjected to
abrasion tests were also examined (Fig. 18a-c)

An analysis of the surface reliefs on specimens subjected to a 16 hour abrasion test
has proved that the depth of the reliefs on the specimens of matrix was relatively
the smallest, because the matrix was charactérised by the same hardness throughout
the entire volume of the specimen, while it assumed the highest values in the specimens
of Ni;AVTIiC (10 vol.%TiC) composite, owing mainly to considerable differences
between the hardness of the particles of the reinforcing phase and that of the
matrix, similar as in the case of Ni;Al/TiB, (10 vol.% TiB;) composite specimens.
Compared with other engineering materials, the abrasion wear resistance of the
examined composites is much higher.
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Fig. 5. Strain hardening curves plotted a system of log o-loge NiAIB matrix alloy subjected to: a) compression
test, b) tensile test. Hollomon equations were used to describe the individual ranges of strain hardening
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Fig. 6. Strain hardening curves plotted for Ni;AVTiC matrix alloy (5 vol% TiC) subjected to: a) compression test,
b) tensile test. The values of temperature and strain rates are given in the drawing
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Fig. 7. Strain hardening curves plotted in a system of logo— logé for composite B subjected to: a) compression test,
b) tensile test. Hollomon equations were used to describe the individual ranges of strain hardening

2000

Ni3AIB/TiC/10p

Ni3AIB/TiC/10p
1500 |& = L3107

b)
O i i
0.0 0.1 0.2 03 04

€
Fig. 8. Strain hardening curves plotted for Ni;Al/TiC composite (10 vol% TiC) subjected to: a) compression test,
b) tensile test. The values of temperature and strain rates are given in the drawing
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Fig.9. Strain hardening curves plotted in a system of log - logée for composite C subjected to: a) compression test,
b) tensile test. Hollomon equations were used to describe the individual ranges of strain hardening
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Fig. 10. Strain hardening curves plotted for Ni;Al/TiB, composite (5 vol% TiB,) subjected to: a) compression test,
b) tensile test. The values of temperature and strain rates are given in the drawing
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Fig. 11. Strain hardening curves plotted in a system of logo - loge for composite D subjected to: a) compression
test, b) tensile test. Hollomon equations were used to describe the individual ranges of strain hardening
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Fig. 12. Strain hardening curves plotted in a system of a) 0~ &, b) log o - log € for composite E subjected to
compression test. Hollomon equations were used to describe the individual ranges of strain hardening
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Fig. 13. Strain hardening curve plotted for Ni; AVTIiC composite (5 vol.% TiC) subjected to compressions test
described by Ludwigson equation (Equation 5). Black points — data from experiments, white line — data from
theoretical computations
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Fig. 14. Cumulative strain hardening curves plotted in a system of o — £ for specimens subjected to compression
test at temperatures of: a) 293 K and b) 1273 K
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Fig. 15. Cumulative strain hardening curves plotted in a system of &~ ¢ for specimens subjected to compression
test at temperatures of: a) 293 K and b) 1273 K
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)

Fig. 18. Images of surface topography after abrasion tests a) Ni;Al matrix, b) Ni;Al/TiC composite (10 vol.% TiC)
and ¢) Ni;AV/TiB, composite (10 vol.% TiB, TiB,)
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2.3. Examination of the resistance to electrochemical corrosion

The resistance to chemical corrosion was compared for matrix alloy, which was an
intermetallic phase Ni,Al enriched with an addition of 0,05 wt.% B (sample A), for
Ni;Al/TiC composite (10 vol.% TiC ~ sample C) and for Ni;Al/(TiB,TiB,) composite (10
vol.% TiB,TiB, ~ sample E), using polarisation technique of LSV (linear sweep
voltamperometry).

In the studies, an aqueous solution of sulphuric acid (0.1M H,SO,) deaerated with argon
in a triple-electrode system was used. The reference electrode was chlorine-silver electrode
Ag/AgCl, the counter electrode was platinum electrode, while the working electrode was
the examined specimen A, C or E. The rate of potential changes during polarisation of the
working electrode was 1, 3, 5, 10V/min.

Figure 19 shows reference curves plotted for matrix and composites (A, C, E), while
Figure 20 shows polarisation curves plotted for samples A and C. The curves which
describe samples A and C are characterised by a similar course; within the area of active
digestion two peaks are noted to occur (the first at a potential of ~-0.25V and the second at
a potential of ~ -0.07V) as well as a passive area within the range of potentials from the peak
to the transpassive region. Sample A before the peak of active digestion has got a small
plateau. The shape of the polarisation curve for sample E (Fig.21) differs from the curve
describing samples A and C.

Compared with sample C, sample A shows better corrosion resistance, which is proved
by lower density of the current in anodic peak of digestion amounting to ~ 1.2 mA/cm?,
lower density of the current in passive area amounting to ~ 0.9 mA/cm?, and shifting of
transpassive potential towards higher values. The value of corrosion potential (Figs. 20 and
21) is for both samples ~ -0.4V, and it is lying within the area of active digestion in the case
of sample C, w hile in the case of sample A it is found within the area of plateau before the
peak of active digestion.

. Experiment;

B ovensial Tv

Fig. 19. A comparison of samples: 0.1M H.SO, in H,O v = 3V/min; red line — Ni;AVTiC (sample C), blue
line — Ni;Al (sample A) and green line — Ni;Al/(TiB, TiB,) (sample E)



Fig. 20. Polarisation curves plotted for samples A and C in 0.1IM H,SO,, v = 1V/min, red line - Ni;AVTiC
(sample C), blue line — Ni;Al (sample A)

Fig. 22. Corrosion potential curves plotted for samples A, C and E immersed in 0.IM H.SO;4
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Figure 22 obviously indicates that the least resistant to corrosion is sample E,
(Ni;Al/(TiB,TiB, composite), which in the medium of 0.1 molar H,SO, undergoes
digestion over a wide range of potentials, and where the density of anodic current increases
with increasing value of potential. The value of corrosion potential amounting to about 530
mV is lying on a small plateau at the beginning of polarisation curve.

To illustrate the destruction of the surface subjected to electrocorrosion process in 0.1
molar aqueous solution of sulphuric acid, the images of the matrix topography are shown in
Figures 23 and 24, and of composites in Figures 25 and 26 (Ni;Al/TiC composite) and in
Figures 27 and 28 (Ni;Al/(TiB,TiB, composite).

Fig. 23. Surface of Ni;Al phase subjected to electrocorrosion process: 500x

Fig. 24. Surface of Ni;Al phase subjected o electiocortosion process: 2500x

The destructive effect of electrocorrosion in 0.1 M H,SO, on the surface of a sample of
Ni;Al/(TiB,TiB,) composite is well visible. Corrosion degradation mainly affects the zones
in the interdendritic spaces as well as titanium borides distributed in the dendrites.
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Fig. 25. Surface of Ni;AVTIiC composite (10 vol.% TiC) subjected to electrocorrosion

Fig. 26. Surface of Ni;AVTiC composite (10 vol.% TiC) subjected to electrocorrosion

The surface of both matrix and composite undergoes some degradation. In the case of
matrix, the process of electrocorrosion affects rather the interdendritic spaces. In the
composite, the destruction process attacks the titanium carbides which reinforce the
composite. On the other hand, corrosion is not proceeding along the matrix-reinforcing
phase boundary.

The destructive effect of electrocorrosion in 0.1 M H,SO, on the surface of the sample of
Ni;A)/(TiB,TiB,) composite is well visible. The corrosion is mainly degrading the zones in
the interdendritic spaces and titanium borides distributed in the dendrites.
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Fig. 28. Surface of Ni;Al+ 10% (TiB, TiB.) composite subjected to electrocorrosion process; 2500x

2.4. Studies of gas corrosion resistance

Gas corrosion resistance at a temperature of 1073 K was investigated for non-reinforced
matrix and for composites from the Ni;Al/TiC and Ni;Al/(TiB,TiB,) family..

In the studies a thermobalance was used to measure weight increments in samples
exposed to the process of corrosion in active gas. The gas composition corresponded to the
composition of the waste gas from motor car engines, i.e. steam, carbon monoxide and
sulphur oxide. Additionally, composite materials were subjected to tests of corrosion
resistance in the medium of hydrogen sulphide.
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The results of tests are compiled in Table 2.

= Table 2
TABLE 2
Results of tests on gas corrosion resistance
- Process conditions: temp. 800 °C, atmosphere - air, 10% H,0, 5% CO, 1% SO;
3 ngple of d g q | mp 'm.. 1 Am Am/q i A

saple. | em) | fom] [lem? | [l | G | @ | lemd | 9 | Gyemsl

NiAL+0.05% | 1.00 | 008 | 1.82 [ 0453 | 04533 0,0003 000021 | 8640 | 243:10°
B Sl 0 | 8 8 e | R :

Ni,AL+ 5% TiC [ 1.00 | 0.09 | 185 | 0.507 | 05091 | 0.0019 | 0.00106 | 8640 | 123:10°

2054116 e oL ks 0 :
NiAL + 10% TiC| 1.12 | 0.18'| 2.60 | 1275 | 1.2787 | 0.0028 - 0.00108 8640 | 125-10%
e e ] ‘| iog 6 123 oSl j i

 NisAl+5% | 1.00 [(0.08 | 1.82 | 0485 | 04874 | 0.0015 0.00082 [&
(TiB;TiBa)x [Sd ol S witea ko3 e ot et ' i

' Ni:Al+5% | 088|011 | 152 [ 0469 | 04705 | 0.0015 | 000100 | 8640 |  1.16:10°
(TiB,TiB) | al oy 6 > |Hm | o

_Process conditions: temp. 800 °C, atmosphere H,S (ps; = 1 Pa)

Symbol of d g | a mo m; Am | Am/fq | ot A
 sample fcm] | [cm] |[cm®] | [g] (gl gl | [grem? | [s] [g/cm?: 5]

Ni;Alr+0.05% | 1.00 | 0.03 | 1.66 | 0.162/ | 0.1642 | 0.0015 || 0.00092 | <7200 128-107

B 68 0 2
Ni:Al + 5% TiC [10.00| 007 | 1.82 | 0697 | 0.7091 | 0.0116 | 0.00638 | 8640 | 7.38-10°
- 55 6 1 0
Ni,Al + 10% TiC| 1.01 [ 0.12 | 198 | 0936 | 0.9568 | 0.0208 | 0.01050 | 8640 | 122107
: 00 6 6 lsesds (05
NisAl+5% [ 1.01]008 | 1.8 | 0807 | 0.8266 | 0.0193 | 001040 | 8640 | 120-107
(TiB, TiB) 36 7 1 0

Ni;Al+5% |.0.87 | 010 | 1.46 | 0.686 | 0.6645 | 0.0218 | 0.01499 | 8640 | = 1.73:107
(TiB,TiB) | 38 0 8 _ (e

Designations used in the table: d — sample diameter, g — sample thickness, g — total surface
of sample, mo,m! — starting and final sample weight, Am — increments in sample weight,

. i ; AmY | .
t — time of exposition, A — corrosion constant (—)/ time
q
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The corrosion constant in oxides assumes the lowest value in the case of matrix, while
for all the composites its values are similar. Compared with NizAl + 0.05%B matrix,
introducing alien phase to the matrix decreases the gas corrosion resistance. The corrosion
resistance is not decreasing in a more visible way with increasing volume content of the
reinforcing phase in composite. The degree of surface degradation due to oxide corrosion is
visible on the topography images shown in Figures 29 — 38.

Fig. 30. Matrix. Corrosion in oxides; 500x
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Fig. 33. NL; AVTIC composite (10 vol.% TiC). Corrosion in oxides; 100x
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Fig. 36. Ni;Al/(TiB, TiB») composite (5 vol.% Ti, TiB.). Corrosion in oxides; 500x
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Fig. 38. Ni;Al/(TiB, TiB,) composite (10 vol.% Ti, TiB,). Corrosion in oxides; 500x

Similar as in the case of gas corrosion in oxides, the topography images of matrix and
composites (Fig. 39a - e) show degradation of the surface of these materials when subjected
to the effect of hydrogen sulphide at a temperature of 1073 K.

In spite of so great differences in surface topographies, the increments of weight in
a time unit and per unit surface are similar for all the investigated materials. Thus,
introducing titanium carbides or borides to Nis;Al matrix does not deteriorate in a more
significant way the gas corrosion resistance at high temperatures (1073 K). This is
additionally proved by the same range of values of the corrosion constant obtained for the
investigated matrix and composites.



Fig. 39. Topography images obtained as a result of corrosion in H,S: a) matrix and composites b) Ni;AVTiC
(5 vol.% TiC), c) Ni;AVTiC (10 vol.% TiC), d) Ni;Al/(TiB,TiB,) (5 vol.% TiB,TiB.) and ) Ni;Al/(TiB,TiB,)
(10 vol.% TiB,TiB,); 500x
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Results

The results of investigation of the utilisation properties of composites “in situ”, based on
an intermetallic phase of Ni;Al enriched with low additions of boron (0,05 wt.%), including
mainly the mechanical, tribological and corrosion resistance properties, enabled the
following conclusions to be formulated:

a The stress-strain curves plotted from static tests of uniaxial compression and tension
within the range of low loads (I range) are similar for deformation temperatures of 293
and 1273 K, while within the strain range of 0,1 £ > 1 (Il range) the tests conducted at
high temperatures gave higher values of the yield stress.

Q The, generated by “in situ” process, 5 vol.% of the TiC reinforcing phase increases at
high temperatures the mechanical properties by about 200% with a very insignificant
drop of plastic properties.

Q In terms of the stability of mechanical properties, the, fabricated by the above described
methods, composites are suitable for operation at high temperatures.

Q The practical results of SHSB synthesis using briquettes containing titanium, aluminium
and boron differ from the theoretical ones because the matrix appears to additionally
contain a nickel-rich phase. During the synthesis two types of borides i.e.TiB and TiB,,
characterised by hard to differentiate topographies were formed. The volume content of
titanium borides was consistent with the theoretically assumed one, but the shape,
dimensions and distribution of particles in the matrix differed from the theoretically
calculated one. Composites of Ni;Al/(TiB,TiB,) containing 5 and 10 vol.% of TiB,TiB,
were brittle but characterised by high abrasion resistance. The, generated by "in situ”
process, 5 vol.% of the reinforcing phase (TiB,TiB2) increases at high temperatures the
mechanical properties by about 250% with quite a significant drop of plastic properties.

Q Testing the electrochemical corrosion resistance in diluted sulphuric acid has proved that
the composite reinforced with particles of titanium carbide is characterised by resistance
close to that of the matrix. It has been determined, moreover, that particles of titanium
carbide are more susceptible to destruction while affected by the reagent than the matrix
which after passivation remains practically unchanged. On the other hand, the
composites reinforced with titanium borides do not possess sufficient resistance to the
effect of electrocorrosion. Both matrix and titanium borides are gradually dissolved.

O Testing of corrosion resistance in a gas chamber filled with a mixture of oxides and steam
at a temperature of 1073 K has revealed a comparable resistance to this type of corrosion
of both composite and its matrix.

0 Testing of corrosion resistance in hot hydrogen sulphide (1073 K) has revealed
insufficient corrosion resistance of both matrix and composite to the effect of H2S.
Weight increments in corrosion process are similar but surfaces suffer considerable
degradation.
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SOLUBILITY OF LEAD IN LIQUID IRON AND THE ASSESSMENT OF Fe-Pb SYSTEM

ROZPUSZCZALNOSC OLOWIU W CIEKLYM ZELAZIE I OBLICZENIE WYKRESU
FAZOWEGO Fe-Pb

The solubility of lead in liquid iron was measured over the temperature range 1873-1953 K by
simultaneous equilibration of molten iron samples with saturated lead vapour as well as liquid lead.
The results were used in assessment of the Gib b s energy function for liquid Fe-Pb phase. The
calculations were made with the use of ThermoCalc system. The excess G i b b s energy of liquid
solution was presented by means of Redlich-Kister equation. The equilibrium lines of
Fe-Pb phase diagram were also calculated, taking into account four phases: liquid solution, solid Pb
and solid Fe (fcc and bec).

Wyznaczono rozpuszczalno$¢ olowiu w cieklym Zelazie w zakresie temperatur 1873-1953 K
poprzez doprowadzenie probki cieklego zelaza do réwnowagi zar6wno z cieklym olowiem, jak
i nasycona para olowiu. Wyniki zostaty uzyte do obliczenia funkcji energii swobodnej Gibbsa
dla cieklej fazy Fe-Pb. Obliczenia zostaly wykonane przy pomocy systemu ThermoCalc.
Nadmiarowa energia swobodna G i b b s a fazy cieklej zostala wyrazona przy pomocy réwnania
Redlicha-Kistera Obliczono réwniez linie réwnowag wykresu fazowego Fe-Pb, uwzgle-
dniajac cztery fazy: ciekly roztwér, staty Pb oraz staly Fe (fcc i bee).

1. Introduction

Despite the common opinion that iron and lead do not dissolve one in the other, the
information on their mutual solubility in liquid phase is important from the viewpoint of
characterisation of several multicomponent systems, containing lead and iron. Ther-
modynamic description of such systems of importance in copper metallurgy as Cu-Pb-Fe,
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Cu--Pb-Fe-As and Cu-Pb-Fe-S requires also the data on activities of components in Fe-Pb
liquid solutions. These data cannot be obtained through extrapolation from multicomponent
systems. Due to extremely narrow concentration range of Fe-Pb liquid solution at
temperatures below 2000 K none of the experimental methods of activity determination can
be applied. Thus, solubility lines are the only available data, which permit the
thermodynamic assessment for liquid solution to be made. However, the data on
component’s solubility are scarce and new experimental results are of considerable value.

The aim of the present work is to provide new experimental data, which may help in
proper description of the solubility line. For that purpose the direct equilibration method of
liquid iron with both gaseous and liquid lead was applied.

The experimental works on the constitution of the Fe-Pb system have been checked for
consistency by CALPHAD type assessment of constitutional data, performed in the present
study, together with own experiments comprising lead solubility in liquid iron.

2. Literature data

The system Fe-Pb was studied by several techniques at various temperatures. The first
data on Fe-Pb system [1902Sta] and [1907Isa] have shown that the liquid metals are
practically mutually insoluble. Also, no diffusion of Pb into Fe was reported at 1273 K
[1930Age] and 1273-1573 K [1934Jon]. First results of a solid solubility of Fe in Pb were
givenby Tammann and O lsen [1930Tam] as 2-3- 10* wt.% Fe. The existence of
FePb, compound (88.12 wt.% Pb), suggested by [1932Dan] was not confirmed by later
works [1946Now], [1947Sch].

Hansen and Anderko [1958Han] compiled all available information and
proposed a phase diagram for Fe-Pb system in which liquid iron and lead are mutually
virtually insoluble. Later investigations revealed that mutual solubility is measurable.

Two different methods: direct equilibration of Fe and Pb and equilibration of liquid Fe
with Pb vapour were applied by L o rdand P a r 1 e e [1960Lor] to measure the solubility of
lead in liquid iron in 1823-1973 K temperature range.

MillerandE1li ot [1960Mil] determined both the solubilities of lead in liquid iron
at 1823 K and iron in liquid lead at 1575-1739 K. Their results for Pb solubility are
considerably higher than those mentioned earlier. Araki [1963Ara] obtained similar
results and found that solubility of Pb in solid iron was 2.7- 107 at.% at monotectic
temperature (ca. 1803 K).

The solubility of Pb in liquid Fe over temperature range 1823-1973 K was also
determined experimentally by M oro z o vand A g e e v[1971Mor] and it was found to be
higher in comparison to the data of [1960Lor].

Stevensonand Wulff[1961Ste] surveyed earlier results and re-investigated the
solubility of iron in liquid lead over temperature range 973-1573 K by liquid sampling
method. Their data agrees with the results published by Shepard and Parkman
[1950She] for 973-1173 K range and by W e e k s [1963Wee]. The latter found a solubility
of 8.5-10*at.% Fe at 873 K. A 1i - Kh a n [1982Ali] used similar technique to determine
iron solubility over temperature range 1253-1373 K.
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Shepardand Parkman [1950She] observed a bend at 1177 K in solubility vs.
temperature curve connected with bce-Fe — fcc-Fe transformation and estimated changes
of the enthalpy of dissolution of bec-Fe and fce-Fe in molten lead.

The slope of the solubility vs. temperature curves of none of the reported results agrees
reasonably well with a rule suggested by Kub asche wski[1981Kub] which says that
the quotient of the excess heat and entropy of solution should be equal to about 3400 K. She
had drawn a compromise curve corresponding to the relationship:

Ig (at.%Pb) = — 13400 - T + 6.16 ¢y

which might be used for the extrapolation to higher temperatures.

Generally, it may be concluded, that the solubilities of lead in liquid iron are about one
order of magnitude smaller than these of iron in liquid lead at comparable temperatures. For
example Xppey = 0.0008 at 1823 K [1960Lor], while Xp. e,y = 0.008 at 1824 K [1960Mil].

Basing on the same set of experimental results two assessments of Fe-Pb system were
reported up to now in the literature: Himdldinen et al. [1990Ham] and Wypar -
towicz [1995Wyp].

Burton [1991Bur] has compiled the available experimental data. Since then no
experimental work on mutual solubility in the system Fe-Pb was reported. Sharm a and
Srivastava[1997Sha] in their evaluation of Fe-Pb-Zn ternary system reproduce the
Fe-Pb phase diagram after Hamildinen [1990Ham).

3. Experimental technique — equilibrium saturation method

In the present work the solubility of lead in liquid iron was determined over the
temperature range 1873-1953 K by equilibrium saturation technique [1994Mid]. Diagram
of a graphite cell, which is the main part of experimental arrangement, is presented in Fig. 1.
Small alumina crucibles contained the weighed portions of lead (1 crucible), iron (2
crucibles) and lead together with iron (3 crucibles). They were placed on two levels inside
the graphite block, which played the role of container. The leaks in graphite block allowed
only for very slow lead vapour outflow, which permits to assume that the solubility
experiments were carried out under equilibrium vapour pressure of lead. Additionally, good
thermal conductivity of graphite block assured a stable temperature zone for all 6 alumina
crucibles. The following materials were used in the experiments: iron 99.98%, delivered by
Aldrich (USA) and lead 99.999%, delivered by Alfa Aesar (A Johnson Matthey Company).

The whole arrangement was contained inside the vacuum induction furnace and
evacuated down to 2 - 10 mbar. Then the system was filled with purified argon. Its pressure
was set higher than equilibrium pressure of lead at the temperature of the experiment. The
heating of the furnace up to required temperature took few minutes. The temperature inside
the graphite block was measured by means of the PtRh30/PtRh6 thermocouple. At a given
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temperature a series of runs of various exposition periods was carried out. After the
termination of the run the furnace was switched off and the samples froze immediately.

Fig. 1. Apparatus for equilibrium saturation method 1. alundum crucible, 2. graphite block, 3. alundum crucible
with the sample, 4. graphite heater, 5. sealing bond, 6. alundum cover, 7. alundum thermocouple tube, 8.
(PtRh6-PtRh30) thermocouple

The concentration of lead in chosen iron samples (10-12 g) was determined analytically,
using atomic absorption technique (Institute of Iron Metallurgy, Gliwice, Poland). Samples
were dissolved in HCI-HNO; concentrated solution, and spectrometer OPS ICP 3520
produced by ARL was applied. The analyzed spectral line was 220.35 nm. The
concentration of lead in the samples was also determined from the increase of sample mass.
The samples before and after experiment were weighed with an accuracy of 10 g.

4. Results

The experimental results of lead concentration in liquid iron are collected in Table 1.
Figs 2, 3 and 4 present the change of lead content with the time of experimental run duration.
It may be observed that for shorter times the obtained values of lead content were lower than
maximum values. It means that the equilibrium saturation was not attained yet. Similarly,
for much longer times the decrease in lead concentration was observed. Thus, for each
temperature of experiment there exists the duration time, corresponding to maximum lead
concentration. These maximum values of lead concentration were considered as equilib-
rium solubility.
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TABLE 1
Experimental results of lead solubility in liquid iron
T Equilibration with gaseous Pb Equilibration with liquid and gaseous Pb
(h] From mass balance From analysis From mass balance From analysis
Lead concentration Xp,- 10° at 1873 K
033 - 0.704 - -
0.5 0.700 - - -
0.978 - - -
1.0 1170 0.865 0.909 1.190
1.5 - - 0.906 0.946
2.0 0.806 0.720 - -
- - 0.646 -
30 0.446 v 0.494 -
Lead concentration Xp,+ 10° at 1923 K
0.17 - 1.003 - 0.759
0.33 0.899 - 0.802 1.027
0.976 1.054 0.878 -
0.5 0.843 - - -
0.878 0.892 0.953 -
0.75 0.673 - 0.647 0.675
1.0 0.956 0.783 - -
0.447 0.594 0.261 -
1.5 - - 0513 0.594
Lead concentration X"+ 10° at 1953 K
0.13 - 0.68 - 0.60
017 0.979 - 0.851 -
- - 0.919 -
0.25 0.937 0.973 1.360 0.81
0.33 1.30 0.892 - -

The scatter of experimental results in Figs. 2-4 is considerably high. It may be attributed
to kinetic conditions of penetration of liquid lead and lead vapour into the samples of liquid
iron. From this point of view the best conditions for equilibration would be achieved, if
either liquid or gaseous lead was passed through the sample of liquid iron. Such experiment
seems to be very difficult in practical implementation. However, it may also be seen that the
equilibration of iron with gaseous and liquid lead has given the same results within the
accuracy limit of analysis. It was also found that the lead concentrations deduced from mass
balance were not far from the results of analysis.
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Fig. 2. The results of experimental determination of lead solubility in liquid iron at 1873 K
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Fig. 3. The results of experimental determination of lead solubility in liquid iron at 1923 K
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Fig. 4. The results of experimental determination of lead solubility in liquid iron at 1953 K

5. Assessment of Fe-Pb System

Optimisation of Fe-Pb system in the present work was based on the data of:

- [1960Lor], [1960Mil], [1963Ara], [1971Mor] and the present work — regarding
lead solubility in liquid iron;
- [1960Mil], [1961Ste], [1982Ali] — regarding iron solubility in liquid lead.

Itis reasonable to assume that the equilibrium temperatures for the y (fcc) < 8 (bee) and
o (bee) «» ¥ (fee) iron transformations are not appreciably influenced by the presence of
liquid lead because of the very low solubility of lead in solid iron.

In the thermodynamic modelling Gibbs energy function is assessed for each of the four
phases: liquid, solid Pb and solid Fe (fcc and bee) appearing in the Fe-Pb system. The Gibbs
energy function G?(T) = G#(T) — H;E® for the pure element i (i = Fe, Pb) in the ¢ phase
(¢ = liquid or solid bce-Fe, fcc-Fe and fec-Pb) is described by the equation:

G*M=a+b-T-T+d - T*+e-T*+f T ' +g-T'+h-T?, 2)

where H7® is the molar enthalpy of the stable element reference (SER) at 298.15 K and
1 bar, and T is the absolute temperature. The G i b b s energy functions for Fe and Pb are
taken from the SGTE compilation by Din sdale [1991Din]. The Gibbs energies of the
solid and liquid phases in the Fe-Pb system were assumed to be pressure independent.

The liquid solution phase is described by the disordered substitutional solution model
and its molar Gib b s energy is expressed by following equation:
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G=(1-x)G¥+x G¥+R-Tlx-Inx+ (1 -x)In(l -x)]
+x-(1=x) [L¥p + (1 = 2x)- Lpfp, + ..] ®)
in which R is the gas constant, and x is the molar fraction of Pb. The interaction parameters
L%, may be linearly temperature dependent and are to be optimized.

Because of not measurable mutual solubility of Fe and Pb the solid phases bec (bee-Fe)
and fcc (fce-Fe, fcc-Pb) were treated like virtually pure elements.

The assessed interaction parameters are given in Table 2. All calculations were done
with the ThermoCalc software package [1985Sun].

From the above formulas describing interaction parameters in liquid solution the
limiting values of Raoultian activity coefficient ¥ ° were calculated. At the temperature
1923 K the following values were obtained: ¥ %, = 9-12- 10> and Yy = 1.22+ 102

Very high activity coefficients well correspond to the extremely low stability of liquid
solution and the tendency to decomposition into to liquids.

TABLE 2
Assessed interaction parameters for the Fe-Pb system

Parameters [J/mol of atoms], validity 0 to 6000 °C
L% = 110921.9 - 9.3667 - T

L4 = 29234.6 - 6.8498 - T

6. Discussion

The experimental determination of lead solubility in liquid iron meets serious problems
connected with high temperature of experiments, low values of solubility as well as
required high purity of materials. The technique employed in the present work may be
classified as quasi-static one. Due to the small outflow of lead vapour from the compartment
with samples, the true equilibrium in the system can be hardly obtained, and the experiment
is carried out under stationary conditions. This may be seen from the plots: apparent lead
solubility vs. time of experiment, presented in Figs. 2-4, where the highest temperature of
experiments corresponded to the shortest time necessary to attain the maximum value of
solubility. Next, due to the limited amount of lead in the system, the measured solubility
begun to decrease with the duration of experiment. As the horizontal fragment of solubility
vs. time plot was not obtained, we decided to assume the highest measured lead solubility as
a true equilibrium value.

The results of the optimisation obtained in the present work were applied in the
calculation of equilibrium lines of Fe-Pb phase diagram by means of the ThermoCalc
system. The result is presented in Fig. 5-7.

Fig 5. demonstrates the fragment of lead solubility line, calculated in the present work in
comparison with experimental data from the present work and the earlier publications of
Morozov and Ageev [1973Mor], Araki [1963Ara], Lord and Parlee
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[1960Lor] and Miller and E11li ot [1960Mil]. Our results as well as the calculated
solubility line fall between the experimental points of [1960Lor] and [1973Mor]. The
results obtained by [1963Ara] are apparently too low, while the solubility reported by
[1960Mil] for the temperature 1823 K seems too high. The results of [1973Mor] are close to
solubility line suggested by Kubaschewski[1981Kub]. However, the experimental
technique of [1973Mor] made use of silica glass cell, which might result in iron surface
contamination (even through the gas phase) and iron as well as lead silicate formation.

2000 7
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= ’
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Fig. 5. Solubility of lead in liquid iron
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Fig. 6. Solubility of iron in liquid lead
In the lead-rich side of the phase diagram (Fig. 6) the calculated liquidus line in the

range of y phase stability agrees well with experimental results of [1961Ste]. For higher
temperatures there are no reliable experimental data which might be used in verification of



152

calculated phase diagram. In the set of results of [1960Mil] the solubility of bce-Fe and
fcc-Fe in liquid lead do not correlate with the solubility of liquid iron.
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Fig. 7. Fe-Pb phase diagram calculated in the present work

The critical point of the miscibility gap ~4270 K was obtained in the present
calculation. This may be compared with the value 3900 K, calculated by [1995Wyp].

7. Conclusions

The optimisation of the liquid phase in the system Fe-Pb and calculation of
phase diagram seems to give the reasonably good background for further description
of multicomponent metallic systems, containing both iron and lead. Taking into
account results obtained so far on mutual solubility in this system, and related
experimental difficulties, considerable progress in experimental accuracy is not expected
in the near future.
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MEASUREMENTS OF THE SURFACE TENSION AND DENSITY
OF TIN BASED Sn-Ag-Cu-Sb LIQUID ALLOYS

POMIARY NAPIECIA POWIERZCHNIOWEGO I GESTOSCI CIEKLYCH STOPOW
Sn-Ag-Cu-Sb NA OSNOWIE CYNY

The maximum bubble pressure method for the determination of the surface tension and
dilatometric technique for density measurements were applied in the studies of liquid quaternary
Sn-Ag-Cu-Sb alloys close to the ternary eutectic (Sn-Ag-Cu). The investigations of the density
were conducted in the temperature range from 513 K to 1186 K and these of the surface tension
from 513 K to 1177 K. The experiments were carried out for the liquid alloy of composition close to
the ternary eutectic (Sn3.3Ag0.76Cu) and for four quaternary liquid alloys (Sn-3.3Ag-0.76Cu) + Sb
alloys (Xs» = 0.03, 0.06, 0.09, 0.12 molar fractions). It has been found that both surface tension and
density show linear dependence on temperature. The relations describing the dependence of the
surface tension and density on concentration were determined. The surface tension, density and
molar volume isotherms calculated at 673 K and 1273 K have shown that the antimony addition to
the ternary alloy (Sn-3.3Ag-0.76Cu) decreases the surface tension and the density while increase of
the molar volume is observed. The maximal decrease of surface tension is slightly higher than 50
mN/m and that for density is about 0.15 g*cm”®. The observed increase of molar volume is about
2.5 cm® at the maximal Sb addition equal to 0.12 mole fraction.

Stosujac metode maksymalnego ci§nienia w pgcherzykach gazowych dla pomiaru napigcia
powierzchniowego oraz technike dylatometryczng dla pomiaru gesto$ci wykonano badania dla
cieklych stopéw czteroskiadnikowych Sn-Ag-Cu-Sb bliskich eutektyce potréjnej Sn-Ag-Cu.
Pomiary gestosci przeprowadzono w zakresie temperatur 513 K do 1186 K, a dla napigcia
powierzchniowego od 513 K do 1177 K. Pomiary wykonano dla cieklych stopéw o skladzie
wyjéciowym (Sn-3.3Ag-0.76Cu) i dla czterech stopéw (Sn-3.3Ag-0.76Cu) + Sb (Xs, = 0.03, 0.06,
0.09 i 0.12 ulamka molowego). W pracy wykazano, ze zar6wno napigcie powierzchniowe jak
i gestos¢ cechuja sie liniowa zalezno$cia od temperatury. Wyznaczono takze zaleznoSci napiecia
powierzchniowego od stezenia. Izotermy napiecia powierzchniowego, gesto§ci i objgto$ci
molowej obliczone dla temperatur 673 K i1 1273 K wykazaly, ze dodatek antymonu do stopu
(Sn-3.3Ag-0.76Cu) obniza napiecie powierzchniowe i gesto§¢ natomiast podwyzsza objeto§¢
molowa. Maksymalne obnizenie napigcia powierzchniowego jest nieco wyzsze od 50 mN/m, a dla

* INSTYTUT METALURGH 1 INZYNIERII MATERIALOWEJ IM. A. KRUPKOWSKIEGO PAN, 30-059 KRAKOW, UL. REYMONTA 25
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gestosci wynosi okolo 0.15 g/em®. Wzrost objetoéci molowej wynosi okolo 2.5 cm® przy
maksymalnym dodatku antymonu 0.12 ulamka molowego.

1. Introduction

Undertaken more than 40 years ago at the Institute of Metallurgy and Materials Science
the extensive thermodynamic studies on liquid and solid alloys by various experimental
techniques were directed towards the use in phase diagram calculations and next for
correlation with physical properties and the structure. In other studies the thermodynamic
properties of molten salts were combined with physical properties, mainly surface tension
and density [1,2,3] to calculate the activity and concentration in the surface phase when
passing from the bulk to the surface phase. The observed tendency all over the world is to
use the results of the basic research towards application. Due to this trend, in 1997 we have
directed our attention on Pb-free soldering materials. To elaborate a substitute for Sn-Pb
solders with materials without lead it is necessary to resolve various problems. Our plans
were to combine thermodynamic data in the form of optimised parameters needed both for
modelling of physical properties and for calculations of phase diagrams. It should be
mentioned that often phase equilibria of new Pb-free systems are not known. On the other
hand, modeling of physical properties needs experimental data for testing. Among the
various data important for soldering materials the surface tension and interfacial tension
play an important role as responsible for wettability of the substrate by the solder.

In the course of our studies we have initiated systematic measurements of the surface
tension and density by the maximum bubble pressure method and dilatometric method on
pure metals Sn, Ag, Bi, Sb, In, Cu and Zn, binary low-melting eutectics and on terary
alloys based on (Sn-Ag)..., suggested for practical application. The obtained results were
extended to include phase equilibria calculations in co-operation with Tohoku University in
Japan and presented in Ref. [4]. When the addition of another component to the binary or
higher order liquid alloys decreases the surface tension and interfacial tension, it
simultaneously improves wettability. Hence, measurements of the surface tension can be
useful for the prediction of the effect of modifying elements on solder properties.

In 2000, the Institute of Metallurgy and Materials Science started co-operation
with two industrial institutes, the Institute of Non-Ferrous Metals in Gliwice and
the Tele and Radio Research Institute in Warsaw as well as with Warsaw University
of Technology. In addition, in 2002 we joined COST 531 Program which is partly
correlated with the activity of Associated Phase Diagram and Thermodynamics Committee
oriented on data bases comprising thermodynamic and physical properties of Pb-free
soldering materials. The joint efforts are focused towards the production of mu-
lticomponent Pb-free solder of low Ag content in Poland. Multicomponent alloys
are required to modify not only the physical properties and melting temperatures,
but simultaneously the mechanical and electrical properties in order to propose the
right material as close as possible to traditional Sn-Pb solders.
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Our studies are oriented on two groups of materials always starting with eutectic or
close to eutectic Sn-Ag-Cu alloys. In the first study, based on co-operation with the
mentioned industrial institutes there is examined addition of Bi and next Sb in quinary
alloys on the surface tension obtained by the maximum bubble pressure method together
with meniscographic measurements of interfacial tension and with mechanical and
electrical properties. It has been shown, in our previous studies [5, 6] that the surface tension
obtained by the maximum bubble method is higher than the interfacial tension obtained by
the meniscographic method due to the interfacial tension contribution to the measurement
at the sample-flux interface.

The second group of alloys was examined within COST 531 Program in co-operation
with Tohoku University. The influence of Sb and In within surface tension and density
studies on ternary eutectic or close to eutectic Sn-Ag-Cu alloys will be examined. In this
group of alloys we have studied the surface tension and density of liquid Sn-Sb alloys in the
entire range of concentrations [7], next on Sn-Ag-Sb, combining the mentioned physical
properties with the results of experimental determination of phase diagram and ther-
modynamic calculations; the resulting optimized thermodynamic parameters were used for
modeling of the surface tension [8]. It seems interesting to continue studies on
multicomponent alloys with Sb additions since they are considered to substitute the Pb-Sn
solders due to sufficiently good wetting properties, strength, thermal fatigue resistance and
creep strength.

Until now, in both groups of alloys the modelling by the Bu t1 e r’ s method [9] is used
as discussed in earlier publications. In Ref. [10, 5, 6, 11, 12] a qualitative agreement was
observed between the experimental and the calculated surface tensions fromButler’s
model, however in each case the calculations have shown a curvilinear dependence of the
surface tension vs. temperature, which is in disagreement with the experiments. As reported
inour studies on Ag-Bi [12] where Bi activities obtained by solid electrolyte technique were
combined with surface tension, it was concluded that some termsinthe Butler’ s model
should be corrected. One of the possibilities is the assumption that parameters L (assumed
equal to 1.091 for close packed structures) and ( (parameter corresponding to the ratio of the
coordination number Z in the liquid phase to that in the bulk phase) are constant during
calculations. It seems that more experimental data must be collected to introduce the
required corrections. It should be added that until now our experience with Butler’s
model is limited only to binary and ternary alloys.

The extension to higher order systems needs experimental data of the surface tension
and excess Gib b s energies of components of the investigated multicomponent alloys
obtained from separate thermodynamic studies or for instance from the Calphad method.
Such data are not available in literature, and therefore, as the first stepof Butler’s
modelling of the surface tension of quaternary alloys Sn-Ag-Cu-Sb in this study, there are
presented experimental surface tension and density data for liquid alloys, limited only to
small additions of Sb; for excess Gibb s energies of components we are taking into
account only data from respective binaries and two ternaries; namely Sn-Ag-Cu [13] and
Sn-Ag-Sb [14]. It is the main aim of this publication which in agreement with our
contribution to the COST 531 PROGRAM will be continued for higher Sb concentrations in
parallel with extension of Butler’s model for multicomponent systems.
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2. Experimental

The surface tension of Sn-Ag-Cu-Sb liquid alloys was measured by the maximum
bubble pressure method based on the following relation:

1
O=3K Ap [N-m'], 1)

where: o is surface tension, r. is the capillary radius and Ap is the pressure difference
described by the following equations:

Ap =Pz Pa [N i m'l] (2)
Ap = g(Pwbn — ) [N-m?) (3)

necessary to form the gas bubble at the end of capillary and detach it. The meaning of the
symbols in Egs 2 and 3 is as follows: p, — the gas pressure, p, — the hydrostatic pressure of
liquid alloy, g - the acceleration of gravity, p, and p,, — the density of the investigated liquid
alloy and manometric liquid, &, — the immersion depth of the capillary and 4,,— the height of
the manometer liquid. The surface tension calculated from Eq.1 is an approximation. The
exact values of surface tensions were calculated using the procedure proposed by
Sugden [15]. The scheme of the apparatus for the surface tension measurements is
shown in Fig.1.
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Fig. 1. Scheme of the equipment for the density measurements by the dilatometric method

Densities of liquid alloys were measured by the dilatometric method based on the
measurement of the height of constant mass of liquid alloy in a graphite crucible having
inside diameter D. The density and molar volume were calculated from the following
equations:
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[g- cm?] )

[em?’], &)

where: p— the density of alloy, m — the weight of alloy, V — the volume of the alloy, D —the
inside crucible diameter and H — the height of the alloy in the crucible. The correction of the
thermal expansion of the crucible was made at each measurement temperature. The scheme
of the apparatus for density measurements is presented in Fig. 2. The molar volume V,, of
the liquid Sb-Sn alloys was calculated using the known equation:

Bl v, IR,
Ar+20% H¥

Hydrostatic
manometer

Capitlary

Graphite
crucible

Liquid
metal (alloy)

Fig. 2. Scheme of the equipment for the surface tension measurements by the maximum bubble pressure method

V., = M, Xsn + My, X4, ;' M, Xc, + Mg, XSb, [cm® - mol] 6)

where: Mg, Mg,, Mc* and M, are the atomic weighs and Xg,, Xs, ,Xc, and Xag are the mole
fractions of Sn, Sb ,Cu and Ag, p is the density of the alloy

At the first step the ternary alloys were prepared by melting in a graphite crucible the
appropriate amounts of tin (99.999% at.), silver (99.995% at.) and copper (99.995% at.) to
produce the ternary Sn-Ag-Cu. Next the alloy was analyzed and it was found that the
composition was close to the ternary eutectic and had the following composition:
Sn3.3%Ag0.76%Cu (in atomic percent). At the second stage the antimony (99.999%at.)
was added to the sample directly before measurements and the quaternary alloy was
homogenised and mixed at a constant temperature for some hours. The protective
atmosphere of high purity gas mixture of Ar-20 % vol. H, was used during alloy
preparations and the measurements of both surface tension and density. The thermocouple
of Pt-PtRh10 was applied to the measurement of temperature. The capillaries, in the surface
tension measurements, and the penetrator in the density measurements were made from
molybdenum.
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3. Modeling of the surface tension

Considering the equilibrium between a bulk phase and a surface monoatomic layer
(monolayer), regarded as an individual phase, B u t1 e r [9] derived the relation allowing to
calculate the surface tension of the alloys from thermodynamic properties. In the case of
Ag-Cu-Sn-Sb liquid alloys the relation has the following form:

RTI: XS= sh1
0= Opg t+ A—A;In XR; + XA—E (Gigs - G%‘:

RT_ X§ 1

= Ocu + v In XE, + A (GES - GEP
RT_ X§ 1

= Og, + K—; Inxgn + AS,, (Glsins - GE},B

RT. X3 1
=0+ —Inp+—GE-G§) [N-m']l (7

n .
ASb ng ASb

Equation (7) relates the surface tension of the solution with surface tension of pure metals,
the surface area of the metallic monolayer and excess Gibbs energies of the components in
the surface and the bulk phases.

Symbols in Eq.7 are as follows: R is the gas constantin (J - mol 'K, T'is the temperature in
(K), (o; and A; are the surface tensions (in mN - m) and the molar surface area (in m?) in
a monolayer of pure liquid metals (i = Ag, Cu, Sn, Sb), X}, and X? are the mole fractions of
the components and G£5 and G¥? are the partial excess G i b b s energies of the component
i in the surface and the bulk phase, respectively

The molar monoatomic surface area A; of metal i is calculated from the equation:

A;= LN¥VE  [m?, 8

where: Nis Avogadro’ s number, and V; is the molar volume of pure liquid i in (m®),
L is usually set to be 1.091 for liquid metals assuming close packed structure [16].

Finally, the relationship between excess G i b b s energy of the component i in bulk and
in the surface phase is assumed to be equal as follows:

GES = pGE® [J- mol ). (€))

In Eq. 9 Bis the parameter corresponding to the ratio of the coordination number Z in the
surface phase to that in the bulk phase Z%/Z?, and is assumed to be equal to 0.83 for liquid
metals [17, 18]. Red lich - Kistermodel [19] for the binary systems with the ternary
interaction parameters (Eq.10) was used for calculations of the partial excess Gibbs
energies of Ag, Cu, Sn and Sb in the quaternary Ag-Cu-Sn-Sb liquid alloys according to the
equation presented by Sundman [20] (Eq. 11):
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n-1 n m n-2 n-1 n
GE = };Zl XinZ,Al(Xi - X;) +~21 ,-Zl k;z XXX, (BX; + BX; + B,Xy)
i=1 j=i+ i1=1 j=i+] k=j+
[J- mole!] [10]
dG*® & dGE
.E = E —_—) — Y AR . -1
GF=GE + ( dXi) Zx.( x) [J- mole], [11]

where G- is the excess Gibb s energy of the liquid Ag-Cu-Sn-Sb alloy, X; is the mole
fraction of metal, A; and B; are binary and ternary optimised thermodynamic parameters and
G7 is the excess Gibbs energy of the component i.

4. Results and discussion

Applying the dilatometric and the maximum bubble pressure methods the density and
the surface tension were measured for Sn3.3Ag0.76Cu alloy and four quaternary Sn-Ag-
Cu-Sb liquid alloys with the concentration 0.03, 0.06, 0.09 and 0.12 mole fraction of
antimony and in the temperature range form 513 K to 1186 K in the case of the density and
from 513 K to 1177 K in the case of the surface tension. The experimental data of both
surface tension and density were described for each concentration by the linear dependence
on the temperature. The equations are reported in Table 1 for the density and in Table 2 for
the surface tension together with the calculated errors of density, surface tension at 673K
and 1173 K and of the linear equation parameters (A and B) [21]. The temperature
dependences of density are shown graphically in Fig. 3.

P [gem

Fig. 3. The temperature dependences of the density of (Sn3.3Ag0.76Cu) and (Sn3.3Ag0.76Cu) + Sb liquid alloys.
Symbols represent the experimental values determined by the dilatometric method and continuous lines show the
values calculated from equation in Table 1
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The density isotherms of the investigated Sn3.3Ag0.76Cu+Sb liquid alloys were
calculated at 673K and 1273 K and described by the following parabolic relations
dependent on concentration:

0= p, + BXs + CX%, = 6.9863 — 0.6839Xs, — 2.9967X%, 673K [12]
0= p, + BXg + CX3, = 6.5459 — 1.7752Xs, + 4.5587X%, 123K [13]

In the foregoing relations p is the density of the quaternary alloys, o, is the density of the
ternary Sn-Ag-Cu alloy and Xs, is the mole fraction of Sb in the quaternary
Sn3.3Ag0.76Cu + Sb alloys. The equations [12] and [13] are valid in the experimental
concentration range. The numerical parameters B and C of equations [12, 13] were
calculated using the least squares method. Values of the density (continuous line) calculated
from Eqs 12 and 13 and those from experiments (symbols) are presented in Fig. 4. The
general conclusion is that the addition of antimony decreases the density of Sn-Ag-Cu
alloys and that the higher addition of antimony to the Sn-Ag-Cu liquid alloys involves
higher decreasing of the density of the quaternary alloys. It may be caused by the lower
density of Sb than that of the ternary Sn-Ag-Cu alloys. The maximal decrease of the density
in comparison to the Sn-Ag-Cu alloys is observed at the highest concentration of Sb in the
Sn-Ag-Cu-Sb alloys and it is equal to about 0.13 gem™ at 673K and 0.15 gem? at 1273 K.
The dashed lines in Fig. 4 show the linear changes of the density when plotting the density of
the ternary Sn-Ag-Cu liquid alloys to the pure antimony.

T=673 K .
6.8 1 o
& 67 [(sn3.3Ag0.76Cuy+sb] -
[*]
2 6.6 - -
S N
654 e~ T T
64 T=1273K

T
0 002 004 006 008 01 0.2
X

Fig. 4. Isotherms of the density calculated at 673K and 1273 K. Symbols show the values calculated from
Equations in Table 1. Continuous lines are values calculated from the temperature-concentration relations [7] and
[8] and dashed lines show the linear changes between density of (Sn3.3Ag0.76Cu) alloy and pure antimony

The calculated molar volume of the liquid Sn3.3Ag0.76Cu + Sb alloys from Egs. 6, 12, 13
and those in Table 1 are shown in Fig. 5. The addition of the antimony to the investigated
Sn-Ag-Cu liquid alloy increases the molar volume of the investigated
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Sn3.3Ag0.76Cu + Sb quaternary alloys and the increase is higher at higher temperatures.
At 1273 K the difference between the ternary Sn-Ag-Cu and the quaternary
Sn3.3Ag0.76Cu + Sballoys is about 0.5 cm® and at 673K it is 0.35 cm®. The dashed lines in
Fig. 5 show the linear changes between the molar volume of the ternary Sn-Ag-Cu liquid
alloys and pure antimony.

TABLE 1
Temperature dependences of the density of the (Sn3.3Ag0.76Cu) and (Sn3.3Ag0.76Cu) + Sb liquid alloys together
with errors calculated for density at 873 K and 1273 K and for parameters of A and B of linear equations

X p=A+BT Psmx Pr2mx Err(A) Err(B)
sb g cm? g-cm? g-cm” g-cm” g-em?: K*
0.000 =7.4803-0.000734T 6.839+0.036 6.5461£0.044 +0.038 +0.000046
0.030 =7.4963-0.000796T 6.801 £0.053 6.483+£0.065 +0.070 +0.000084
0.060 =7.4658-0.000784T 6.781+0.053 6.467 £0.069 +0.096 +0.000109
0.090 =7.4335-0.000795T 6.739 £0.050 6.421 £0.067 +£0.073 +0.000092
0.120 =7.3822-0.000774T 6.707+0.077 6.397+0.098 +0.129 +0.000146

It should be noted that in comparison with (Sn3.3Ag0.76Cuy) alloy in previous publication [22] for Sn3.8Ag0.57Cu
the relation of density on temperature is as follows: p=7.4529-0.000662T.

%
£
=
=
2 -
[}
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581721 T=673 K 3
s e
168 +————T— 77—
0 002 004 006 008 0.1 0.12
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Fig. 5. Isotherms of the molar volume of (Sn3.3Ag0.76Cu) and (Sn3.3Ag0.76Cu) + Sb liquid alloys calculated at

673K and 1273 K. Symbols show the values calculated using Equation [6] and density calculated from Equations

in Table 1. Dashed lines show the values calculated according with the additive rule between Sn3.3Ag0.76Cu and
pure antimony while thick continuous lines illustrate the values calculated using Equations [6, 7] and [8]

The experimental values of the surface tension for the Sn3.3Ag0.76Cu + Sb liquid alloys
(symbols) are shown in Fig. 5 together with those calculated from the least squares
equations in Table 2 (lines). The deviations of experimental values from the least squares
lines are not higher than 7 mNcm''. Calculated from equations in Table 2 isotherms of the
surface tension at 673 K and 1273 K were described, similar as in the case of the density by
the following parabolic relations dependent on the antimony concentration:
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TABLE 2

Temperature dependences of the density of the (Sn3.3Ag0.76Cu) and (Sn3.3Ag0.76Cu) + Sb liquid alloys together

with the surface tension and errors calculated for surface tension at 873 K and 1273 K and errors for A and B linear
equations parameters

o=A+BT Ognk O 131K El'l'(A) El‘l‘(B)

X mN-m" mN- m” mN- m* mN-m” | mN-m*-K*
0.000 =582.1-0.0867T 506.4+6.6 471.7+7.2 58 +0.0068
0.030 =571.5-0.0847T 4975144 463.615.1 +5.3 +0.0060
0.060 =575.1-0.1016T 486.5+6.9 445.8+7.9 +6.8 +0.0083
0.090 =540.3-0.0860T 4652169 430.8+7.7 6.7 +0.0078
0.120 =523.4-0.0805T 453.11+7.6 420.8+8.6 +9.6 +0.0106

It should be noted that in comparison with (Sn3.3Ag0.76Cu) alloy in previous publication {22] for Sn3.8Ag0.57Cu
the relation of surface tension on temperature is as follows: 0=586.5-0.0819T.

0= 0, +BXs, + CX%, = 523.73 - 227.59Xg, — 2006.26X%, [14]
0= 0.+ BXg, + CX%, = 471.72 - 392.92X, — 363.87X%,. [15]
In the above-mentioned equations ois the surface tension of Sn3.3Ag0.76Cu + Sb alloys,

0, is the surface tension of the ternary Sn3.3Ag0.76Cu alloy and Xi; is the mole fraction of
antimony. B and C parameters were calculated using the least squares method.
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Fig. 6. The temperature depences of the surface tension of (Sn3.3Ag0.76Cu) and (Sn3.3Ag0.7Cu) + Sb liquid
alloys. Symbols represent the experimental values obtained in this study using the maximum bubble pressure
method and continuous lines show the values calculated from Equations in Table 2

The experimental and the calculated at 673K and 1273 K from the Butler’ s model
isotherms of the surface tension for the Sn3.3Ag0.76Cu + Sb alloys are shown in Fig. 7.
The binary and the ternary optimized thermodynamic parameters were taken from the
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following papers: for Ag-Cu, Ag-Sn and Ag-Cu-Sn from Ref. 13, for Ag-Sb and Ag-Sn-Sb
from Ref.14, for Cu-Sn from Ref. 22. for Cu-Sb from Ref. 23, and for Sn-Sb from Ref 24.
The remaining ternary parameters were assumed to be zero. The calculations were
undertaken in the first case basing only on the binary thermodynamic parameters and in the
second case including the ternary interaction parameters worked out by [13] for Sn-Ag-Cu
system and [14] for the Sn-Ag-Sb system. When calculating the surface tension of the
Sn-Ag-Cu-Sb alloys using only the binary thermodynamic parameters the obtained values
are higher only by about 1 mNm'™ than those calculated using the binary and the ternary
interaction parameters as presented in Fig. 7. One can suppose that the use of the ternary
parameters of the other systems (Ag-Cu-Sb and Cu-Sb-Sn) will not change practically the
surface tension calculated fromBu tler’ s model for the alloys investigated in this work
(Fig. 7). The isotherms calculated from Eqs 9 and 10 are drawn with thick solid lines and
those obtained using Butler’ s model with dotted lines.

The surface tension calculated from Butlers model is higher than that obtained from the
experiment (Egs 9, 10) both at 673K or 1273 K.
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Fig. 7. Isotherms of the surface tension of (Sn3.3Ag0.76Cu) and (Sn3.3Ag0.76Cu) + Sb liquid alloys calculated at

673K and 1273K from Butler’s model (dotted lines 1,2) compared with experimental data (symbols) while thick

lines ilustrate surface tension calculated from Equations [9] and [10]. Thin continuous lines represent linear
changes from surface tension of (Sn3.3Ag0.76Cu) liquid alloys to pure antimony

The highest deviations are observed for the highest Sb concentration (Xsp = 0.12) and they
are equal to nearly 30 mN - m™ at 673K and 40 mN - m™ at 1273 K. The common feature of
the surface tension calculated fromB utler’ s model and of the experimental data is the
decreasing tendency with the increase of the concentration of antimony.

5. Summary

Applying the dilatometric and the maximal bubble pressure methods the density and the
surface tension were measured for the Sn3.3Ag0.76Cu and four Sn3.3Ag0.76Cu + Sb
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liquid alloys having the concentration 0.03, 0.06, 0.09 and 0.12 mole fraction of antimony.
It has been observed that the density and the surface tension decrease linearly with the
increase of the temperature. The calculated at 673 K and 1273 K isotherms of the density
and molar volume have shown the decreasing tendency of the density and the increase of the
molar volume with the increase of the concentration of antimony. This tendency is more
evident at higher temperatures.

The isotherms of the surface tension at 673 K and 1273 K obtained from the
Butler’s model show asimilar tendency as those from the experimental results, namely
the decreasing tendency which increases with the amount of antimony in the alloys. This
tendency is more evident in the case of experimental data. It is expected that the agreement
between modelling and experimental results would be better if all ternary and quaternary
parameters were taken into account. Considering the fact that the addition of Sb to the alloy
of composition close to the ternary eutectic Sn-Ag-Cu decreases the surface tension what
means the improvement of the wettability, it is suggested to continue the studies on
Sn-Ag-Cu-Sb as the addition of Sb improves also strength, thermal fatigue resistance and
creep strength.
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RECOVERY OF SILVER FROM AgCl BY USING THE CELL Zn|H,SO,, AgCl|Ag

ODZYSK SREBRA Z AgCl PRZY UZYCIU OGNIWA Zn|H,S0,, AgCl|Ag

Recovery of Ag from AgCl by its direct reduction was investigated in the cell Zn|H,S0,,
AgCl] Ag, where AgCl did not directly contact with the reducing metal. Observed sudden drop of
the current and of the Ag | AgCl electrode potential indicated the end of the reduction process. An
equation describing dependence of the current intensity in the cell Zn | H,SO, AgCl| Agonreduced
time was derived and discussed. Current efficiency and reduction degree were also determined.
Influence of the concentration of sulfuric acid on the rate of the process and on the size of the
reduced silver grains was studied.

Badano proces odzysku srebra metoda katodowe;j redukcji AgCl przy uzyciu ogniwa
Zn|H,S0,, AgCl|Ag. Stwierdzono, ze zakoficzeniu procesu redukcji odpowiada nagly spadek
mierzonych wartoSci natgzenia pradu oraz potencjatu katody Ag|AgCl. Wyprowadzono réwnanie
empiryczne opisujace zalezno$é natezenia pradu od czasu zredukowanego. Wyznaczono katodows
wydajno$¢ pradu oraz stopiefi redukcji. Przedyskutowano wplyw stezenia kwasu na szybko§é
procesu oraz na wielko$¢ ziaren otrzymanego proszku srebra.

1. Introduction

Cementation process is one of the most useful methods of the metals recovery from
waste solutions. Reduction process is carried out directly by using metal more elect-
ronegative than being recovered one [1]. If the solutions are diluted than it is necessary at
the beginning to precipitate a compound of the recovered metal, which exhibits low
solubility. In this system cementation process is usually carried out by mixing difficultly
soluble compound with scraps or a dust of the metal used for cementation. Product of this
reaction is enriched in the metal being recovered and it needs further rafination. In this
stage, pirometallurgical processes are used very often. Since this technology of metals

* WYDZIAL METALI NIEZELAZNYCH, AKADEMIA GORNICZO-HUTNICZA. 30-059 KRAKOW, AL. MICKIEWICZA 30
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recovery from dilute solutions is complicated, a new method was elaborated. It makes
possible to obtain high purity product in one — stage process [2]. In this method, the
reduction is carried out in the cell which contains silver —silver chloride electrode (AgCl is
located on silver plate or other conduction matrix) and the metal (zinc, aluminium or iron
scraps) is used for cementation'. The electrodes are immersed in the electrolyte.
Connection of electrodes with amperometer gives the possibility of continuous registration
of the running process. The circuit can also be used to measure the potential and the changes
of the potential values can be followed with time. Since Ag | AgCl is electrode of the second
order, the process is characterized by current and potential stability. It can be observed that
a sudden drop of the current, and of the Ag|AgCl electrode potential, shows that the
reduction process is finished. At this moment only evolution of hydrogen on silver takes
place. Sudden drop of the measured values provides the way of precise determination of the
end of reduction process, which is very economical.

Investigations of the product of reduction reaction of difficultly soluble compound
suggested that it exhibits plenty of properties different from powders produced by
traditional methods (electrolysis [3], spraying [4], crushing [5]). The most important
advantages are the following: it is fine — grained (a few pm), it has very good pressing
properties (the possibility of making composites by pressing two or more independently
produced powders or by coreduction of a mixture of difficulty soluble salts of these metals
followed by pressing them [6, 7, 8]).

The continuation of the research on optimalization of parameters of this process seems
to be advisable. It is necessary to know the mechanism of difficulty soluble compounds
reduction reaction under different conditions.

Cathodic polarization curves in galvanostatic and potentiostatic experiments were
registered by using powder silver — silver chloride electrode and unsoluble anode in the
different electrolytes [9]. Within wide range of the parameters (different concentration of
chloride and sulfate solutions) a linear function of the potential of Ag|AgCl electrode with
the logarithm of the current density (E = f(log i)) was observed. The slope of this
dependence is consistent with the transfer of one electron participating in reduction
reaction. These facts indicate that the kinetics of reduction reaction of AgCl is in the
activation regime [10].

The aim of this work is an attempt of determination of the mechanism of cathodic
reduction of difficultly soluble compound (AgCl) in the cell Zn{H,SO,, AgCl|Ag in
different concentration of sulfuric acid solution from measured current and potential values,
and by comparing them with earlier determined polarization curves [11].

2. Experimental

Experiments with reduction of AgCl kinetics were carried out in the cell (Fig. 1). The
electrodes were placed in the glass vessel containing 2 dm® of the electrolyte. The zinc

' In the cell Zn|H,SO,. AgCl|Ag run the following principal reactions:
o cathodic reaction 2Ag* + 27 — 2Ag
o anodic reaction Zn ~ 2& — Zn>.
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cylinder was used as the anode. A horizontally situated silver plate was placed in graphite,
covered with a layer of precipitated AgCl, and was applied as the cathode. Geometric
surface of the cathode was equal to 16.62 cm®. The electrodes were short circuited. Luggin’s
capillary tube was introduced over the layer of AgCl powder in order to measure the
potential of the cathode during the experiments. The potential of the cathode was measured
with respect to the saturated calomel electrode (SCE), while subsequently the measured
results were converted with respect to a normal hydrogen electrode. Additionally, the
current intensity was measured by using independent digital multimeter. An accuracy of
measurements of potential and current intensity was+ 1 mV and £ 1 mA. All registered data
were collected in the same time. The end of the reduction of Ag* process was determined by
sudden drop of the measured values. Sulfuric acid of different concentrations (0.5 mol/dm?,
0.375 mol/dm®, 0.25 mol/dm? 0.15 mol/dm? 0.05 mol/dm®, 0.0375 mol/dm® and
0.025 mol/dm’) was applied. The electrolyte was continuously mixed by using magnetic
stirrer. The measurements were carried out at temperature 20 + 1 °C. Solutions were
prepared from reagents of analytical purity and distilled water. AgCl samples of the known
mass were precipitated by HCI solution, from exactly measured volumes of AgNO,
solutions of known concentration. Mass of specimens was equal to 3 g (mass of silver
contained in AgCl). Muriatic acid was added slowly to hot silver nitrate solution with
continuous mixing. About 50 % of muriatic acid excess was used in relation to the
stechiometry of AgCl. Precipitated AgCl was filtered, washed with distilled water and wet
deposit was placed on the silver plate.

N N
2 %,
A Y

\ Salt bridge

.
_
Y Tl Reference electrode
Zinc anode / \C N\ j SCE

L 2 AN ]

Magnctic stirer  / \ Cathode

Fig. 1. Diagram of measurement circuit

Obtained silver powder was washed with hot ammonia solution in order to remove the
rest of non — reduced AgCl.
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3. Results and discussion

3.1. Dependence current intensity on time

Results of current intensity measured in the cell Zn|H,SO,, AgCl| Ag as a function of
time are presented in Figs 2 a and b for two different sulfuric acid concentrations. Obtained
results are characterized by good reproducibility. At the beginning of the reduction reaction
itcan be seen (Figs 2 a and b) that negligible increase of the current intensity occurs. It was
interpreted as a result of the increase of the actual surface of powder electrode [12]. Next,
the current intensity remains almost constant and the plateau is observed. At the next stage
of the reduction process current intensity decreases slowly and at the end of this reaction
sudden drop of the measured value is observed. At this moment current intensity is equal to

@
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thsl

Fig. 2. Relation between current intensity / and reduction time #; (a) 0.5 mol/dm® H,SOy; (b) 0.0375 mol/dm®
H,SO,; the numbers in the legend correspond to succeeeding measurements

the rate of hydrogen reduction on silver. Because the current intensity was not constant in
overall time interval, the rate of reduction process was described by integration of the
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dependence / = f(z). Obtained value of charge Q flowing through the circuit was divided by
reduction time, z,, of AgCl (z, — time corresponding to sudden change of current intensity to
value of hydrogen reduction on silver). The value of current intensity determined in this
way is an average one, /,,.. It depends in an important manner on acid concentration.

Independently on average values /,, determined above, empirical dependence between
current intensity and time was deduced. However, taking into account that current intensity
and reduction time depend on acid concentration, in order to put forward one generalized
equation for all acid concentrations, reduced time #/z, was used. The following equation was
obtained:

1=a+b(i), )

r

where a, b, ¢ — constant values.
This equation fulfills the following boundary conditions:
e for ¢ = 0 current intensity is equal to coefficient a; then a = I(0), which means that
this coefficient is equal to the rate of reduction AgCl in initial moment,
e fort = t, current intensity / is equal to the rate of hydrogen reduction on silver, thus
I = Iy,; it is now possible to calculate the value of coefficient b:

I, =1(0) + b (:—) )]
that is
b = Iy, - I(0) ©))

The value of the coefficient b corresponds to the difference of the rate of hydrogen evolution
on silver and the rate of reduction reaction of AgCl in the initial moment. The value of
coefficient ¢ is characterized by fixed acid concentration.

Dependence of current intensity / on reduced time #/¢, for measured as well as calculated
(eq. (1)) values is presented in Figs 3 a and b. Plateau in the calculated curve agrees well
with average current intensity values obtained from integration of experimental values of
I as a function of time. These values are given for comparison in Table 1.

It seems that good agreement between the values given in Table 1 proves that the
coefficient a in equation (1) has a physical meaning. It is equal to the average current
intensity value.

It is seen from Figs 3 a and b, that average current intensity value /,” is lower then the
current value corresponding to the plateau shown on experimental curves. This plateau
corresponds to the maximum of the process rate. The average value for all plateau obtained
for several independent measurements at fixed acid concentrations was taken as I.,,. The
values of I,,, depend on the acid concentration. With increasing acid concentration I,,,,
increases and, additionally, decreases the range of plateau.
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Fig. 3. Relation between current intensity / and reduced time #/t, for measured as well as calculated (eq. 1) values of
I, (3) 0.5 mol/dm® H.SO,; (b) 0.0375 mol/dm® H,SO,; the numbers in the legend correspond to succeeding
measurements

TABLE 1
Influence of H.SO, concentration on average current intensity I, and current intensity values I calculated
from equation (1)

H.SO, concentration [mol/dm?] I, (from integration) d vmuii;f::éi:;:g“pf;g:gon M
0.5000 623 15 642+ 13
0.3750 485 £3 485113
0.2500 390 +4 394+ 4
0.1500 240 5 234 £ 10
0.0500 109.5 £ 0.5 111 £1
0.0375 76.5 £ 0.5 770
0.0250 58 2 57+1
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3.2. Dependence of cathodic potential on time

Curves’ shape of cathode potential in the function of the time is similar to curves I = £(f)
(Fig. 2). For example, dependence of cathode potential on time for two different acid
concentrations was presented in Figs 4 a and b. Based on these curves the end of the
reduction process can be deduced. The end of the process corresponds to a sudden drop of
the potential to the value of that of hydrogen reduction on silver.

(@)

400 4 E, = 341{m\]

6000

ElmV] vs NIIE

i)

(b)

E, =341{m\]

%000 10000 15000 20000 25000 30000 5000 40000

E|mV|w NHE
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-300 ——20
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-500
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Fig. 4. Relation between cathodic potential E and reduction time #; (a) 0.5 mol/dm’ H,SO,; (b) 0.0375 mol/dm®
H:SO,; the numbers in the legend correspond to succeding measurements

The value of the reversible potential was compared to the reduction potentials and is
also presented in Figs 4 a and b. The value of reversible potential was determined during
independent measurements, and it did not depend on acid concentration.

Displacement of experimental curves in comparison with reversible potential — over-
potential — was so large (in the case of 0.5 mol/dm? and 0.0375 mol/dm? H,SO, solutions
they were approximately equal to 250 mV and 150 mV, respectively) that it suggested
activation control of the process. Overpotential increased with increasing acid concent-
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ration. It should be also taken into account that the increasing acid concentration influences
the electrolyte conductivity and it decreases the internal resistance of the system.
This hypothesis was confirmed by the dependence of the current intensity on the electrolyte
conductivity (Fig. 5). During the reduction process, the conductivity of the electrolyte
was changing because of decreasing H* concentration and increasing Zn*? ions concent-
ration. Additionally, the acid concentration influences the rate of the zinc electrode
dissolution.

Irnex, Loy [mA]

T T T T T T T T T
0 0.02 0.04 0.06 008 0.1 012 0.14 0.16 018 02

H,S0, conductivity [Q"cm"]

Fig. 5. Maximum current intensity /... and average current intensity I, as a function of H,SO, conductivity

On the basis of earlier study [13] it was deduced that the substitution of chloride anions
by sulfate anions and the change of their concentration had the effect only on the change of
internal resistance of the system. Polarization measurements performed for different
concentrations of sulfate or chloride solutions showed that the mechanism of the process is
identical. Furthermore, the values of potentials of silver — silver chloride electrode
measured in the cell Ag, AgCl|H,SO, pointed out to the absence of functional dependence
between the potential and sulfuric acid concentration (Fig. 6). It seems that above
observations justify the presentation of the dependence between cathode potential E,,,, and
logarithm of the cathodic current density in the cell Zn|H,SO,, AgCl|Ag, determined
during measurements for different acid concentration solutions, in the same figure (Fig. 7).
The results obtained in polarization measurements were also added in Fig. 7. It can be seen
that these two straight lines are parallel to each other, but the displacement is observed. It
seems that in the case of the cell in which the external current is absent, current and potential
values are controlled by the electrolytic conductivity. In the case of polarization
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measurements the rate of the process (i.e. current intensity) is imposed by the external
current source. It is probably the reason of curves’ displacement.

350

E [mV] vs NHE
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Fig. 6. Electrode Ag, AgCl|{H,SO, potential values measured under equilibrium condition as a function of H.SO,
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Fig. 7. Relation between cathodic potential Ep,., and logarithm of the maximum current density

The results obtained in the cell for different H,SO; concentrations can be ascribed

as follows:

Epas = (220 * 32) = (126 £ 27)10g iax. @)
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The correlation coefficient of this straight line is equal to 0.8101. The values of current
density in equation (4) correspond to the maximum values.

Additionally, the graph of cathodic potential E,,, on log i,, was made (Fig. 8). Average
current intensity values were determined from equation (1) as well as from the integration of
I = f(r) dependence. Average current densities i,, were determined taking into account the
geometric surface of the cathode. Tafel’s coefficient values, both for maximum and average
current density, agreed with the theoretical values corresponding to cathodic reduction of
Ag' ions. It means that in sulfate solutions the process runs under activation control
independently on concentrations (in measured regime), which is similar to the process in
chloride solutions.

300 4
250 4
200 4
E i 0.0375 {moYdm’|
Z 199 0.025 fmolidm’)
e J
> o i 0.15 fmotdm’]
E i 0.05 (molidm']
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&} 0.2 fmolidm]
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0s 1 s lmolN 25
-50

108 ixv

Fig. 8. Relation between cathodic potential E,.. and logarithm of the average current density

3.3. The reduction degree and cathodic current efficiency

In Table 2 the values of the current efficiency and the reduction degree of the
obtained product are gathered. Both, the reduction degree and the current efficiency
are very high. No influence of the acid concentration on these values is observed.
However, it should be mentioned that for the lower acid concentration the time
of reduction process (t, Table 2) was longer. Thus, for practical purpose more
concentrated solutions should be used.
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3.4. Scanning analysis of silver powder

Grain size of silver powder obtained as a result of reduction of Ag* ions depends on the
initial acid concentration. The microphotographs of silver powder obtained from acid
solutions of different concentrations are presented in Fig. 9. The values of average chords of
silver powder grains were determined. In 0.5 mol/dm?, 0.15 mol/dm® and 0.025 mol/dm®
H,S0, solutions the values of average chords were 0.86 + 0.22 um, 1.48 + 0.41 um and
1.39 £ 0.44 um, respectively. The finest grains were obtained in 0.5 mol/dm? sulfuric acid
solutions.

Fig. 9. Microphotographs of silver powder obtained from acid solutions of different. concentrations;
(2) 0.5 mol/dm’ H,SOy; (b) 0.15 mol/dm® H.SO; (c) 0.025 mol/dm® H,S0,

4. Conclusions

1) The reduction of Ag" ions process carried out in the cell Zn|H,S0,, AgCl| Ag runs
under activation control.
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2) Independently on sulfuric acid concentration the reduction degree of Ag* ions is high.

3) Independently on sulfuric acid concentration the cathodic current efficiency is high.

4) Silver powder obtained from 0.5 mol/dm® H,SO; solutions is characterized by
the finest grains.

5) The optimum parameters of the process are those of the working cell in 0.5 mol/dm?
H,SO, solution (the finest grains, the shortest reduction time, high reduction degree,
high cathodic current efficiency).

REFERENCES

[1] F. L e¢towski, Podstawy hydrometalurgii, WNT. Warszawa (1975).
[2]J. Sedzimir,I. Haraficzyk,Z. Bogacz, Polish patent 153647 (10.03.1992).
[3B1A. R. Despic,Y. Dagle,Y. O. M. Bockris, J. Electrochem. Soc. 115, 5 (1968).
[4] W. Rutkowski, Projektowanie, wlasno§ci wyrobéw spiekanych z proszk6w i wi6kien, PWN.
Warszawa (1997).
[51 A. Lawley, Rapidly solidified powder processes — atomization models and mechanisms, Drexel
University, Philadelphia, Pensylvania, USA (1990).
[6}]J. Sedzimir,I. Haraficzyk, W. Dziadur, Arch. of Met. 34, 217 (1989).
[71 1. Haraficzyk,S. Gac ek, Metale Szlachetne 2000, Fundacja Met. Niezel. Tradycja i Rozwéj, p. 34,
Niedzica 2000.
[B1 1. Harafdczyk, S. Gacek,J. Karwan-Baczewska, Powder Metallurgy 45, 359 (2003).
[9]J. Sedzimir,I. Haradczyk, Arch. of Met. 39 9 (1994).
[10] G. Kortii m, Elektrochemia, PWN. Warszawa (1975).
(111 J. SedzimirI. Harafczyk, Proceedings of the Second International Conference on Hydrometal-
lurgy, Changsha, China, October 1992, p. 523.
[12] J. Sedzimir, Hydrometallurgy 64, 161 (2002).
[13)I. Haradczyk,J. Sedzimir, Arch. of Met. 36, 185 (1991).

REVIEWED BY: KRZYSZTOF FITZNER
Received: 10 November 2003.






