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Navodilo avtorjem

Prosimo avtorje, da pri pripravi rokopisa za objavo ¢lanka dosled-

no upoitevajo naslednja navodila:

— Clanek mora biti izvimo delo, ki ni bilo v dani obliki §e nikjer
objavljeno. Deli ¢lanka so lahko Ze bili podani kot referat.

— Avtor naj odda ¢lanek oz. besedilo napisano na racunalnik z
urejevalniki besedil:

—~ WORDSTAR, verzija 4, 5, 6, 7 za DOS

— WORD za DOS ali WINDOWS,

Ce avtor besedila ne more dostaviti v prej nadtetih oblikah, naj

poslie besedilo urejeno v ASCII formatu.

Prosimo avtorje, da po3ljejo disketo z oznako datoteke in ratu-

nalniskim izpisom te datoteke na papirju. Formule so lahko v

datoteki samo naznadene, na izpisu pa roéno izpisane.

Celoten rokopis ¢lanka obsega:

~ naslov ¢lanka (v slovenskem in angledkem jeziku).

— podatke o avtorju,

- povzetek (v slovenskem in angleskem jeziku),

— kljuéne besede (v slovenskem in angleskem |eziku).
- besedilo ¢lanka.,

- preglednice, tabele,

- slike (risbe ali fotografije),

- podpise k slikam (v slovenskem in angleskem jeziku),
— pregled literature.

Glanek naj bi bil éim krajsi in naj ne bi presegal 5-7 tiskanih
strani, pregledni ¢&lanek 12 strani, prispevek s posvetovan pa
3-5 tiskanih strani.

Obvezna je raba merskih enot, ki jih dolo¢a zakon o merskih eno-
tah in merilin, tj. enot mednarodnega sistema Sl.

Enatbe se oznacujejo ob desni strani besedila s tekoco Stevilko
v okroglih oklepajih.

Preglednice (tabele) je treba napisati na posebnih listih in ne med
besedilom.

V preglednicah naj se - kjer je le mogoce — ne uporabljajo
izpisana imena veli¢in, ampak ustrezni simboli.

Slike (risbe ali fotografije) morajo biti prilozene posebej in ne
vstavijene (ali nalepliene) med besedilom. Risbe naj bodo izde-
lane praviloma povecane v merilu 2:1.

Za vse slike po fotografskih posnetkih je potrebno priloziti izvirne
fotografije. ki so ostre, kontrastne in primerno velike.

Vsi podpisi k slikam (v slovenskem in angleskem jeziku) naj bodo
zbrani na posebnem listu in ne med besedilom.

V pregledu literature naj bo vsak vir odteviléen s tekocto Stevilko
v oglatih oklepajih (ki jih uporabliamo tudi med besedilom, kadar
se 2elimo sklicevati na dologeni literarni vir).

Vsak vir mora biti opremljen s podatki. ki omogo¢ajo bralcu, da
ga lahko poiste:

knjige: — avtor, naslov knjige, ime zaloZbe in kraj ter leto izdaje
(po potrebi tudi doloene strani):

H. Ibach and H. Luth, Solid State Physics, Springer, Berlin 1991,
p. 245

élanki: — avtor, naslov ¢lanka, ime revije in kraj izhajanja, letnik,
leto, Stevilka ter strani:

H. J. Grabke, Kovine zlitine tehnologije, 27, 1993,1-2, 9

Avtorji naj rokopisu élanka priloZijo povzetek v omejenem obsegu
do 10 vrstic v slovenskem in angleskem jeziku.

Rokopisu morajo biti dodani tudi podatki o avtorju:

— ime in primek, akademski naslov in poklic, ime delovne o:g:-
nizacije v kateri dela, naslov stanovanja, telefonska Stevilka,
E-mail in Stevilka fax-a.

Urednistvo KZT

— odlota o sprejemu clanka za objavo,

~ poskrbi za strokovne ocene in maorebitne predloge za krajSanje
ali izpopolnitev,

- poskrbi za jezikovne korekture.

Rokopisi ¢lankov ostanejo v arhivu urednidtva Kovine zlitine
tehnologije.

Instructions to Authors

Authors are kindly requested to prepare the manuscripts accord-

inq’ to the following instructions:

- : he paper must be original, unpublished and properly prepared
or printing.

~ Manuscripts should be typed with double spacing and wide
margins on numbered pages and should be submitted on flop-
py disk in form of:

- WORDSTAR, version 4, 5, 6, 7 for DOS,

— WORD for DOS or WINDOWS,

~ ASCII text without formulae, in which case formulae should be
clearly written by hand in the printed copy.

Preparation of Manuscript:

— the paper title (in English and Slovenian Language)®

— author(s) name(s) and affiliation(s)

~ the text of the Abstract (in English and Slovenian Language)"
- key words (in English and Slovenian Language)*

- the text of the paper (in English and Slovenian Language)®
- tables (in English Language)

- figures (drawings or photogr

- captions to figures (in English and Slovenian Language)®
— captions to tables (in English)

- acknowledgement

- references

* The Editorial Board will provide for the translation in Slovenian
Language for foreign authors.

The length of published papers should not exceed 5-7 journal
pages, of review papers 12 journal pages and of contributed
papers 3-5 journal pages.

The international system units (SI) should be used.
Equations should be numbered sequentially on the right-hand
side in round brackets.

Tables should be typed on separate sheets at the end of manu-
script. They should have a descriptive caption explaining dis-
played data.

Figures (drawings or photographs) should be numbered and their
captions listed together at the end of the manuscript. The draw-
ings for the line figures should be twice the size than in the print.
Figures have to be original, sharp and well contrasted, enclosed
separately to the text.

References must be typed in a separate reference section at the
end of the manuscript, with items refereed too in the text by
numerals in square brackets.

References must be presented as follows:

- books: author(s), title, the publisher, location, year, page num-
bers
H. bach and H. Luth, Solid State Physics, Springer, Berlin
1991, p. 245

- articles: author(s), a journal name, volume, a year, issue num-
ber, page
H. J. Grabke, Kovine zlitine thenologije, 27, 1993 ,1-2,9

The abstract (both in English and in Slovenian Language) should
not exceed 200 words.

The title page should contain each author(s) full names, affiliation
with full address, E-mail number, telephone and fax number if
available.

The Editor

~ will decide if the paper is accepted for publication,
— will take care of the refereeing process,

- language corrections.

The manuscripts of papers accepted for publication are not re-
turned.
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Laudation in honour of Professor Dr. Franc Vodopivec
on the occasion of his 65th birthday

Professor Dr. Franc Vodopivec, scientific councillor, former director of Institute of Metals and Tech-
nology and member of the State Council of Republic Slovenia is celebrating his 65th birthday. This
birthday is the occasion to look at the background and the development of this well known scientist
and at the influence which his research work has in the field of elaboration, transformation and use
of metals and alloys in Slovenia and abroad.

F. Vodopivec was born in Rakitnik, a small village in the former Italy on 8th October 1931. After
finishing with distinction the secondary school education, he studied Metallurgy at the University of
Ljubljana. In 1956 he passed the final examinations and second degree thesis as the first of his class.
During the university study he was for three years assistant-student for lectures of Mechanics and
Kinematics. In 1956 he joined Metallurgical Institute, present Institute of Metals and Technology in
Ljubljana directed by the founder Professor Ciril Rekar. After the military service 1958/59 he re-
ceived through the International Agency of Atomic Energy in Vienna a scholarship from the French
Government. Working in the Institute de Recherché de la Siderurgie, in St.Germain en Laye, France,
from 1960 to 1962 he prepared his Dr.-thesis and graduated in 1962 at the University of Paris, France
with the thesis: Study of the behaviour of arsenic and phosphorous by selective oxidation of iron
alloys with low contents of both elements.

He returned in 1962 to the Metallurgical Institute and worked as founder and head of the Laboratory
for Metalography to 1972, head of Technology Department to 1978, assistant director to 1990 and
director from 1990 to April 1996 when he retired. In 1992, Professor Vodopivec was elected in the
Council State of Republic Slovenia by the community of researchers and engineers.

He is the editor-in-chief of Slovenian scientific journal Metals Alloys Technologies since 1994,

Professor Vodopivec is full of development spirit and creative ideas. He has been doing research work
on the behaviour of metals in oxidative atmosphere, microstructure characterization of metals by op-
tical and electron microscopy, electron probe analysis, mechanical testing; behaviour of material in
use at medium and high temperature, hot and cold working of metals, recovery, recrystallization and
grain growth. His present research interest includes: ductile permanent magnet alloys, non oriented
electrical steel sheets, grain growth induced by selective surface segregation, topology of microstruc-
ture and behaviour of metals in use.

Professor Vodopivec has published over 150 papers in international journals and conferences and
240 papers in Slovenian journals and conferences on topics of science, technology and use of metals
and alloys.

Professor Vodopivec has been supervisor to several Ph.D. and Master Degree students at the Univer-
sities of Ljubljana, Maribor, Belgrade and Zagreb. He is also very active in the international academic
field. He was a chairman of international scientific conferences and project evaluator in EU COST
actions.

He is the president of Slovenian Society of Materials, member of executive council of Slovenian
Vacuum Society, member of Slovenian Electron and Microelectronics Society, Slovenian Society of
Chemistry, Historical Society of Ljubljana, chairman of the R&D group of the Slovenian Association
of Engineers, chairman of annual Conferences on Materials and Technologies from 1990 to present,
and member of Vacuum Metallurgy scientific division of [IUVSTA - International Union for Vacuum
Science, Technique and Applications. He wrote in Slovenian newspaper several tens of articles of
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industrial and research policy. In 1978 he was awarded by the Boris Kidri¢ Foundation Award and in
1984 the Boris Kidri¢ State Award for Science.

His many projects were supported by 21 industrial societies and associations in Slovenia and the
former Yugoslavia from Metallurgy, over mechanical industry to power stations as well as the
Slovenian and the Yugoslav governments. He was involved also in the projects of international
cooperations EU RD actions and USA- Slovenia projects.

He prepared forensic analysis of several industrial failures which qualified Slovenian societies to win
arbitration for retributions of damages from foreign companies suppliers of industrial equipment.

His colleagues hope very much that he will instead of the retirement, take part in discussions, lectures
and publications. Most of all we would like to wish him and his family many years to come in good
health.

Monika Jenko
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Kovine, zlitine, tehnologije/30/1996/6/483-495

Surface and Grain Boundary Segregation of
Antimony and Tin - Effects on Steel Properties

Segregacija antimona in kositra na povrsini in po mejah zrn
- vpliv na lastnosti jekel

H. J. Grabke', Max-Planck-Institut, Disseldorf, Germany

Dedicated to Prof. Dr. F. Vodopivec on the occasion of his 65th birthday.
Prof. dr. Francu Vodopivcu za njegov 65. rojstni dan.

Prejem rokopisa - received: 1996-10-01; sprejem za objavo - accepted for publication: 1996-11-04

The tramp elements Sb and Sn have a strong tendency to surface segregation on iron. By LEED and AES surface structures and
concentrations of Sb and Sn segregated on single crystal were determined. The surface segregation is sfrone%ly dependent on
orientation, therefore recrystallization of steel sheet is affected since the surface energies of different grains are reduced to different
extent - this effect may be used fo oblain advanrageous textures of electrical steel sheet and deep drawing steels. Surface
segregation of Sb and Sn retards surface reaction kinetics as was shown for the gas carburization of case hardening steels.
Surface segre,gafion of tin in creep cavities of turbine steels was shown lo accelerate the creep fracture. The grain boundary
segregalion of both elements in iron is minor, and furthermore Sb and Sn are displaced from grain boundaries by carbon so that
most steels are not endangered by grain boundary embrittlement due lo Sb and Sn, but some jow alloy turbine steeis are

susceptible to temper and long-term embrittiement.

Key words: surface and grain boundary segregation Fe-Sb alloys, Fe-Sn alloys, Fe-Sb-C alloys, Fe-Sn-C alloys, intergranular
fracture embrittiement

Elementa v sledeh Sb in Sn moéno segregirata na povrsini Zeleza, Povréinska struktura in koncentracija Sb in Sn v segregirani
plasti sta bili doloGeni z metodami LEED in AES. Povréinska segregacija je oavisna od kristalografske orientacije, rekristalizacija
Jjeklenih plocevin je aklivirana, ker imajo posamezna kristalna zrna razliéno zniZzano povréinsko energijo - pojav se lahko uporabi za
pridobivanje prednosinih tekstur elextro plo¢evin in plodevin za globoki viek. Povriinska segregacija Sb in Sn zavira kinetiko
povréinske reakcije Kar je prikazano pri procesu naogljicevanja jekel. Povrsinska segregacija kositra v vdolbinah pri lezenju jekel za
turbine povzroc¢a pospesenje lezenja do preloma. Segregacija obeh elementov po mejah kristalnih zrn je v Zelezu minimaina zato
ker Sb in Sn na mejah zrn izpodrine ogiik. Tako vecina jekel ni ogroZenih zaradi krhkosti kristalnih mey, ki bi fih povzrotala Sb in

Sn, le nekatera nizka ogli¢na turbinska jekla so obcutliva na popuséno krhkost.

Kljuéne besede: povriinska segregacija, segregacija po mejah zrn, Fe-Sb Zlitine, Fe-Sn Zziitine, Fe-Sb-C. Fe-Sn-C, interkristalna

krhkost

1 Introduction

1.1 The role of tramp elements in steels

The effects of the so-called tramp elements in steels,
Ni, Cu, P, S, Pb, As, Sb, Sn etc. are generally deleterious,
the greatest problems they cause are "hot shortness’ and
‘temper embrittlement” of steels. The hot shortness, a
lack of hot workability can have different reasons, one
possible reason is the copper enrichment due to surface
scaling’-2. Beneath the scale the more noble elements Cu,
As, Sb, Sn are enriched and form a liquid phase which
causes surface cracking by grain boundary penetration.
Sb and Sn greatly reduce the solubility of Cu in austenite
and hence lead to precipitation of a molten phase and its
grain boundary penetration. under conditions of much
less enrichment and down to lower temperatures. The en-
richment of tramp elements below the oxide scale upon
reheating or hot rolling of steels and could be detected
by electron microprobe (EPMA). This enrichment also
can have strong effects on the scale adherence and mor-

' Prod.Dr.Se. Hans Jirgen GRABKE
Max-Planck. Enstisut fGir Elsenforschung GeshH
Postfach 130444, 30074 Dassedidorf. Germany

phology as has been studied extensively by E. Vodopivec
et al. in work started at the IRSID*!'': by the presence of
the more noble elements Cu, Ni, Sb, Ag, S the scale ad-
herence is enhanced whereas the elements Si, Al, P and
B which are oxidized and form silicate, aluminate, phos-
phate or borate layers cause formation of voids and cavi-
ties at the scale/metal interface.

The other way of enrichment which leads to deleteri-
ous effects of tramp elements is equilibrium segregation,
so the "temper embrittlement’ is caused by segregation of
P, Sn or Sb in the temperature range 400 - 700°C to the
steel grain boundaries, e.g. during slow cooling after
tempering, but also during application of steels in this
temperature range. It was suspected since long that tem-
per embrittlement is caused by grain boundary segrega-
tion, but this suspect could be confirmed only after the
arrival and spreading of interfacial analysis by Auger-
clectron spectroscopy (AES) in the eighties. But the
tramp elements do not have only deleterious effects, e.g.
it is known that Cu can enhance the resistance against
atmospheric corrosion. Even positive effects of Sb and
Sn were detected and studied at the IMT Ljubljana and
the MPI fiir Eisenforschung Diisseldorf'>20, these tramp
elements can improve the texture and magnetic proper-
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H. J. Grabke: Surface and Grain Boundary Segregation ...

ties of nonoriented silicon steel sheets, caused by surface
segregation and its effect on surface energies as dis-
cussed in the following chapter.

1.2 Fundamentals of surface and grain boundary segre-
gation

In this review the equilibrium segregation of Sb and
Sn will be described and only the effects will be dis-
cussed which are caused by equilibrium surface and
grain boundary segregation. Most clements which are
dissolved in iron tend to enrich at elevated temperatures
at surfaces, grain boundaries and interfaces®'*%, and dis-

el

tribution equilibria are established at sufficiently high
temperature.

A (dissolved) «» A (segregated) (n

There are different driving forces for such equilib-
rium segregation:

1. free bonds at the surface or interface can be satu-
rated by interaction with the atoms A

2. the iron surface may be covered with a layer of
atoms A which has a lower surface energy than the initial
iron surface

3. the release of atoms A from the bulk solution leads
to release of elastic energy, especially in the case of in-

Langmuir - Mclean

3]

Ke
' 1+ka
0 SRS 1.
" i BT
7
|u._'_._
1-8 o
9

fl
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"

Figure 1: Schematic diagrams on the Gibbs isotherm (a-c) and the Langmuir-McLean isotherm (d-f)

a) surface energy ¥ vs activity a of the adsorbed or segregated element A,

b) yvs In a and

¢) the latter plot for two orientations with different surface energies and different adsorption or segregation behaviour - upon increasing activity a
and coverage © the surface firstly instable becomes stable, a reason for tertiary recrystallization or facetting,

d) degree of coverage © vs activity of the absorbed or segregated clement A,

¢) plot for the evaluation of studies at constant activity or concentration of the element A,

f) isosteres for determination of the thermodynamic data at constant coverage

Slika 1: Shematski diagrami Gibbsove izoterme (a-c) in Langmuir-McLeanove izoterme (d-f)

a) povriinska energija ¥ v odvisnosti od aktivnosti a adsorbiranega ali segregiranega elementa A, b) v v odvisnosti od In a in

¢) zadnji grafikon za dve orientaciji z razliénimi povrSinskimi energijami in razliéno adsorbcijo oziroma segregacijo - po zviSanju aktivnosti a in
pokritja © je sprva nestabilna povrSina postala stabilna, vzrok za terciamo reknistalizacijo ali facetiranje,

d) stopnja pokritja © v odvisnosti od adsorbiranega ali segregiranega elementa A,

e) grafiéni prikaz za ovrednotenje Studij pri konstantni aktivnosti ali koncentraciji elementa A,

f) izostere za dolocitev termodinaminih podatkov pri konstantnem Stevilu atomov A
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terstitial atoms or substitutional atoms larger than the
iron atoms.

The latter effect is certainly true for Sb and Sn since
both elements have large atoms, causing a strain in the
iron lattice and increase of lattice parameter®. In fact, all
equilibrium segregation processes should lead to a de-
crease in surface energy (or interfacial energy) according
to Gibbs™ law

d
L __grr, @)

dlna,

where v is the surface energy. aa the thermodynamic ac-
tivity of the segregating species A and I'x the surface
concentration (mol/em?), R gas constant, T temperature
(K) (Figure la-c). The effect of adsorption or segrega-
tion on surface energy can be measured by the so-called
zero creep method?” but only at very high temperatures.
One example of the result for a measurement on Fe-Sn
foils with different Sn concentrations at 1420°C?%2% jg
given in Figure 2a. Combining such a study with meas-
uring "grain boundary grooving’, i.e. the dihedral angle
of the thermally etched grain boundary grooves at the
surface gave the ratio of the grain boundary to surface
energies and thus the dependence of grain boundary en-
ergy was derived as a function of the bulk tin content
(Figure 2b). From these 'Gibbs isotherms’ also the iso-
therms for surface resp. grain boundary segregation
could be derived®”?. However, these techniques were
time consuming, difficult and tedious and since the arri-
val and spreading of AES they are no more used.

In many cases, segregation can be described by a
simple equation, the Langmuir-McLean isotherm (Fig-
ure 1d-f), describing segregation to a limited number of
sites which leads to a maximum coverage I'a® when all
sites are occupied, and with a free energy AG, which is
independent of coverage.

Then the degree of coverage

=T, /aO* (3)

is given by
0,/(1-0,) = x, exp (-AG,/RT) (4)
Since AG, = AH, - T AS, (5)

this leads to the form of the Langmuir-McLean equation
0, AH, = AS,

ta, K R

| +Inx, (6)
which is used to derive the enthalpy and entropy of seg-
regation from measurements of ©4 at a constant bulk
concentration xa of the segregating species in depend-
ence on temperature. Such measurements have been
conducted, e.g. for the surface segregation of C, Si, N, P
and S on iron and also for the grain boundary segrega-
tion of P, Sb and Sn (sce Figure 6 and 8). The surface
analyses were conducted by AES, observing the concen-
trations in situ on single or polycrystalline surfaces in
dependence on temperature**4¢,
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Figure 2: a) Surface energy and b) grain boundary energy of iron-tin
alloys at 1420°C plotted as a function of the bulk tin content®®2? in (b)
also the grain boundary segregation isotherm is given, which can be
denved from the measurements

Slika 2: a) povriinska energija in b) energija kristalnih mej zlitine
Zelezo-kositer pri 1420°C kot funkcija vsebnosti kositra v osnovni
20itini***” (b) podana je tudi izoterma segregacije po mejah zm, ki jo
lahko izradunamo iz meritev

The grain boundary analyses are also performed by
AES, but after annealing the specimens for sufficient
time at elevated temperature, then introducing them into
the UHV system and fracturing in-situ by impact or ten-
sile test**¥3940 The analysis of intergranular fracture
facets yields the grain boundary concentration, assuming
that the content of impurity A has been distributed
equally to both sides upon fracture.

The sites and structures attained in surface segrega-
tion can be elucidated using LEED (=low energy elec-
tron diffraction). In most cases the elements A are en-
riched on Fe(100) up to half a monolayer, corresponding
to a ¢(2x2) structure, only for oxygen a complete mono-
layer and p(1x1) structure is attained. At grain bounda-
ries rather high coverages are possible, for P in ferrite
coverages nearly up to one monolayer have been ob-
served. The observation of the LEED structures on single

485



H. J. Grabke: Surface and Grain Boundary Segregation ...

crystal surfaces gives a good possibility for calibrating
the AES measurements, also at grain boundaries, since
the coverage for the saturated LEED structures in
known.

Further information on segregated species can be ob-
tained using photoelectron spectroscopy (XPS), the pho-
tolines obtained can indicate the ionization state of ions
and the charge transfer between substrate and segregated
atom*"*5. Generally, there is a transfer of negative
charge (electrons) to the segregated atoms, which means
that these (C, N, S, O, P etc.) are present as negatively
charged atoms (anions) on the metal surface. This most
probably is also the case in the grain boundary segrega-
tion, and it is supposed that such charge transfer weakens
the cohesion of grain boundaries* - leading to temper
embrittlement of steels.

In the case that two elements are segregating simulta-
neously to a surface or a grain boundary, there is gener-
ally a competition for the sites available and the relative
amount of both species in the surface depends on their
free energy of segregation and concentrations in the
bulk. Cases of competitive segregation have been studied
on the iron surface for carbon and silicon®®, and at grain
boundaries: carbon-phosphorus*®, carbon-sulfur*, nitro-
gen-phosphorus®”... The simple formalism for competi-
tive segregation without further energetic interaction of
the segregating species is given by

eA / (l-@A~95) = XA ™ Cxp ('AGA , RT) (7)

O / (1-0,-0) = x; - exp (-AGy / RT) (8)

which could be applied in the cases mentioned above. In
the literature on temper embrittlement there is a lot of
fuss about 'cosegregation’, the mutually enhanced seg-
regation of two species where attractive energetic inter-
action is to be assumed. In some cases the enhanced
segregation can be explained in a different way - in
other cases which are important here (Ni-Sn, Ni-Sb)
formation of two- or three-dimensional phases at the
grain boundaries may be suspected (see below, chapters
2.2 and 34).

1.3 Systems Fe-Sn and Fe-Sb

The solid solutions of Sn in «t-Fe were determined by
lattice parameter measurements*®3%, Accordingly, the
solubility ranges from a maximum at 9,2 at% (17,7 wt%)
at 900°C to 3,2 at% (6,56 wt%) at 600°C. The solubility
limit in y-Fe has been determined®* 2% the y-loop extends
t0 0,92 at% (1,93 wt%). Own investigations on Fe-0,054
wt% Sn and Fe-0,080 wt% Sn [unpublished], however,
showed precipitation of Sn-rich particles on the grain
boundaries after long-term annealing at 550°C; accord-
ingly, there are uncertainties on the solubility at tempera-
tures <600°C.

The solubility of Sb in «-Fe has been determined by
several authors, the results are in substantial agree-
ment*?. The solubility at 900°C is 4,19 at% Sb (8,71
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wt%) decreasing at 600°C to 2,58 at% (5,46 wt%). The
Y-loop extends till 1,1 at% Sb (2,36 wt%).

Experimental and theoretical studies have been con-
ducted on the effects of other alloying elements on the
antimony solubility, they were found to be the largest for
M = Ti, Mn and Ni and small for M = Cr, Co. The pres-
ence of Ni e.g. reduces the solubility strongly, the phase
precipitating is a hexagonal NiAs type: FessSbaNi2. A
cubic CaFe; type Feg7SbyTi is formed with Ti, which re-
duces the solubility at 900°C to 1,91 at%>%. Strong inter-
action of Ni and Sb is also observed in surface segrega-
tion?,

2 Interfacial segregation of Sn and Sb on and in
iron and steels

2.1 Surface segregation of Sn and Sb on iron

The surface segregation of tin on Fe-Sn single crys-
tals has been studied in the temperature range 450°C to
650°C, mainly on crystals with relatively high Sn con-
centrations so that always saturation coverages were ob-
served, no dependence of coverage on temperature, so
that the segregation enthalpy was not obtained****. Each
of the low index orientations exhibits a characteristic be-
haviour of the segregating Sn, the coverages attained are
governed by segregation kinetics (Figure 3a). After heat-
ing the specimen for a short time a ¢(2x2) structure is
observed, corresponding to half a monolayer coverage.
But the segregation continues which leads to an order-
disorder transition and a coverage somewhat higher than
a monolayer (corresponding to 1,4 - 10'* atoms Sn/cm?).
The transition is accompanied by a shift of the photoli-
nes observed by XPS to values closely corresponding to
the values characteristic for pure elemental tin, Figure
3b. Most probably the transition can be explained by for-
mation of a two-dimensional nearly close packed layer
of tin on Fe(100) with a high surface mobility. This seg-
regation behaviour is different from the segregation in
most systems Fe-A (A = C, N, §, P, Sb...) which always
leads to a saturation at a surface coverage of 0,5. The
driving force for the segregation of tin to higher cover-
ages is probably the strong decrease of surface energy by
the presence of a layer of tin. This layer at high coverage
has properties similar to a layer of pure molten tin on
iron, as indicated by the results of the XPS measure-
ments. The segregation behaviour on Fe-Sn(111) is simi-
lar, there is an inflection point in the kinetics when the
p(Ixl) structure with one monolayer coverage is
reached, which corresponds to 7 - 10'* atoms Sn/cm? on
Fe(111). After this surface structure is reached, further
Sn segregation occurs, an order-disorder transition is ob-
served and a Sn monolayer is attained. The segregation
behaviour is different on Fe-Sn(110), here no intermedi-
ate adsorption structures were observed, but only struc-
tures with high Sn content, firstly a hexagonal structure
corresponding to one monolayer of grey tin. Upon fur-
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Figure 3: a) Kinetics of the tin surface segregation on Fe-4 wi%
Sn(100) during heating to 650°C™, at the inflection point indicated the
structural phase transition from the ordered monolayer ¢ 2x2)Sn to the
disordered multilayer occurs: b) photolines observed during increasing
surface concentration demonstrating the shift caused by the transition
Slika 3: a) Kinetika povriinske segregacije na zlitini Fe-4 ut.%
Sn(100) med Zarjenjem do 650°C**, prevoj oznaluje struktumni fazni
prehod iz urejene monoplasti ¢(2x2)Sn v neurejeno vedplastnost; b)
fotolinije med naraiCanjem povriinske koncentracije prikazujejo
kemijski premik, nastal zaradi prehoda

ther segregation a structure is formed which corresponds
to a layer of the intermetallic compound FeSn of one unit
cell thickness, Figure 4a.

The segregation behaviour of Sbh on Fe-4 wt% Sb%%-%6
is similar on the orientations (100) and (111) to the be-
haviour of tin, on both orientations on ordered adsorp-
tion structure is formed, c(2x2) on (100), see Figure 5,
and p(1x1) on (111) but upon continued segregation no
elevated Sb surface concentration were observed, in con-
trast to Sn. On Fe(110) the presence of Sb caused facet-
ing, the LEED patterns indicated formation of (111) and
(111) planes, Figure 4b. Accordingly, the segregation
enthalpy of Sb to Fe(l111) must be very exothermic
(negative), due to a strong decrease of the surface energy
of Fe(111) which compensates the increase of total sur-
face area by the faceting.
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Figure 4: Phenomena on the Fe(110) face caused by segregation of Sn
or Sb;

a) Supposed structure of the surface compound "FeSn' formed ?)'
epitaxial stabilization on Fe-Sn(110) as the final saturation structure”*;
b) Faceting on Fe-Sb(110) under formation of (111) faces due to Sb
segregation®®

Slika 4: Pojav na Fe(110) ploskvi, ki ga je povzrofila segregacija Sn
ali Sb;

a) predpostavljena struktura zlitine na povr¥ini "FeSn’, ki je nastala z
cpitaksialno stabilizacijo na Fe-Sn(110) kot konfna nasidena
struktura®;

b) facetiranje na povr§ini monokristala Fe-Sb(110), zaradi segregacije
Sb se tvonita (111) in (111) ploskvi

Three possibilities are demonstrated in the systems
Fe-Sn and Fe-Sb for the behaviour upon segregation, (i)
formation of adsorption structures such as c¢(2x2) or
p(1x1), (i) formation of surface phases such as two-di-
mensional grey tin and two-dimensional FeSn, or (iii)
formation of facets to attain surface energies.

2.2 Grain boundary segregation of Sn and Sb

A fundamental study on grain boundary segregation
in Fe-Sn alloys has been conducted after annealing in the
temperature range 500-750°C for up to 5000 h*?, The re-
sults of the grain boundary analyses show a wide scatter
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Figure 5: Surface segregation of Sb on Fe-Sh (100 a) Auger
spectrum after segregation at 640°C, corresponding to surface
segregation: b) model for the Fe-Sb (100) c(2x2) structure derived
from LEED study of the saturated surface

Slika S: Povrlinska segregacija Sb na monokristalu Fe-Sb onentacije
(1005 a) AES spekter posnet po segregaciji Sb pri 640°C; b) model
za Fe-Sb (100) ¢(2x2) strukturo dobljen z metodo LEED na nasiéeni
povriini

(Figure 6a) which may be caused by the strong depend-
ence of tin segregation on grain boundary orientation.
All data have been obtained for Sn concentrations within
the a-solid solution range, no precipitates of intermetal-
lic compounds should have formed. The tin concentra-
tions are always below a monolayer, in contrast to the
surface segregation behaviour. In spite of the large scat-
ter the data were evaluated according to the Langmuir-
McLean equation (Figure 6b), yielding the values for
segregation enthalpy and entropy

AH =-225 kJ/mol AS =26 J/mol K

for 550°C results in good agreement with previous re-
sults of E. D. Hondros and M. P. Seah?$-%,

The enthalpy value is relatively low (P: AH = -343
kJ/mol*526), this indicates the rather low tendency for
grain boundary segregation of Sn! Furthermore, due to
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Figure 6: a) Grain boundary concentrations of tin in Fe-Sn alloys after
annealing at elevated temperatures, measured by AES on intergranular
fracture faces™; b) evaluation of the measurements in (a) applying the
Langmuir-McLean equation (6)

Slika 6: a) Koncentracija kositra v segregirani plasti na mejah zrn po
Zarjenju pri povifanih temperaturah, merjeno z metodo AES na
interkristalnih prelomnih ploskvah®”; b) ovrednotenje meritev (a) 2
uporabo Langmuir-McLean enacbe (6)

its low segregation enthalpy Sn is kept from the grain
boundaries effectively by the presence of carbon such as
in plain carbon steels (Figure 7). As described in the in-
troduction, an equilibrium of site competition between
Sn and C occurs according to

C(dissolved) + Sn(segregated)
= C(segregated) + Sn(dissolved)

In the presence of some ppm dissolved carbon, the tin
is effectively removed from the grain boundaries.

However, in low alloy steels the concentration of dis-
solved C is reduced due to the formation of less soluble
carbides with Cr and Mn. Tin segregation is possible if
not Sn is displaced from the grain boundaries by segre-
gated phosphorus. For rotor steels, CrMoV steels it is
even dangerous to have too low phosphorus contents,
since in application at high temperature if Sn segregation
prevails, this casily leads to formation of creep cavities,
due to the strong tendency for surface segregation of tin.
The surface segregation of Sn decreases the surface en-
ergy of pores and cavities, stabilizes such defects and ac-
celerates their growth (see chapter 3.2).

In must be kept in mind that the data given above are
average values and have an integral character, since the
grain boundary segregation of tin in iron is strongly de-
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Figure 7: Grain boundary segregation of Sn and C in Fe-Sn-C alloys
in dependence on the bulk carbon concentration after equilibration at
SS(J)JC. demonstrating the displacing effect of carbon on segregated
Sn

Slika 7: Segregacija Sn in C po mejah zmn v Fe-Sn-C zlitinah v
odvisnossti od koncentracije ogljika v osnovnem materialu pri
ravnotezju pri 550°C

pendent on the misorientation, increasing with the tilt an-
gle of misorientation between the grains®’. Sn causes
grain boundary hardening, excess hardness extending to
many microns on either side of the grain boundary, also
increasing with the misorientation. This is a well docu-
mented effect but not well understood?”-5,

For temper embrittled Ni-Cr steels there are strong
indications that Sn is present at the grain boundaries cou-
pled with Ni in an bidimensional phase corresponding to
an intermetallic compound such as NiaSny, this has been
concluded from Mdossbauer spectroscopy and TEM
work3%-61,

The grain boundary segregation of Sb was investi-
gated for Fe-Sb and Fe-Sb-C alloys after equilibration at
temperatures between 550°C for sufficient time®%%?, The
analysis of intergranular fracture faces by AES calibrated
on the base of the surface segregation studies shows rela-
tively low interfacial concentrations, sec Figure 8, and a
wide scatter of results. The plot of the data according to
the Langmuir-McLean equation leads to the values for
segregation enthalpy and entropy:

AH = -19 kl/mol  AS = 28 J/mol K

Thus, the segregation enthalpy is even lower than for
Sn, which emphasizes the low tendency for grain bound-
ary segregation of Sb. However, even small grain bound-
ary concentrations of Sb cause marked grain boundary
embrittlement and prevailing intergranular fracture. Also
the segregant Sb is effectively displaced from grain
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Figure 8: a) Grain boundary concentrations of Sb in Fe-Sb alloys,
plotted vs equilibration temperature®?; b) plot of the data in (a)
according to the Langmuir-McLean aquation (6)

Slika 8: a) Segregacija Sb po mejah zm v Fe-Sb zlitini v odvisnosti od
ravnotezne temperature®; b) prikaz podatkov v (a), ki ustrezajo
Langmuir-McLean enacbi (6)

boundaries by carbon, small concentrations of dissolved
carbon < 60 wtppm can shift the displacement equilib-
rium to low Sb segregation and also lead to a marked
reduction of intergranular fracture, see Figure 95¢. Carb-
on not only removes Sb from the grain boundaries, but
also enhances the grain boundary cohesion and enforces
transgranular fracture. The effect of carbon also was
demonstrated by notch-impact tests on Fe-Sb-C alloys,
see Figure 10. As in the case of Sn, for unalloyed carbon
steels the danger of embrittlement by Sb is minor, there
will be always enough dissolved and segregated carbon
to avoid Sb grain boundary segregation. Only for alloyed
steels, in which the carbon is tied up by carbide forming
elements, Cr, Mn, etc., embrittlement is possible during
heat treatment or use of steels in an elevated temperature
range.

Several authors have claimed an effect of nickel, en-
hancing the grain boundary segregation of Sb, however,
this effect could not be reproduced in recent studies on
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Figure 9: a) Grain boundary segregation of Sb and C in Fe-Sb-C
alloys after cquilibration at different temperatures, plotted in
dependence on the bulk concentration, demonstrating the displacing
effect of carbon on segregated Sb%%%; b) intergranular part of fracture
in dependence on bulk carbon concentration

Slika 9: a) RavnoteZna koncentracija Sb v segregirani plasti na mejah
zen v zlitini Fe-Sb-C pri razlidnih temperaturah, prikazana v odvisnosti
od koncentracije C v osnovnem materialu, prikazuje pojav ko ogljik
izrine Sb v segregirani plasti®*®*; b) interkristalna ploskev preloma v
odvisnosti od koncentracije ogljika v osnovnem materialu

Fe-Ni-Sb alloys®. In earlier studies®%® of Fe-Sb and Fe-
Ni-Sb alloys at 560°C an increase of Sb segregation was
observed with hte Ni-content and Ni also segregates to
the grain boundaries, its segregation being only slightly
affected by the presence of Sb. For low alloy Ni-Cr steels
the authors®*% conclude that the Sb-segregation is a
complex function of the total alloy composition. When
Mn is present in these steels it causes precipitation of an
antimonide and greatly reduces Sb-segregation. A de-
tailed investigation of a 3,5 Ni-1Cr-steel after embrittle-
ment at 480°C demonstrates a dependence on the micro-
structure”. Intergranular embrittlement in a quenched
and tempered martensitic microstructure was associated
with the segregation of phosphorus, which is possible
since the carbon activity is reduced by precipitation of
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Figure 10: Results of notch imgac( tests on an Fe-Sb alloy with
different carbon concentrations®, The ductile-brittle transition
temperature is shifted to lower temperatures by carbon, due to the
removal of Sb from the grain boundaries and increase of grain
boundary cohesion by segregated carbon

Slika 10: Rezultati udarnih preizkusov na zlitini Fe-Sh 2 razli¢nimi
vsebnostmi  ogljika®™, Temperatura prehoda duktilno-krhko je
premaknjena k niZjim temperaturam zaradi ogljika. le-ta izpodrine Sh
z mej zm in povisa kohezijo

chromium rich carbides at the grain boundaries. the em-
brittlement in the bainitic microstructure was associated
with the segregation of antimony, since the carbon activ-
ity is relatively high due to the formation of cementite
type carbides, Prolonged embrittlement of the bainite
produced a low energy fracture. Increased nickel and an-
timony concentrations at the grain boundaries were asso-
ciated with the formation of a fine grain boundary pre-
cipitate. The increased carbon activity continued to
prevent appreciable P segregation but could not inhibit
the "cosegregation’ of Ni and Sb®7.

2.3 Segregation of Sb and Sn at internal interfaces

Sb can be trapped by TiC precipitates in Fe. A dense
dispersion of TiC, produced by ion implantation and an-
nealing at 600-700°C, ties up Sb effectively®®. Continued
annealing leads to slow release of Sb into the matrix in a
diffusion and trapping process. The Sb is present at the
interface TiC/ferrite, and not in the TiC, the binding en-
thalpy is -35.6 kJ/mol®®70. This interfacial segregation
may provide a means for keeping Sb from grain bounda-
ries in ferritic steels to suppress embrittlement. Similar
trapping has been observed at TaC and Cu precipitates in
Fe at 600°C7.

Trapping or segregation of Sn at MnS particles has
been observed in Fe-3% Si doped with tin. The Sn was
clearly enriched compared to the grain boundaries, this
segregation retards the growth rate of the MnS particles
so that in Sn doped alloy they are much smaller than in
Sn-free Fe-3% Si’2. The size of the precipitates affects
the primary and secondary recrystallization, thus influ-
encing the magnetic properties of Si steels, see chapter
3.1

In the eutectoid transformation of austenite to cast
iron, minor additions of Sb (0,08 wt%) or Sn (0,12 wt%)



were found to inhibit the ¥y — o + graphite and the FesC
— o + graphite reaction paths, but did not significantly
affect the metastable ¥ — o + Fe;C reaction™. Scanning
Auger microprobe analysis indicated that Sn and Sb ad-
sorb at the graphite/metal interface. The segregated layer
acts as a barrier for the access of carbon to the graphite
nodules. With the graphite disabled as a sink for carbon,
the metal transforms as a nongraphite steel.

3 Effects of interfacial segregation of Sn and Sb on
steel properties

3.1 Effects of surface segregation on the texture of elec-
trical sheet

A (100) [001] texture of Fe-Si can be achieved with
the aid of adsorption or segregation of different species:
0. S, Sh, Sn etc. The (100) [001] texture cannot compete
losswise with the (110) [001] texture if unidirectional
magnetization is important. In applications where the
magnetization must occur in all directions in the plane of
the sheet such as in motors or generators the (100) [001]
texture is favourable since the plane of the sheet does not
contain the hard (111) direction of magnetization, but
even in transformers lower losses can be obtained by us-
ing some (100) [001] texture. After the primary recrystal-
lization, the growth of grains is governed by the surface
energy. preferential growth of grains with a low surface
energy occurs in the secondary recrystallization. In ab-
sence of oxygen or other adsorbing or segregating spe-
cies Yo is the lowest surface energy and (110) [001]
grains grow. When sufficient oxygen or sulfur is present
Y110 and (100) grains become stable in the surface™ 7,
see also Figure 1,

Presence of oxygen and sulfur is not well possible in
the production process of non-oriented electrical sheet.
The annealing for secondary recrystallization is done in
dry hydrogen at about 900°C. Presence of sulfur would
cause precipitation of MnS particles in the steels which
may hinder the reorientation of the magnetic domains,
Thus, other elements such as Sn and Sb were success-
fully used as alloying additions to improve the texture
and magnetic properties of non-oriented steel sheet””7%,
The alloying additions may not be too high to obtain the
wanted (100) [001] texture, for too high activities and
surface coverages the surface energies of nearly all ori-
entations are decreased so strongly that no preferential
growth of (100) is attained. Sb has proved to have an-
other advantageous effect, it suppresses widely the inter-
nal oxidation of the alloying elements Si, Al and Mn
which 1s possible during the decarburization treatment
and causes increasing permeability deterioration with in-
creasing subscale depth”. Also in the production of high
induction and high permeability grain oriented Fe-Si. the
presence of Sb and Sn can have positive effects, yielding
a more precise (110) [001] secondary recrystallization
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texture than in conventional Fe-Si. In earlier work it was
assumed that Sb and Sn are effective on the primary re-
crystallization, retarding primary grain growth in coop-
eration with BN and S, less S being necessary than with-
out Sb and Sn. But in recent studies it was found that
grain boundary segregation of Sb and Sn is negligibly
low in the silicon steel sheet after the usual thermal treat-
ment. Obviously, the effect of Sb and Sn is caused by the
surface segregation during recrystallization annealing.
The surface segregation decreases the surface energy of
grains with (100) orientation in the plane of the steel
sheet and the grains with low surface energy grow on ac-
count of grains with other space orientation in the sheet
plane. The role of the surface segregation has been con-
firmed by extended studies on silicon steel doped with
Sb and Sn'*°, Only a controlled surface segregation
promotes the wanted selective grain growth. For too high
Sb and Sn concentrations the surface energy of all orien-
tations are strongly decreased and no preferential growth
of (100) is obtained. For steels with a high Sb content
rather the unwanted growth of (111) is to be expected,
since the surface concentration on that plane is highest®,
Furthermore, it has been stated that Sb and Sn retard the
decarburization™, which is also a very important process
in the production of electrical steel sheet - so this again
would be a negative effect of Sb and Sn surface segrega-
tion.

3.2 Effect of surface segregation in creep of steels

Due to their strong tendency to surface segregation
Sn and Sb can very negatively affect the creep behaviour
of heat resistant CrMo- and CrMoV- steels used for tur-
bine rotors and blades®". The failure of such steels occurs
by formation of creep cavities at the grain boundaries
and in the steel matrix and the coalescence of the cavities
to cracks. The nucleation of the cavities mostly starts at
inclusions, such as sulfides (MnS) and oxides®'. But the
nucleation is favoured and accelerated by the presence of
Sn or Sb which will immediately segregate to the free
metal surface of a pore forming at an inclusion or at a
grain bondary. The segregation decreases the surface en-
ergy, the pores are stabilized and can grow (o cavities un-
der further surface segregation. This effect of Sn has
been observed for a CrMoV- steel?®#0 measuring creep
curves for melts doped with different Sn-concentrations.
The higher the Sn content of the steel the earlier they
failed by rupture in the creep test, Figure 11,

3.3 Effects on the carburization of case hardening steels

Surface segregation on Sn and Sb can effectively re-
tard the carburization of case hardening steels®2. The car-
burization is generally conducted at about 930°C in CO-
H>-H2O atmospheres. In the beginning its rate is
controlled mainly by the surface reaction sequence

CO(g) = C (dissolved) + O (adsorbed)
O (adsorbed) + H,(g) = H,0(g)
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Figure 11: Creep curves for 1% CrMoNiV- steel at 300 MPa and
500°C?, effect of different Sn-contents - with increasing Sn-content
the rupture time is markedly decreased

Slika 11: Krivulje lezenja za jeklo 1% CrMoNiV pri 300 MPa in
550°C™, vpliv razli¢nih vsebnosti Sn - z narai¢ajoco vsebnostjo Sn je
prelomni ¢as opazno zniZan

and later on a coupled surface reaction and diffusion
control determines the rate of carburization. The surface
reaction rate can be described by

r= B([Cleq - [C];)

where [Cleq and [C]s are the equilibrium and the actual
surface concentration of carbon and B is the carbon
transfer coefficient, which contains dependencies on
partial pressures and temperature®®. Extended thermo-
gravimetric studies of carburization on steels doped
with Sn, Sb, Cu, P or Pb demonstrated a strong effect of
Sb on the coefficient B (see Figure 12a), whereas the
effect of the other elements is much less. This retarda-
tion of carbon transfer is caused by the blocking of sur-
face sites for reaction, the adsorption and dissociation of
CO, by segregated Sb. The surface segregation of Sb
and Sn on the case hardening steels was demonstrated
by AES studies, after exposure in the carburization at-
mosphere at 900°C, see Figure 12b. Segregation in the
UHV chamber leads to displacement of Sb and Sn by
sulfur, however, in the carburization atmosphere the sul-
fur would be removed by the reaction S (absorbed) +
Ha(g) = H2S(g). The presence of too high levels of Sb in
case hardening steels would lead to too low carbon con-
tents after the usual carburization period and insufficient
hardening of the workpieces, see Figure 12¢. Thus, a
specification for Sh-content < 25 wt ppm was recom-
mended for case hardening steels, whereas concentra-
tion of the other tramp elements may be in the usual
range®.

3.4 Temper embrittlement

Reversible temper embrittlement occurs upon slowly
cooling of steels through the temperature range 550 to
350°C after annealing (tempering) at higher temperatures
or during application of steels in this range. Temper em-
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Figure 12: Effects of Sb, Sn and Cu on the gas carburization of a
case-hardening steel at 930°C52# a) carbon transfer coefficient § in
dependence on bulk concentrations of Sb, Sn or Cu, b) Auger spectrum
of the Sb-doped steel after heating in hydrogen to 930°C, ¢) carbon
concentration profiles after gas carburization of samples in an
industrial furnace

Slika 12: Vpliv Sb, Sn in Cu na plinsko naogljiéenje jekla za
cementacijo pri 930°C33# a) B prenosni koeficient ogljika v
odvisnosti od koncentracije Sb, Sn ali Cu v osnovnem materialu, b)
AES spekter jekla legiranega z Sb po Zarjenju v vodiku pr 930°C, ¢)
koncentracijski profil ogljika po plinskem naogljiCevanju vzorcev v
industrijski peéi



brittlement is caused by grain boundary segregation of P,
Sn, Sb and As®"*72 but severe embrittlement is observed
only if the alloying elements Ni, Cr and Mn are present,
such as in low alloy turbine steels. In earlier years this
fact was explained by 'cosegregation’, e.g. of Cr and P,
however especially for this case it could be clearly
shown that Cr alone has no enhancing effect on P-segre-
gation™**¢_ In fact, Cr and Mn decrease the carbon solu-
bility in steels, and the effect of carbon on P-segregation,
i.e. removal of P from the grain boundaries by displace-
ment by C, is reduced in the presence of Cr and Mn,
thereby allowing more P-segregation. "Cosegregation’
was also suspected for Ni and Sb, and Ni and Sn, but
most probably the strong effect of these combinations on
embrittlement are due to interfacial formation of inter-
metallic compounds of these elements. Steels without Ni
do not show embrittlement by Sn or Sb¥3-%6,

Temper embrittlement is a particular problem for low
alloy steels, e.g. Ni-Cr-Mo-V rotor steels and Cr-Mo
pressure vessels. Temper embrittlement does not occur in
plain carbon steels with less than 0,5% Mn. At high Mn
concentrations, however, P-segregation is possible in
plain carbon steels and also a "cosegregation’ of Mn and
Sb is supposed to occur. However, the effect of Mn can
easily be explained by the reduction of carbon activity
caused by formation of Mn-rich carbides?”. Thereby,
carbon segregation is reduced which allows grain bound-
ary segregation of P, Sn and Sb.

3.5 Hydrogen induced cracking

The threshold stress intensity for cracking of a Ni-Cr-
Mo steel is strongly reduced by grain boundary segrega-
tion of Sb, Sn and P**!%_In the presence of hydrogen
this threshold stress intensity is lowered further, but it is
the impurity effect which is dominant, the hydrogen
merely accentuates the tendency for brittleness already
present.

If must be emphasized again that for embrittlement of
steels by Sb the presence of Ni and Cr is necessary. Sh
causes intergranular fracture in the constant strain rate
test, it is five times more effective in inducing inter-
granular fracture at cathodic potentionals than S, the re-
sults are consistent with H-permeation studies in Fe as
affected by Sb and S'102,

3.6 Possible effects of grain boundary segregation in in-
terstitial free steels

One may expect that grain boundary segregation of
Sn and Sb is possible in interstitial free steels (i.f. steels).
Such steels have very low concentrations of C and N in
order to attain good deep drawing properties, and thus
the tramp elements are not kept away from the grain
boundaries by segregated carbon (see Figure 10). The
effects of Sn and Sb in deep drawing steels were not
studied as yet, but a behaviour similar to P'%*'™ may be
expected. Brittle behaviour was found for steels with
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very low C content (< 300 ppm), caused by P at grain
boundaries. Some 1.f. steels are alloyed with Ti to tie up
the interstitial elements, but Ti is also effective in scav-
enging the phosphorus forming a very stable phosphide.
Also TiC as a precipitate is able to trap phosphorus and
to keep it from the grain boundaries to a certain extent,
such trapping effect has also been reported for Sb at the
TiC/ferrite interface® ", Anyway, similar as P can be
deleterious for the properties of certain deep drawing
steels with low C and no TiC or excess Ti, also Sn and
Sb may adversely affect the ductility of such steels. Es-
pecially if steels with high Sn and/or Sb contents are
slowly cooled after batch annealing or coiling, they may
segregate to grain boundaries and cause embrittlement.
On the other hand, also positive effects may occur on the
texture, as in the case of electrical steel sheet. Effects of
Sb and Sn on the texture of deep-drawing steels are cur-
rently investigated'%s.

4 Conclusions

Generally, tramp elements such as Sn and Sb can
have effects on steel properties only if they enrich at in-
terfaces, the enrichment by equilibrium segregation leads
to coverages in the range of a monolayer depending on
bulk concentration and decreases with temperature. Util-
izing Auger-electron spectroscopy the thermodynamics
of segregation to surfaces and grain boundaries can be
elucidated.

The solubilities of Sn and Sb in the ferritic matrix are
relatively high, the solubility is strongly decreased in the
presence of some elements such as Ni which form inter-
metallic compounds with Sn and Sb.

The tendency for surface segregation of Sn and Sb is
very high, as yet no thermodynamic data have been de-
termined since always saturation was observed. The seg-
regation coverages and structures are very different for
different crystallographic orientations, therefore the de-
crease of surface energy will be strongly dependent on
orientation and marked effects of Sn and Sb on the sta-
bility of different crystallographic planes are to be ex-
pected.

Sn and Sb segregate to grain boundaries in ferrite, the
extent of segregation strongly depends of the misfit of
the grains. The tendency for grain boundary segregation
of Sn and Sb is relatively low, as indicated by the results
on equilibrium segregation in binary alloys in the tem-
perature range 500 to 750°C. This can also be seen from
the segregation enthalpies: -22,5 kJ/mol Sn and -19
kJ/mol Sb.

Sn and Sb also segregate to interfaces, for Sb at inter-
faces ferrite/TiC and for Sn at the interface ferrite/MnS.

In the annealing of steel sheet the surface segregation
of Sn and Sb affects the stability of certain orientations.
For intermediate concentrations the (100) orientation ap-
pears to be stabilized, for higher contents the (111) ori-
entation hecomes stable. These effects are of importance
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in the production of electrical Fe-Si steel sheet and may
also be useful in the production of deep-drawing steels.

The strong tendency for surface segregation of Sn
(and Sb) plays a role in the creep of heat resistant steels,
since formation and growth of creep cavities is enhanced
by surface segregation decreasing the surface energy of
the cavities. This was demonstrated for Sn doped
CrMoV-steels.

Surface segregation of Sn and Sb affects the carburi-
zation of case hardening steels. Especially Sb strongly
retards the carbon transfer and may cause insufficient
carburization.

Grain boundary segregation of Sn or Sb causes em-
brittlement. Temper embrittlement of low alloy steels
only occurs in the presence of Ni and Cr. Obviously, re-
duction of carbon activity by Cr and formation of inter-
metallics NixSny resp. NiyShy is necessary for temper
embrittlement.

Hydrogen induced cracking can be favoured by Sn
and Sb grain boundary segregation. However, as for tem-
per embrittlement the presence of Ni and Cr appears to
be a precondition of such effect of Sn and Sh.

In interstitial free steels one may expect strong cf-
fects of Sn and Sb since these elements are not kept
away from the grain boundaries by carbon. Addition of
Ti may scavenge Sn and Sb, either by direct interaction
or by trapping effect of TiC.
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The application of materials under various environmental conditions strongly depends on the corrosion properties of those
materials. This is in particularly true for high temperature materials to be used in power plants, petrochemical, chemical and
automobil industry, where during application high temperatures and aggressive environments may cause greal probiems. Al low
femperatures the corrosion of metals is often inhibited by a passive layer on the metal surface. To understand the phenomenon of
passivity the formation and nature of this surface film, quite often only a lew nm's thick, has to be characterized. Corrosion
protecting layers on high temperature materials, either grown during application or precovered before gpplication, have a much
larger thickness. In order to study the growth mechanisms, nature and propertias of corrosion protecting layers thin films have to
be characenzed spreading over a quite iarge range of thicknesses, from a few nm's for the passive layers up to several pms for
the protecting layers on high temperature materials. Different methods for thin film analysis using surface analytical methods will be
presented and illustrated by examples from different areas of corrosion research,

Key words; corrosion, high temperature corrosion, surface analytical techniques

Uporaba matenalov v razlicnih okoljih zavisi od njihovih korozijskih lastnosti. To je posebno pomembno pn uporabi malerialov pfi
visokih temperaturah in agresiviih mediph npr. v elektrarnah, petrokemiiski, kemijski in aviomobilski industrijl, kjer lahko pride do
hudih industrjskif havarj. Pri nizkih temperaturah se na povrsini kovin Ivori fanka pasivna plast, ki zavira Korozijo. Razumevanje
pojava naslanka in narave lanke pasivne piasti, ponavadi debele le nekal nanomelrov je mogoce samo s karaklerizacijo leh plasti.
Protikorozijske zadditne plasti materialov. ki se uporabljajo pri visokih temperaturah in nastajajo med samo uporabo ali pa so bile
predhodnc nanesene, so debelgjde. Studij mehanizma rasti, narave in lastnosti protikarozijskih previek je mogo¢ z raziskavami
protikorozijskih previek. Te so razlicénih debelin, od nekaj nanometrov debelih pasivnih tankih plasti do nekaj mikronov debelih
previek za zascito na visokih temperalturah. Za analizo protikerozijskih plasti se uporabljajo razlicne metode povrsinske analize, ki
50 prikazane v ¢lanku, kakor tudi primeri z raziiénih podrocij korozije.

Kijuéne besede: korozija, visokotemperaturna korozija, metode povrinske analitike

1 Introduction and the corrosive atmosphere surrounding it. Oxyde lay-
) ) ) ~__ers therefore have a key function for the application of
A metal is normally described as beeing passive. it paierials in high temperature technology and there is a
for the existing surroundmg atmosphere a high COMOSION  grear need for doing research and testing the materials
rate would be expecled.. mslea'd pf the very low COOSION  for such applications.
rate to be observed. This passivity is caused by very thin
dense oxide (and/or hydroxide) layers which are formed
on the metal by the corrosion process. In order to get a 2 Methods
b:uc;lundcrstl’aendmlg e dthg ;ﬂ‘ccl of kdss AR Iayer; In order to study the growth mechanisms, nature and
:h'eyk A :)0 . ys;: v.n} r.e.s.pect 0 EO(TP‘E'_";‘)" . properties of corrosion protecting layers thin films have
ickness ydvqw surdau, sensitive methods. Hig lt“;' to be analysed spreading over a large range of thick-
N LY - . .
perature OXidation and COITOSION can cause great probd- — pageag from a few nm's for the passive layers up to sev-
lems in power plants, petrochemical and chemical indus- 2 : .
A s z ; eral tenth of mu’s for the protecting layers on high tem-
try. A very important precondition for the practical RS
application of a metalic material at high temperature is PERRILS SIS ;
: R g . 2 ) To analyse thin films with respect to layer composi-
its oxidation or high temperature corrosion resistance. . : ¥ .
2 S p tion and thickness different depth profiling methods can
This precondition may be fulfilled if on the surface of 3 : " =
5 : - be applied depending on the thickness of the layer under
the material protecting oxide layers are formed. These PR p thods. Fol
oxide layers can grow under use of the material by reac- Sy, And an verions b?mplc PSPATBUON: e RS
S lowing the mainly applied surface analytical methods to

1 i ements wi s i /- : .
l:: ;L:: ::: ?_t:r(::lbél Z2 :i ;lvc llhr;Zii;?a:g:nzglgﬁi :; )l?l’c be used for depth profiling of homogeneous and inhomo-
& P 3.9 P gencous surface layers are listed.

temperatures in oxygen containing atmospheres. The

protecting effect of those oxide layers relys on their -
property to act as a diffusion barrier between the metallic homogeneous layers inbomogencous layers
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AES is Auger electron spectroscopy, XPS is X-ray
excited photoelectron spectroscopy, SIMS is secondary
ion mass spectroscopy, SNMS is secondary neutrals
mass spectroscopy and GDOES is glow discharge optical
emission spectroscopy.

To analyse inhomogeneous surface layers laterally re-
solving methods like AES and SIMS have to be applied.
For this paper a restriction to the electron spectroscopic
methods will be carried out. More detailed information
on the application of the remaining methods may be
found elsewhere!.

To get a depth profile in most cases destruction of the
layer to be analysed has to be performed by one of the
following methods:

a) Sputter depth profiling
b) Angle lapping

¢) Crater edge profiling
d) ball cratering

For sputter depth profilling the layer is decomposed
by bombardement with noble gas ions and parallel or
successive analysis of the momentary interface by a sur-
face analytical method is carried out.

Angle lapping means that by using normal metal pol-
ishing equipment a layer covered sample is polished un-
der a very flat angle. Using polishing angles down to
about 1° a spreading of the surface layer up to a factor of
about 100 is possible and this spreaded part of the layer
may be analysed after transfer into a surface analytical
system by AES point or line analysis for example.

For crater edge profiling the crater edge resulting
from ion beam etching accompanying a single sputter
depth profile is exploited. The crater edge of such a pro-
file exposes the strata of the interface in a manner related
to that produced by angle lapping, but the striking differ-
ence is that for crater edge profiling the resulting angles
between surface and interface are 3 orders of magnitude
less.

In the case of ball cratering a rotating, spherical, steel
ball coated with fine diamond paste, is used to grind a
spherical crater into the sample surface and after that the
sample is transferred into the surface analytical system to
analyse the sputter cleaned crater walls.

Advantages and disadvantages of the different meth-
ods are discussed in some detail in’.

3 Results

a) Very thin surface layers (passive layers)

The only nondestructive method to depth profile very
thin surface films is by angle dependent XPS - or AES -
measurements. The first example to be presented con-
cerns an oxide layer which was formed at room tempera-
ture in air on a pure zinc sample. The thickness of this
layer was assumed to be only a few nm's and it should
be less than the information depth of the applied clectron
spectroscopic methods AES or XPS.
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The next figure 1 compares the Zn - LMM Auger
spectrum of a clean zinc sample (sputter cleaned by Ar*
ion bombardment) with the same sample after oxidation
at room temperature in air. The comparison makes clear
that for the oxidized sample additional features can be
recognized if the analyser energy resolution is adequate
(0.05%).

XPS studies on the same sample lead to the results
that also for the Zn 3d- and Zn 2p- photoelectron signals
a distinction between metal and oxide is possible, but the
difference is most pronounced for the Zn - LMM Auger
signal (in this case X-ray excited), figure 2.

If the information depth for the Zn - LMM Auger sig-
nal corresponding to the oxidized state of Zn is less than
the thickness of the oxide layer, angle dependent meas-
urements should reveal a more pronounced oxide signal
at lower angles of analysis. This is illustrated by figure 3.
The results of an angle dependent measurement on the
X-ray excited Zn - LMM Auger signal are depicted in
figure 4 and clearly demonstrate, for angles of analysis
ranging from 25° to 90°, that the information deepth is
less than the thickness of the oxide layer.

For a smooth, homogeneous, contamination free thin
oxide layer the measured signals of the metallic and ox-
ide components may be used to determine the oxide
thickness according to equation (1):

B N 5 Ay G5 exp[—d / A, sinf]
Lo Noo " A, 1-exp{-d /A, sinf]

where lm, lox are the intensities of the metal and oxide
signals, N, Ny are the densities of the metal and the
oxide, Am, Aox are the inelastic mean free pathes of the
Auger clectrons in the metal and in the oxide, B is the
angle of analysis in relation to the sample surface, see
figure 3.
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Figure 1: Companson of the Zn - LMM - Auger spectrum for a clean
zinc sample and after oxidation at room temperature in air for 2 weeks
Slika 1: Primerjava AES spektrov Cistega Zn - LMM pred in po
oksidaciji dva tedna na zraku pri sobni temperaturi
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Figure 2: Zn - 3d-, Zn - 2p - photoelectron and Zn - LMM - Auger -
signal for clean and oxidized zinc sample (see figure 1)

Slika 2: Zn - 3d, Zn - 2p XPS signal in Zn - LMM AES signal za Cisti
in oksidirani cink (glej sliko 1)

The above equation (1) may be changed to equation

(2):

sin N‘u }\\“ Im

For a determination of the layer thickness values for
the A’s are necessary. There are no experimental data for
the A - values of zinc, therefore the corresponding A's of
zinc and zinc oxide (of zinc hydroxide as well, which
will be needed lateron) were calculated according to a
relation derived by Tanuma et al.*. The calculated values
are (in A):

Table 1: The calculated A values (in A)

zine zinc oxide zinc hydroxide
ALMM 17.7 20 21
Al 6.7 8 7

According to equation (2) a plot of 1/sinf} against the
term on the right hand side of equation (2) should give a
straight line and from the slope of this straight line the
thickness may be derived.
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Figure 3: Shematic illustration of the higher surface sensitivity at
lower angles of analysis

Slika 3: Shemati¢ni prikaz vidje povriinske analizne obZutljivosti pri
nizkih kotih

The angle dependence of the peak areas of the Zn -
LMM Auger signal and the Zn - 2p photo electron signal
are plotted in figure 5 for the metallic and the oxide con-
tributions. From this plot and by using additionally the
known values for Nm, Nox and Am, Aox figure 6 can be
derived. The observed straight line for the dependence of
the Zn - LMM Auger signal leads to a thickness of 15A
for the oxide.

If we have a closer look to the well resolved oxygen
O - Is photo electron signal corresponding to the oxide
layer, figure 7, we can detect that the assumption of a
pure oxide layer was not correct, additionally to the ox-
ide signal centered at about 530 ¢V peak energy a second
signal caused by some hydroxide contribution is ob-
served around 532 eV peak energy. Results of angle de-
pendent measurements on the oxygen O - 1s signal in
figure 8 indicate that we have an inner oxide layer and
an outer hydroxide layer.

o Zn-LMm meta g
omde Anatysenwrkel T
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Figure 4: Angle dependence of the Zn - LMM Auger signal for an
oxidized zinc sample (as for figure 1)

Slika 4: Kotna odvisnost Zn - LMM AES signala za oksidiran cink
(kot na sliki 1)
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Figure 5: Angle dependence of the Zn - LMM Auger signal and Zn -
2p photoelectron signal for an oxidized zinc sample (as for figure 1).
metal and oxide contributions are plotted

Slika 5: Kotna odvisnost Zn - LMM AES signala in Zn - 2p XPS
signal za oksidiran cink (kot na sliki 1), prikazana sta deleZa kovine in
oksida

Looking more detailed to the angle dependence of
the Zn - LMM Auger signal it can be recognized, figure
9, that also for this signal the "oxide" - component ex-
hibits some peak shape variations in dependence on the
angle of analysis. If we try to fit the Zn - LMM Auger
signal for the oxidized sample at first, figure 10b, by a
metal contribution according to figure 10a and the re-
maining peak area for the oxide contribution by a single
peak this is not possible. We need two different peaks as
shown in figure 10c, to get an acceptable fit of the whole
Zn - LMM spectrum. We can now try evaluate the thick-
ness of the oxide and the hydroxide separately.

Again we assume that the oxide and hydroxide layer
are homogeneous layers, The intensity ratios of the sig-
nals of the different layers with respect to the signal of
the zinc substrate are given according to S. Lecuyer et
al.* by:
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Figure 6: Determination of the oxide thickness according to equation
(2), see text
Slika 6: Dologitev debeline oksidne plasti po enadbi (2), glej tekst
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Figure 7: XPS - O - Is signal for an oxidized zinc sample (as for

figure 1)
Slika 7: XPS - O -
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Is signal za oksidiran vzorec cinka (kot na shiki 1)
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where ¢; is the concentration within layer i and d; is the
layer thickness.

For all the angle dependent measurements of the Zn -
LMM Auger signal recorded for the oxidized zinc sam-
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Figure 8: Angle dependent measurements for the XPS - O - Is signal
of an oxidized zinc sample (as for figure 1)

Slika 8: Meritve XPS - O - |s signala za oksidiran vzorec cinka (kot
na shiki 1) v odvisnosti od kota
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Figure 9: Zn - LMM Auger signal for an oxidized zinc sample (as for
figure 1) recorded at 20° and 75° angle of analysis

Slika 9: Zn - LMM AES signal oksidiranega cinka (kot na sliki 1)
posnet pri kotih analize 207 in 75°

ple a peak fitting for the total LMM signal was per-
formed in a similar way as discussed before. The meas-
ured peak arca ratios lox/lme and low/lme for the oxide and
the hydroxide layer in dependence on the angle of analy-
sis ZN1 = 0 are listed in the table 2 together with the
same peak area ratios calculated according to equation
(3) and (4) by using a thickness of 13A for the oxide
layer and a thickness of 4A for the hydroxide layer.
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Figure 10: a) Zn - LMM Auger signal for a clean zinc sample, metal
signal fitted; b) Zn - LMM Auger signal for an oxidized zinc sample
(as for figure 1), metal part fitted; ¢) Zn - LMM Auger signal for an
oxidized zinc sample (as for figure 1), metal oxide and hydroxide parts
fitted

Slika 10: a) Zn - LMM AES signal za &isti cink; b) Zn - LMM AES
signal za oksidiran cink (kot na sliki 1) kovinski del se prilega; ¢) Zn -
LMM AES signal za oksidiran cink (kot na sliki 1) kovinski in
hidroksidni del se pnlega krivulji

Table 2: The angle dependent measurements of the Zn - LMM Auger
signal for the oxide and hydroxide layer

(3] luu/lmc Io.lnmc |ou’|u IOHn-e
(exp.) (calc.) ~ (exp.) (calc.)
78.1 13 14.7 11.7 10.5
76 9 9.05 5.8 4.1
73 5.6 5.44 28 2.2
70.5 35 39 1.8 [.65
68 3.15 31 1.25 1.05
64 23 2.25 0.8 0.7
60.5 1.9 1.8 0.6 0.54
58 1.5 1.6 0.5 0.42
454 1 1 0.25 0.28
329 0.79 0.77 0.18 0.18
214 0.65 0.67 0.15 0.17
13 0.66 0.63 0.14 0.14
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For the first thickness determination, assuming a sin-
gle oxide layer, a thickness of 15A resulted, which is in
very good agreement with a thickness of 17A for the
double layer consisting of a 13A thick oxide and a 4A
thick hydroxide layer.

b) Thick layers (high temperature oxidation)

For future power plants high strength 9% Cr steels
are being considered as construction materials for steam
piping, headers and superheater tubes up to 600°C. For
those materials it was found that the destruction of the
protective oxide scale occurs during eposure in simulated
combustion gas by the presence of water vapour. Al-
though this detrimental effect of water vapour on the oxi-
dation resistance of ferritic Cr - steels is known already
for a long time no conclusive mechanism has been eluci-
dated.

According to figure 11, illustrating schematically the
variation with alloy Cr content of the oxidation rate and
oxide scale structure. several different oxides are ex-
pected to appear for a Fe 9% Cr alloy and the above
mentioned oxidation conditions.

The Fe 9% Cr alloys were oxidized isothermally in
Nz - 1% O; with and without various H20O contents at
650°C. Using the crater ball equipment a crater was
ground into the different oxidized samples. The crater
ball process is illustrated in figure 12. After transferring
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Figure 11: Schematics of the variation with alloy chromium content of
the oxidation rate and oxide scale structure (based on isothermal
studies at 1000°C in 0.13 atm oxygen)

Slika 11: Shemati¢en prikaz vpliva razli¢nih vsebnosti kroma na
stopnjo oksidacije in struktura oksida (1zotermna oksidacija pri 1000°C
in 0.13 atm kisika)
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the samples into the scanning Auger system the samples
were sputter cleaned and SEM images recorded. Two ex-
amples will be presented to show the possibilities of this
method. The first sample was oxidized in Nz - 1% O; -
4% H>0 at 650°C for 3 hours and the second one for 10
hours, figure 13 to 16.

For the application of high temperature materials the
formation of even, slow growing and well adherend ox-
ide layers are desired. Al:Os layers would be the thermo-
dynamically most stable layers for nearly all conditions
occuring during the use of the material. Quite often how-
ever the nucleation and adherence of the Al:Os layers are
not satisfactory. The improve the adherence of those lay-
ers oxidation of a model alloy Fe - 6% Al - 0,5% Ti and
50 to 100 ppm C were studied.

After oxidation of this alloy the samples were inves-
tigated by surface analytical methods. The oxide layers
were fine grained, well adherent and represented an ex-
cellent protection against carburizing atmospheres. This
was tested by long term investigations.

In order to find out the reason for this improvement
of the protecting properties Auger depth profiles of the
oxide layer on top of the model alloy were recorded. A
typical example is shown in figure 17. The most striking
feature of this depth profile is the simultaneous enrich-
ment of carbon and titanium at the oxide metal matrix
interface. This observation leads to the assumption that
by formation of a TiC layer at the interface this improve-
ment of the corrosion protecting properties could be real-
ized.

By further detailed surface analytical investigations
on a single crystal model alloy of the same composition
and applying LEED (low energy electron diffraction)
and AES it could be found out that on several low in-
dexed crystal surfaces this TiC layer grows epitaxially.

Figure 12: Schematic illustration of the crater ball etching process
Slika 12: Shematski prikaz kraterja dobljenega s procesom jedkanja s
kroglico



Figure 13: SEM of a part of the crater etched area of the Fe 9% Cr
sample oxidized for 3 h (see text) and characteristic Auger point
spectra for the different areas

Slika 13: SEM posnetek dela jedkalnega kraterja vzorca zlitine Fe 9%
Cr, po 3 urah oksidacije (glej tekst) in karakteristiéni AES spekiri,
posneti na oznacenith mestih

Metal dusting is known to be a dangerous high tem-
perature corrosion phenomenon in petrochemistry and in
reformer and direct reduction plants. In strongly car-
burizing atmospheres and temperatures from 400 to
800°C low alloyed Fe, Ni and Co base alloys are subject
10 a catastrophic carburization leading into a desintegra-
tion of the material into a dust composed of fine metal
particles and carbon. For the reaction mechanism of the
metal dusting process it was assumed that instable car-
bides form as an intermediate before they decompose to
metal and carbon dust,

In order to get a more detailed picture of the metal

dusting process an 1ron sample from the initial stages of

the metal dusting process (680°C, 78% Ha, 15% CO and
0.5% H,0) was removed from the carburizing atmos-
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Figure 14: a) oxygen; b) chromium: ¢) and iron - images of the same
surface area as shown in the SEM image in figure 13

Slika 14: a) kisik; b) krom; ¢) in Zelezo - slike delov poviiin
prikazanih na SEM posnetku slike 13

phere and using the crater ball equipment a crater was
etched into the sample surface. After transferring the
ctiched sample into the scanning Auger system a clean
surface of the crater area was produced by Ar ion bom-
bardement. Immediately afterwards Auger spectra and
Auger images were recorded. The different chemical
states of carbon within graphite and in carbide may eas-
ily be distinguished by Auger electron spectroscopy be-
cause of a characteristic Auger signal peak shape for the
individual compounds. This is demonstrated by the
Auger spectra in figure 18, which were recorded for dif-
ferent areas of the etched crater. Because of the different
peak shape and a slight difference in peak energy graph-
ite and carbide may be imaged separately. This is illus-
trated by the following figures, figure 19a to figure 19d,
which show additional to a SEM image Auger elemental
maps for carbidic carbon, carbon in graphitic form and
iron of the crater region.
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Figure 15: SEM of a part of the crater etched area of the Fe 9% Cr
sample oxidized for 10 h (see text) and characteristic Auger point
spectra for the different arcas

Slika 15: SEM posnetek dela jedkalnega kraterja zlitine Fe 9% Cr, po
10 urah oksidacije (glej tekst) in karakteristi¢éni AES spekiri, posneti na
oznacenih mestih

The sum up the results from different kinds of inves-
tigations the following development of surface layers
during the metal dusting process can be derived (sche-
matically):

surface surface surface surface
metal (Fe) FeiC graphite coke(Fe+C)
+C diss.
metal(Fe) Fe;C graphite
+C diss. e
metal(Fe) Fe:C
+C diss.
metal (Fe)
+C diss.

Well adherent and corrosion protecting oxide layers
are of great importance for high temperature alloys. The
adherence of the oxide layers is affected by the morphol-
ogy and the chemical composition of the oxide/metal in-
terface, In this study scanning Auger microscopy (SAM)
is used to investigate the oxide/alloy interface of oxi-
dized Fe-Cr-Al alloys (undoped or doped with Ti, Ce and
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Figure 16: a) oxygen; b) chromium: ¢) and iron - images of the same
surface area as shown in the SEM image in figure 15

Slika 16: a) kisik; b) krom: ¢) in Zelezo - slike istih delov povrsin
prikazanih na SEM posnetku slike 15
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Figure 17: AES depth profile of a polycrystalline Fe-6A1-0,5Ti-0,01C
sample oxidized for h at 1000°C and 10" bar oxygen partial pressure
Slika 17: AES profilni diagram polikristalne zlitine Fe-6A1-0,5Ti-0,01
C po 1/2 umi oksidaciji na remperaturi 1000°C in parcialnemu tlaku
kisika 107" bar
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Figure 18: "graphitic’ (upper spectrum) and “carbidic’ carbon - KVV Auger signal of a crater ball etched Fe metal dusting sample indicating the
different peak shapes and illustrating the peak (P,) and background (B;) energy positions for recording the Auger images

Slika 18: "grafitni’ (zgomji spekter) in "karbidni ogljik” - KVV Augerjev signal s kroglico jedkanega Fe prasnatega vzorca z razlidnimi oblikami
vrhov prikazuje vrh (P,) in ozadje (B;) in energipske pozicije za posnete AES spekire

el iron

Figure 19: a) 1o d) SEM and SAM images of a crater ball etched and sputter cleaned Fe metal dusting sample
Slika 19: a) do d) SEM in SAM posnetki s kroglico jedkanega Fe prafnatega vzorca in z Ar* ioni jedkan Fe pradnat vzorec
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Figure 21: Sulfur image of the same surface area as shown in the SEM
image of figure 20 ¢)
Slika 21: Posnetek Zvepla na povrdini, prikazani na sliki 20 c)
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Figure 22: Auger point spectra of a) a void arca; b) a rugged surface
area
Slika 22: AES spekter posnet a) v vrzeli: b) na hrapavi povriini

Figure 20: a) to ¢) SEM images of surface areas where the oxide layer _Y) after partly removing the oxide layer by in situ bend-

is partly (or completely) removed Ing.
Slika 20: a) do ¢) SEM posnetki povrsine, kjer je bila oksidna plast Thin Fe-Cr-Al ribbons, doped and undoped, were
delno (ali popolnoma) odstranjena produced by meltspinning. Rectangular specimens were

cut from the ribbons and ultrasonically cleaned in ace-
tone, The samples were oxidized at 1273 K in a control-



led He - O2 gas mixture at an oxygen partial pressure of
133 mbar.

Bending of the specimens was performed in UHV at
a residual pressure of 5 x 10 Pa to spall off parts of the
oxide layer. The stripped oxide/metal interface was in-
vestigated by in situ SEM and SAM.

The metal surface shows individual voids and rugged
parts, indicating imprints of the removed oxide, see SEM
figures 20a to 20c. For the undoped alloy poor adher-
ence of the oxide layer is observed. Sulphur is strongly
enriched at the surface of the voids, figure 21 shows a
sulphur image of the sample area as for the SEM image
in figure 20c and 22a and 22b Auger point spectra of a
void surface and a rugged part of the interface.

On the Ti containing alloys the oxide layer is again
poorly adherent. Sulphur is also strongly enriched at the
surface of voids. On the Y- and Ce- containing alloys the
oxide layer is well adherent and the sulphur concentra-
tion is below the detection limit.

The poor adherence of the oxide layers on undoped
and Ti doped Fe-Cr-Al alloys is correlated to the pres-
ence of sulphur at the alloy surface. Sulphur enrichment
is explained by sulphur segregation to the free alloy sur-
face and by additional sulphide formation for the Ti con-
taining alloys. The positive effect of Y and Ce on the ad-

H. Viefhaus: Applications of Surface Analytical Techniques ...

herence of the oxide layers is explained by sulphide pre-
cipitation in the bulk and thus preventing sulphur segre-
gation to the free surface of the alloy.

4 Summary

Depending on the thickness of the surface layers to
be analysed by surface analytical methods with respect
to composition and thickness, different methods of depth
profiling have to be applied. Valuable information may
be derived from the results of the surface analytical in-
vestigations, leading to a better understanding of the
growth mechanisms and the corrosion protecting proper-
ties of oxide layers on metal surfaces.
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Vacuum Brazing

Universally accepted as the most versatile method of joining metals. Vacuum Brazing is a precision
metal joining technigque suitable for many component configurations in a wide range of materials.

ADVANTAGES

¢ Flux free process yields clean, high integrity joints

Reproducible quality
* Components of dissimilar geometry or material type may be joined
¢ Uniform heating & cooling rates minimise distortion

Fluxless brazing alloys ensure strong defect free joints

Bright surface that dispense with expensive post cleaning operations
Cost effective

Over five years of Vacuum Brazing expertise at IMT has created an unrivalled reputation for
excellence and quality.

Our experience in value engineering will often lead to the use of Vacuum Brazing
as a cost effective solution to modern technical problems in joining.

INDUSTRIES

* Aerospace * Hydraulics * Nuclear
* Mechanical * Pneumatics * Automotive
* Electronics * Marine

QUALITY ASSURANCE

Quality is fundamental to the IMT philosophy. The choice of process, all processing operations and
process control are continuously monitored by IMT Quality Control Department.

The high level of quality resulting from this tightly organised activity is recognised by government
authorities, industry and International companies.
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Aluminium and Magnesium Based Metal Matrix
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Kompoziti na osnovi Al in Mg
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In motor-cars metal matrix composites (MMC's) are empioyed in braking systems and engine components. Other applications for
these materials have been developed in energy and in information applications. The potentional of composite materials is very

at because the properties can be tailored according to the application. There are many possible material combinations and
processing techniques which can be employed. For structural appiications standard light metal are often strengthened by ceramic
fibres or particles. The performance and potential of composites will be discussed using examples of reinforced aluminium and
magnesium alloys.

Key words: Al and Mg based MMC's, Al and Mg alloys, SiC and Al203 as reinforcement, properties, applications, processing
techniques

Kompoziti s kovinsko osnovo, gjacani s kerarmicnimi delci ali viakni se danes 2e uporabijajo kot deli zavornega sistema in motorjev
z notranjim izgorevanjem. Razvile so fudi posebne vrsle teh materialov, ki so uporabni na podrocju energetike in informatike,
Uporabnost kompozitnih matenalov fe vsestranska, ker lahko njihove lastnosti prilagajamo potrebam uporabe. MoZne so Steviine
kombinacije materialov (kovinska osnova / keramiéna ojaditev) in postopkov njihove izdelave. Kompozill, ki se uporablfajo kot
konstrukeijski materiall so najpogosteje sestavijeni iz lahke kovinske osnove in keramicnih delcev ali viaken. Prispevek obravnava
predvsem doseZene iastnosti in moZnosti uporabe kompozitov z osnovo iz Al ali Mg Zzlitin, ki so diskontinuirno ojatane z SiC ali
Alz0a delci ozirorna kratkimi viakni

Kliu¢ne besede: kompozili s kovinsko osnovo, Al in Mg Zzlitine, SiC in Alz203 kot ojaéitvena faza, lastnosti, uporaba, postopki
izdelave

1 Introduction

The strenuous efforts to develop metal matrix com-
posites with light metal matrices in the eighties have paid
off with successful applications in automobile and trans-
port systems. Worthy of mention are partially reinforced
pistons, hybrid reinforced engine blocks for cars or
trucks as well as particle reinforced brake discs for light
lorries, motocycles, cars or rail vehicles. Further fields of
applications are military aircraft and space craft. The in-
novative materials are interesting possibilities in the de-
velopment of modern materials because the properties of
MMC's can be tailored for a particular application and
hence MMC's can fulfill all requirements of the designer.
Such materials become important when the property pro-
file cannot be achieved by the conventional light metal
alloys. The specific strength as outstanding advantage of
light metal MMC’s is however under pressure from com-
peting technologies such as powder metallurgy of poly-
mer technology. The advantages of composites are only
realised if a resonable cost performance ratio is achiev-
able on production of the component. In this respect it is
important for economic and ecological reasons to recycle
scrap components, production waste, efc.

The aims in the reinforcement of metal matrix func-
tional or structural materials are on the one hand the op-
timisation of some critical properties at the same time as
maintaining other properties and on the other hand a

' De-lag. habil. K. U. KAINER
Technisehe Universitit Claasthal
Institut Fur Werkstoffkunde wad Werkstoffiechnik, Clausihal-Zellerfeld. Germany

complete change in the property profile of a class of ma-
terials. The reinforcement of light metals opens, for ex-
ample, an extension of the application potential where
weight reduction of components is very desirable at the
same time as optimisation of component properties. The.
development aims of light metal matrix composites thus
can be sumarised as follows:

- increase in yield strength, ultimate tensile strength
and fatigue strength at room temperature whilst
maintaining minimum values of ductility or tough-
ness.

- increase in hot strength, fatigue strength and creep
resistance at elevated temperatures compared to con-
ventional materials,

- reduction in the coefficient of thermal expansion of
light metal alloys to values comparable with steels,

- improvement in the stability of light metals to tem-
perature changes,

- improvement in damping behaviour,

- improvement in the wear resistance through addition
of hard materials,

— improvement in weight specific properties (strength
and E-modulus).

Discontinuous particle, fibre or whisker reinforced
light alloys are most likely to fulfill design criteria be-
cause the components are relatively cheap and produc-
tion of components in large numbers is possible. Further
advantages arc the relatively high isotropy of properties
compared to the long continuous fibre reinforced light
metals and the possibility of further forming by forging
and machining.
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2 Combination of materials for light alloy compos-
ites

The obvious candidates for light metal matrices for
composite materials are the easily workable, conven-
tional alloys. Particulary when powder metallurgical
(P/M) production techniques are employed it is possible
to consider special alloys with specific compositions.
P/M technology allows the use of alloys with super sa-
torated or metastable phases. The alloys are free from
segregation problems as often observed after conven-
tional solidification,

Examples of extensively investigated matrix alloys
are!$:

Al alloys:  AISi112CuMgNi
AlSi9Mg

AlSi7 (A 356)
Mg alloys: MgAl9Znl (AZ91)
MgAI2RE2Zr1 (MSR. QE 22)
Alalloys:  AIMgSiCu (6061)
AlCuSiMn (2014)
AlZnMgCul 5 (7075)
MgAI3Zn (AZ 31)
MgZn6Zr (ZK 60)
MgZn6Cu3 (ZC 63)

Mg alloys:

Special alloys:
Al alloys:  Al-Cu-Mg-Li (8090)
Mg alloys: Mg99.5 + RE, Ca, Zr, Ba, Br,

Sb or Sn (1-2.4%)

A wide variety of reinforcement materials are avail-
able with a wider range of properties. The choice de-
pends on the method chosen for production and on the
matnx alloy system. In general the requirements are:

- low density,
- mechanical compatability (a thermal coefficient of
expansion which matches the matrix),

- chemical compatability,

- thermal stability,

~ high clastic modulus, high compressive and tensile
strength,

- good workability,

- economicy.

These demands can be fulfilled virtually only by in-
organic reinforcing materials. Often only ceramic parti-
cles or fibres or carbon fibres are used to reinforce met-
als. The use of metallic fibres results in prohibitive
increases in density. Which component is chosen de-
pends on the matrix material and the property profile of
the particular application. Information of available parti-
cles, short fibres, whiskers and continuous fibres for re-
inforcement of metals is collected in Table 1 and in ref-
erences”™!?. The preparation, working and means of
applications of the various reinforcements depends on
the method chosen to produce the composite (see'). A
combinated application of two and more reinforcement
material is possible (hybrid technique)'?.

3 Production of light metal composites

There are several possible methods of producing semi
finished material and components in light metal compos-
ites, which depend primarly on the component geometry
and the material systems (matrix / reinforcement). The
process must be divided into preparation of suitable
starting material, production of the semi finished mate-
rial or component and finishing operations. For eco-
nomic reasons near net shape production should be at-
tempted to minimise mechanical finishing operations. In
general the following production techniques are avail-
able:

o Casting techniques

- infiltration of short fibres, particle or hybrid pre-
forms by squeeze casting, vacuum infiltration or
pressure infiltration”™™ "%,

Table 1: Examples of particles, whisker, continuous and discontinuous fibres used a reinforcements in metal alloys ("CTE = coefficient of thermal

expansion, "'PAN based fibres, “pitch based fibres)

reinforcement producer diameter densit E-modulus tensile strength CTE® (10°K™)
(1m) (gem™) (GPa) (MPa) axial
FP a-Al,O: Du Pont 20 39 380 > 1400 7.6
Altex alumina fibre Sumitomo 17 32 300 2000 88
Nicalon SiC-fibre Nippon Carbon 15 2.6 185 2700 35
Torayca T-300" Toray 7 1.8 230 3530 -0.26
Torayca M-40" Toray 55 1.8 392 2650 -1.3
Thornel P 757 Amoco 10 2.0 520 2370 -1.4
Saffil RF disk a-ALO;  ICI ple. 1-5 33 300 2000 4.7
SiC-whiskers Silar DWA Composites 0.6 3.2 690 6900 4.1
Specialities
SiC-particles Norton AS, ESK. various 3.2 ca.400 - 47
Kempten
alumina platelets Elf, ESK. Kempten various 39 ca.380 - 36
alumina particles H.C. Starck. ESK. various 4.0 ca.380 - 9.5

Kempten
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Figure 1: Collection of typical microstructures of various light metal composites as a function of reinforcement and production process,
@) Al20; short fibre reinforced magnesivm.

b) Al:0:-SiC hybrid reinforced magnesium,

) SiC particle reinforced aluminium (chill cast)

d) SiC particle reinforeed aluminium (pressure die cast).

€) SiC particle remnforced aluminium (cast and extruded)

0 SiC particle reinforced aluminium textruded powder blend),

®) SiC particle reinforced magnesium (spray formed),

h) SiC particle reinforced magnesium (spray formed and extruded)
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gy " . 2
— reaction infiltration of fibre or particle preformsI ar-

— production of prematerial by stirring particles into
metallic melts with subsequent sand casting, chill
casting or pressure casting™".

o Powder metallurgy technigues

~ extrusion or forging of metal powder - particle mix-
tures™ ",

— extrusion or forging of spray formed semi finished
material "™

e Further processing of semi finished cast material by
thixocasting or forming, extrusion'?, forging, cold
forming or superplastic forming,

e Joining or welding of semi finished products,

e Finishing by machining.

4 Structure and properties of light metal composites

The structure of composites is determined by the na-
ture and shape of the reinforcing components, their dis-
tribution and orientation by the production process. Typi-
cal microstructures of various short fibre and particle
reinforced light metals are shown in Figure 1. In the
case of short fibre reinforced composites a planar iso-
tropic distribution of the short fibres is formed as a result
of the production of the fibre preform. The pressure sup-
ported sedimentation technque leads to a layer like struc-
ture (Figures 1a & b)'°. The direction of infiltration is
generally normal to these planes. The cast particle rein-
forced light metals show, depending on the working
processing, typical particle distributions. Gravity cast
material exhibit as a result of the casting conditions par-
ticle free regions (Figure 1c), whereas pressure die cast
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Figure 2: Comparison of the temperature dependence of the tensile
strength  of the unreinforced and reinforced piston  alloy
AlSi12CuMgNi (KS 1275)7

a) KS 1275 with 20 vol.% SiC whiskers,

b) KS 1275 with 20 vol.% Al201 short fibres,

¢) KS 1275 unreinforced
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materials show a much better particle distribution (Fi-
gure 1d). An even distribution is achieved by extrusion of
semi finished material (Figure 1e). An extremely homo-
geneous particle distribution is obtained by extrusion of
mixed powders or spray formed materials (Figures 1 f-

2).

Properties of short fibre reinforced aluminium

An increase in strength with increasing fibre content
in short fibre reinforced aluminium is actually observed
as the example AlSi12CuMgNi with 20 vol.% ALO;
shows in Figure 2. Composites of light metal casting al-
loys is not made just to increase only the strength. The
effect alone would not be justifiable economically. The
improvement of the properties at high temperature with a
doubling of the strength (Figure 2) and the rotating
bending fatigue strength at 300°C (Figure 3), opens up
possibilities for use as piston material or cylinder liners.
A dramatic increase of the thermal shock resistance can
be achieved at temperature of 350°C as is shown in Fi-
gure 4.

Properties of particle reinforced aluminium

In general addition of particles to light metals, such
as magnesium and aluminium increases the elastic
modulus, yield strength, ultimate tensile strength, the
hardness and the wear resistance and also decreases the
coefficient of the thermal expansion. The degree of im-
provement of these properties depends on the volume
fration of the particles and the chosen means of produc-
tion. Tables 2 and 3 show a collection of properties of
various particle reinforced aluminium alloys. The parti-
cle volume fraction in stirred in particle reinforced Al al-
loys is limited to about 20 vol.%. This limit is imposed
by the process. A maximum tensile strength of over 500
MPa and E-moduli of 100 GPa are possible for this par-
ticle content. Higher particle contents can be achieved by
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Figure 3: Change in the rotating bending fatigue strength of the
unreinforced and reinforced (20 vol. % Al:03) Piston alloy
AlISi12CuMgNi (KS 1275) with increasing temperature” (GK = chill
cast GP = squeeze cast)
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Figure 4: Temperature shock resistance of the fibre reinforced piston
alloy AISil2CuMgNi as a function of the fibre content for a
temperature of 350°C":

a) unreinforced,

b) 12 vol % Al20; short fibres,

¢) 17.5 vol.% Al;Os short fibres,

d) 20 vol.% Al2Oz short fibres

infiltration of particle preforms with higher particle vol-
ume fraction. The materials then assume increasingly the
characteristics of ceramics. On tensile loading premature
failure occurs. The small thermal expansion is an excel-
lant characteristic despite the metallic features.

There is a limit to the particle content of about 13-15
vol.% also for spray formed materials. The use of special
alloys e.g. with lithium additions can nevertheless lead to

K. U. Kainer: Aluminium and Magnesium Based Metal Matrix ...

high specific properties. If powder metallurgical tech-
nique involving extrusion and forging are applied then
the particle content can be increased to more than 40
vol.%. As the result of high particle content and the re-
sultant fine grain of the matrix very high strength of up
to 760 MPa, very high E-Moduli of 125 GPa and low
coefficients of expansion of 17 x 10°K!' can be
achieved. Unfortunately the elongation to fracture and
the fracture toughness deteriorate. The values lie, how-
ever, in part above those for casting alloys.

Properties of discontinuously reinforced magnesium al-
loys

In general the strengthening effects in discontiuous
reinforced composites is smaller than in continuous fibre
reinforced materials but the properties are more iso-
tropic. In the following the properties of short fibre or
particle reinforced magnesium composites are listed. Ta-
ble 4 shows the 0.2 yield strength, the temperature de-
pendence of the ultimate tensile strength and the ductil-
ity of different magnesium alloys reinforced with 20
vol.9 Saffil short fibre. The properties are compared
with of these of unreinforced alloys. Information about
hardness, Young’s modulus and coefficient of thermal ex-
pansion (CTE) are included. The results show that the
main advantages of this type of composite material are
the high specific strength at elevated temperatures, the
increase of Young's modulus and the reduction of the
CTE. The improvement of the properties depends on the
volume content of the short fibres. In the range of 15 -22
vol.% short fibres the most promising properties were’
measured*'®, With a higher fibre content problems in the
infiltration arises which reduces the strength and ductil-
ity of the composites.

Table 2: Seclected properties of typical cast aluminium composites, prepared by chill, pressure die casting or reaction infiltration®!! (T6 =

solution anncaled and aged. TS = aged: "after ASTM G-77: cast iron 0,66 mm®;

and B-645; b) after ASTM E-23), n.i. = no information

*CTE = coefficient of thermal expansion, a) after ASTM E-399

Material Yield sress  Tensile  Elongation to  Youngs  a) Fracture Wear Thermal  CTE 50

(MPa) strength fracture (%) modulus  toughness. b)  volume conductivity l(&;(C'
Kentification - Composition (MPa) (GPa) impact dccnt,sc 22°C (lgal/cm (10 )

p strength (mm’) s K)
Gravity casting (chill casting) a) (MPa m'?)
A356-T6 AlSiTMg 200 276 6.0 75.2 174 0.18 0.360 214
F3S.10S-T6  AlISi9Mgl0SiC 303 338 1.2 869 174 n.i. n.i 20.7
F3S.10S-T6  AlISi9Mg20SiC 338 359 04 98.6 159 0.02 0.442 17.5
F3K.10S-T6  AISil0CuMgNil0SiC 359 372 0.3 87.6 n.i. n.i. n.i. 20.2
F3K.208-T6  AlSil0CuMgNi20SiC 372 372 0.0 101 n.i. n.i. 0.346 17.8
Die casting b) (1)
A390 AlSil17CuSMg 241 283 35 71.0 1.4 0.18 0.360 214
F3D.10S-T5  AISi10CuMnNi10SiC 331 372 1.2 938 1.4 n.i. 0.296 19.3
F3D.208-T5  AlSil0OCuMnNi20SiC 400 400 0.0 113.8 0.7 0.018 0.344 16.9
F3IN.10S-TS  AlSil0CuMnMgl0SiC 317 352 0.5 91.0 1.4 n.i. 0.384 214
F3N.208-TS  AISi10CuMnMg20SiC 338 365 0.3 108.2 0.7 0.018 0.401 16.6
Reaction infiltration Bending strength  Density a) (MPa m'?)
(MPa) (g/cm”)

MCX-693™  A}455-70 % SiC 300 298 255 9.0 n.i, 0.430 6.4
MCX-724™  A}455-70 % Sic 350 294 226 9.4 n.i. 0.394 7.2
MCX-736™  A1+55-70 % SiC 330 2.96 225 9.5 n.i. 0.382 7.3
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Table 3: Properties of alumlmum Jwrought alloy composites, manufactures information after’
*CTE = coefficient of thermal expansion, n.i. = no information

ASTM G-77: cast iron 0,66 mm?;

S61315 (T6 = solution annealed and aged), “after

Material Yield stress Tenstle  Elongatonto  Young's a) Fracture Wear Thermal CTE 50-
(MPa) strength fracture (%)  modulus  toughness. b)  volume conductivity |og

- . % (MPa) ({GPa) impact decregse  22°C (callem  (10°K™")
Identification Composition strength (mm") s K)
Cast starting material (extruded or forged)
6061-T6 AlMgl1SiCu 355 375 13 75 30 10 0.408 234
6061-T6 + 10% AlLLO; 335 385 7 83 24 0.04 0.384 209
6061-T6 + 15% AlLO: 340 385 5 88 22 0.02 0.336 19.8
6061-T6 + 20% AL,O; 365 405 3 95 21 0.015 n.i. n.i.
Powder metallurgically prepared starting material (extruded)
6061-T6 AlMglSiCu 276 310 15 69.0 n.i. n.i. n.i. 23.0
6061-T6 + 20% SiC 397 448 4.1 103.4 n.i. n.i. n.i. 15.3
6061-T6 + 30% SiC 407 496 3.0 120.7 n.i. ni. n.i. 13.8
7090-T6 AlZn8Mg2Co1.5Cul 586 627 10.0 73.8 ni. n.i. n.i. n.i.
7090-T6 + 30% SiC 676 759 1.2 124.1 n.i. n.i. n.i. n.i.
6092-T6 AlMg1CulSil7.58iC 448 510 8.0 103.0 n.i n.i. n.i. n.i.
6092-T6 AlMgICul8i258iC 530 565 4.0 117.0 20.3 n.i. n.i. n.i.
Spray formed starting material (extruded)
6061-T6 + 15% AlLO; 317 359 5 87.6 n.i. n.i. ni. n.i.
2618-T6 + 13% SiC 333 450 n.i. 89.0 n.i. n.i. ni. 19.0
8090-T6 AlLi2.5CuMg 480 550 n.i. 79.5 n.i. n.i. ni. 229
8090-T6 + 12% SiC 486 529 n.i. 100.1 n.i. n.i. n.i. 19.3

Table 4: Properties of short as cast fibre reinforced magnesium
composites (CTE = coefficient of thermal expansion, nd. = not
determined, rt = room temperature, 0.2 YS = 0.2 yield strength, UTS =
ultimate tensile strength)*

Cp Mg AS41 AZ91 QE22
comp. maix comp. matrix comp. malrx  comp
0.2 YS (MPa) (rt) 70 220 125 240 160 230 180 250
UTS (MPa) (rt) 80 240 193 270 220 280 250 300
Elongation (%) (rt) 5.0 22 90 1.0 48 18 45 16
Young's modulus 46 56 498777 46 64 46 74
(GPa)
UTS (100°C) (MPa) 65 240 175 250 200 270 240 285
UTS (200°C) (MPa) 45 180 150 240 120 220 200 245
UTS (300°C) (MPa) 30 120 nd. nd. 60 130 125 180
Vickers hardne§s 40 75 nd. nd. 65 140 75 125
HV10 (kp/mm-)
CTE (10°K'Y)* 26.5 21.5 24.0 18.0 27.0 20.5 26.0 20.0

The second group of discontinuous reinforced com-
posites are particle reinforced magnesium alloys. The
high range of properties is achieved by the limitless vari-
ation possibilities of alloys, type of particle and produc-
tion techniques. In general only a modest improvement
in the strength by addition of particles is observed. But
with the increase in hardness, wear resistance and
Young's modulus together with the reduction of the CTE
the material becomes interesting for commercial applica-
tion'”. The Tables 5 and 6 show the propety profiles of
different produced particle reinforced magnesium com-
posites. The SiC particles used for composite materials
in Table § have irregular blocky shape. These particles
were treated to achieve a smooth surface without sharp
tips. The result are composites with high strength and
very good ductility combinated with high hardness,
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Young's modulus and low CTE values. The P/M produc-
tion technique unfluences the properties of the particle
reinforced composites, as shown in Table 6. The highest
strength but with low ductility is measured for spray
formed and extruded composites. The best properties
were achieved for direct powder forged composites, a
near net shape production technique. With a special pre-
form technique it is possible to produce particle or hy-
brid reinforced composites by squeeze casting. The prop-
erties of material system investigated are listed in Table
5. As reinforcement a SiC-particles-fibre hybrid preform
and aluminia platelets were used. The material shows
lower strength and ductility due to the solidification mi-

Table 5: Properties profile of P/AM produced or squeeze cast QE 22
composites with different additions of rcmforccment (SIC -particles,
hybrid SiC-Al1:03-preforms, Al;O3-platelets in vol. %)t

02 UTS Elonga- Young's Brinell CTE nt-
yield  (MPa) rtion to modulus hardness JOQ;C,
strength fracture  (GPa) HBBI 2SK10
(MPa) (%)
Powder metallurgy produced composites (T6) condmon
PMQE 22-T6 175 260 18 43 70 271
QE22 4+ 10% SiC 200 265 10 48 87 214
QE22 +15% SiC 210 290 10 58 95 20,0
QE22+20% SiC 225 315 6.5 66 120 18.2
QE22+25% SiC 245 325 40 73 108 16.6
Squeeze cast composites
Sq/CQE22-Té6 185 262 52 69 48 270
QE 22+20%SiC 265 285 24 74 120 189
hybrid
QE 22+25%SiC 270 282 10 80 125 175
hybrid
QE 22 + 20% 177 250 1.0 85 110 198

Al:O; platelets




crostructure which is different to the rapid solidified
structure by use of P/M technologies.

Table 6: Influence of the production technique on the properties of
P/M QE 22 + 15 vol% SiC-particles-composites

Unrein-  Spray  Extruded Forged
forced  formed powder powder
£22 and blends  blends
extruded
0.2 yield strength (MPa) 180 300 250 220
UTS (MPa) 252 320 300 300
Elongation 1o fracture (%) 160 10 40 45
Vickers hardness (HV10 82 92 88 94
kp/mm?)
Young’s modulus (GPa) 46 69 70 79
CTE (10°K™") 27.1 205 211 208

5 Possible uses and applications for metallic matrix
composites

Light metal composites are interesting materials for
automobile components in the engine (oscillating parts:
valve system, connecting rod, pistons and piston pin;
covers: cylinder head, crankshaft main bearing; moror
block: partially reinforced cylinder liner). An example
for a successful application involving aluminium com-
posites is the partially reinforced short fibre aluminium
pistons in which the combustion chamber is reinforced
with Al>Os short fibres. Comparable component proper-
ties are only possible in powder metallurgical produced
aluminium alloys or in iron pistons. The reason for the
use of composites are, as explained above, improved
high temperature properties. Similar considerations ap-
ply to partially reinforced cylinder blocks. In this case
the critical areas, the bridges and cylinder surfaces are
reinforced. The same applies to the reinforcement of alu-
minium cylinder heads where cracking in the combustion
chamber is the life limiting factor. Figure 5 shows the
development goal on increasing the component tempera-
ture for reinforced aluminium cylinder heads.

K. U. Kainer: Aluminium and Magnesium Based Metal Matrix ...

%
100

ik

T 80 <
M 60 \ A
£ a1\ N\
= 40 b N
2
=20

0

220 240 260 280 300 °C 340
part temperature —

Figure 5: Component life for aluminium cylinder heads for car diesel
engiq'es (The life fimiting factor is cracking in the combustion chamber
area)

Potential applications can be found also in the pro-
pulsive components e.g. transverse link and particle rein-
forced brake discs. The latter are also employed in rail
transport (tube trains, railway trains). In air and space
applications, the high strength, the high E-modulus, the
low thermal coefficient of expansion, the temperature
stabillity and the high conductivity of reinforced light
metals compared to polymer materials make composites
interesting for stiffening parts, load bearing tubes, rotors,
covers, and containers and supports for electronic de-
vices. A collection of potential actual applications of the
various metal matrix components (MMC's) is given in
Table 7.

In history, the first technical applications of MMC's
were in the fields of energy and information engineering,
e.g. carbon brushes (Cu-graphite) or contact materials.
There is still scope for further development in conductor
materials, support materials for printed circuits or struc-
tures for electronic components. Further economically
interesting applications are to be found in leisure appli-
cations e.g. extruded and welded particle reinforced alu-

Table 7.1: Potential and actual technological applications of metal matnix composites (part [)

Application Required property

Material system Production method

automobile and commercial vehicles

stiffeners, connecting rod, high specific strength and
frames, piston, piston pins, stiffness, temperature stability,

melt infiltration, extrusion,

Al-SiC, Al-Al:03, Mg-SiC,
forging, gravity casting,

Mg-Al;Os, discontinuous

valve spring retainer, brake low coefficient of thermal reinforcements. pressure die casting, squeeze-
disks, brake, brake linings, expansion, wear resistance, casting.

drive shaft. thermal conductivity.

accumulator plate high stiffness, creep resistance  Pb-C., Pb-Al;0; melt infiltration

military and civil aircraft

high specific strength and
stiffness, temperature stability,
fracture toughness, fatigue
resistance

high specific strength and
stiffness, temperature stability,
fracture toughness, fatigue
resistant.

supporting tubes, stiffeners,
wings- and gear boxes, ventila-
tion and compressor blades.

turbine blade

Al-B, Al-SiC, AI-C, Ti-SiC,
Al-AlL;O;, Mg-AlL;O:, Mg-C
continuous and discontinuous
reinforcements.

W, superalloys, intermetallics
e.g. NiaAl, Ni-Ni;Nb

melt infiltration, hot pressing,
diffusion welding and
soldering, extrusion, squeeze-
casting.

melt infiltration, directional
solidification of near net
shape components
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Table 7.2: Potential and actual technological applications of metal matnix composites (Part 2)

Application Required property

Material system Production method

space

high specific strength and
stiffness, temperature stability,
low coefficient of thermal
expansion, thermal
conductivity

frames, stiffeners, antennas,
joints, bolds.

melt infiltration, extrusion,
diffusion bonding and joining
(spatial structures)

Al-SiC, Al-B, Mg-C, Al-C, Al-
Al:0;, continuous and
discontinuous reinforcements.

energy engineering (electrical contacts and conductive material)

carbon brushes high electrical and thermal
conductivity wear resistance
high electrical conductivity,
temperature and corrosion
resistance, switch capacity,
resistance to burn.

electrical contacts

melt infiltration, powder
metallurgy.

melt infiltration, powder
metallurgy, extrusion, hot
pressing

Cu-C

Cu-C, Ag-Al:O;, Ag-C, Ag-
SnO;. Ag-Ni

superconductor superconductivity, mechanical Cu-Nb, Cu-Nb;Sn, Cu-YBaCO extrusion, powder metallurgy,
strength, ductility. coating techniques.

other applications

spot welding clectrodes resistance 1o burn. Cu-W powder metallurgy, infiltration.

bearings load bearing capacity, wear Pb-C, bronze-Teflon powder metallurgy, infiltration

resistance.

minium-mountain bike frames and golf clubs with parti-
cle reinforced inserts. Baseball bats are another possible
application because the higher damping would result in a
completely different striking behaviour.

6 Recycling

The necessity of integrating production waste and
scrap of newly developed materials is of particular im-
portance. Since ceramic materials are used in the form of
particles, short fibres or continuous fibres as reinforce-
ment it is not possible to separate the components with
aim of reutilising of matrix and the reinforcement. But
conventional melting techniques can be employed to re-
cover the matrix alloy. In the case of cast or powder met-
allurgically produced discontinuously reinforced light
metals (short fibre or particle) it is possible under certain
conditions to reuse the swarf. This is particular so for
particle reinforced aluminium casting alloys where no
problems arise by remelting the swarf and directly use of
the cast ingots without modification. The paper'® pro-
vides an overview of the various recycling concepts for
light alloy matrix composites taking into account alloy
composition, reinforcement type and the production and
working history. '

7 Conclusion

The development of metal matrix composites can be
used to improve critical properties of metal alloys e.g.
high temperature strength, stiffness, wear resistance and
thermal expansion. With high variability of materials
combination and manufacturing techniques it is possible
to produce tailor-made materials, Which combination
and production techniques are choosen depends on the
requirement of the possible application. The production
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processes allow the manufacture of semi-finished prod-
ucts or near net shape parts.
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The influence of chemical composition, grain and su
work strengthenin

transferred lo graphic charts - nomogram for steel with polygonal as well as non polygonal microstructure.

rain size, and precipitation on yield strength, transition temperature and the
exponent was anaiyzed for HSLA (high strength, low alloy) steel. The relarionsh;%s are quantified and

e limits of mechanical

properties (the highest combinations of yield strength and transition temperature) were quantified for the polygonal HSLA

microstructure,
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Vpliv kemijske seslave, velikosti zrn in podzrn ter izlo¢anja na mejo plastiénosti, prehodno temperaturo Zilavosti in keficienta
dgformac.;nske utrditve je bil analiziran za HSLA jekia. Odvisnosti so kvantificitane in zapisane v grafih - nomogramih za jekia s
poligonalno in acirkularno mikrostrukturo. Mejne mehanske lastnosti (kombinacife najvedje meje plastiénosti in prehodne
temperature Zilavosli} so bile kvantificirane za poligonalno mikrostrukturo,

Kljuéne besede: HSLA jekla, mikrostrukture, mehanske lastnosti

1 Introduction

At the development of new steel types the key prob-
lem is to understand the influence of chemical composi-
tion and obtainable parameters of microstructure on
strength, plasticity and brittle fracture resistance. It is es-
sential to obtain the quantitative description of the rela-
tion, and the description should be based on the knowl-
edge concerning the nature of the mechanical properties
in question. This way a valuable information can be ob-
tained for the production technology, first for the prime
chemical composition and heat treatment. In the pre-
sented work descriptions of correlations between chemi-
cal composition and parameters of microstructure on one
side, and yield strength, work strengthening exponent,
and transition temperature on the other, are compiled.
They are quantified enabling direct application in engi-
neering. In the second part of the work the limits of me-
chanical properties - combinations of strength, plasticity
and brittle fracture resistance, are shown for the polygo-
nal microstructure.

2 Microstructural essence of mechanical and frac-
ture properties of microalloyed steels

Investigated were low-carbon microalloyed steels
based on Ti, V, Nb, with eventual addition of Mo, in po-
lygonal and non-polygonal microstructures. Introductory
studies were devoted to the kinetics of precipitation of
carbides, nitrides or carbonitrides of microalloying ele-
ments from the viewpoint of its intensity and effective-
ness. Furthermore, investigated were also questions of

' Ass. Praf. Dr, L'sdavit PARILAK
estivsse of Materials Research SAS
Watoaovs 47, (4352 Kodice, Slovakia

laws of interphase precipitation and precipitation in
austenite and ferrite. The main objective was to gain the
knowledge of laws of the effect of precipitation states on
strength as well as, plastic and brittle fracture properties.
Analyses were carried out on several hundreds of struc-
tural states in the state after rolling at hot rolling mill in
VSZ JSC Kosice, or in the state after thermal processing.
Main attention was paid to the yield point, work
strengthening exponent and transition temperature of
notch toughness. '

2.1 Yield point

The analyses were based on the assumption of an ad-
ditive character of individual strengthening contributions
to the yield point R. and the following relationship was
proposed for the studies set of steels:

R‘ = RPN+RIN+RG+RSG*RS+RPR+RP+RD (1)

where Ren - is the contribution of lattice friction
stress; RiN - contribution to strengthening on account of
interstitially dissolved atoms of additives; Rp - contribu-
tion of dislocation strengthening; Rg - strengthening
contribution resulting from the size of grains; Rsg - con-
tribution resulting from the effect of subgrains; Rpgr -
pearlitic contribution; Rs - substitution contribution; Rp -
precipitation contribution.

Their quantitative expression is based on relations
comprised in '.

Analyses provided a quantitative expression of the
substitution effect of manganese Rmq and confirmation
of the effect of silicon and pearlite on strengthening con-
tributions (Rsi, Rpr).

In addition to that a quantitative effect of polygonal
ferrite grains d, or formations delimited by large angle
boundaries (dg) in non-polygonal microstructures was
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described. The quantitative expression of subgrain
strengthening with intensity Rsg = Gb-dsg™' = 0.1-dsg”!
(the size of a subgrain dsg in mm) in a very good agree-
ment with the Landford-Cohen relation, was used. The
interchangeability of Rg and Rp was demonstrated, with
Rp representing a contribution of transformation or of
“geometrically inevitable" dislocations,

The analyses of the influence of precipitation on pre-
cipitation strengthening, employing all available theo-
retical models, were carried out. These analyses resulted
in a quantitative relation for precipitation strengthening:

R,=kR- A2 )

where 2 is the average planary interparticle distance of
precipitates. The physical interpretation of this relation
is following: Precipitation strengtheningis inversely pro-
portional to the mean size of a free sliding area, corre-
sponding to one precipitate (obstacle) standing in the
way of the moving dislocation. The strengthening inten-
sity constant k,® acquires a force dimension and can
represent a mean value of force interaction phenomena
between dislocations and precipitations, leading to a
critical stress for the passing of dislocations trough ob-
stacles. Its value ko® = 76.8 - 10°* N is of the order cor-
responding to the size of an interaction of an edge dislo-
cation with an elastic field of a particle F = 107 N).

The quantitative behaviour of a thermaly dependent
constituent of the yield point (R*) was determined in the
range -196 to +20°C, together with parameters C, B, ap-
pearing in the relation:

R’ =C, - exp(-T/B) (3)

2.2 Transition temperature

Our analyses were based on Cottrell's energetic bal-
ance of cohesion of tough/brittle transition and Petch’s
condition of equality of the yield point R. and fracture
stress Rgg for determination of the transition temperature
of brittleness Tk. Contrary to Petch’s formulation, we
have assumed a general interaction between individual
parameters of microstructure and chemical composition
and the friction stress Rorgr, appearing in the relation for
fracture stress

Rm = Rom"'k{ 2 d-llz (4)

which resulted in the development of a corresponding
model and analytical formulation. The k¢ parameter rep-
resents a barrier effect of grain boundaries directed
against the propagation of cracks across boundaries of
grains.

The performed analyses provided the following rela-
tion for the transition temperature

Tras =A-B - In(d™"?) + Y AT, (5)

where A is the so-called threshold value of brittleness,
dependent on the intensity of the thermal change of
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yield point B (relation (3)). The surface-plastic energy v,
shear modulus of elasticity G, parameters Ky, k¢ and the
mode of stressing q are connected to the values A and B
in the relation

A=B. In(itl;LG' -k (6)

AT; is the shift of transition temperature and depends
from the structural parameter 1 or eventually from the
chemical composition.

The positive effect of grain refining on an improve-
ment of brittle fracture resistance has been demonstrated
and a direct relationship of its intensity and a thermal
change of the yield point has been observed. A good
agreement of the parameter B in relations (3) and (5) was
detected. An embrittlement effect of pearlite and silicon
has been demonstrated.

The influence of precipitation on the shift of transi-
tion temperature was demonstrated to follow the relation

AT, =k - A* (7)

An estimate of the barrier effect of grain boundaries
against propagation of cleavage cracks (k = 55 Nmm~7?)
was provided together with a value of surface plastic en-
ergy at Tk (Y= 102 Nmm™'). In case of polygonal micro-
structures analyses did not exclude a positive effect of
manganese on the improvement of brittle fracture resis-
tance and the quantitative expression corresponded to re-
sults of Pickering. In case of non-polygonal microstruc-
tures an absence of significant effect of subgrains on
transition temperature changes was observed.

2.3 Complex relations

In our previous works'?3 we presented simplified re-
lations for the evaluation of the influence of microstruc-
ture on yield strength Re, transition temperature T3s and
work strengthening exponent n. For a polygonal micro-
structure it is expressed as:

R.=R; + Ry, + AR (8)

Ty=A-B:In(d"?) +C-AR (9)
b

n—a+AR (10)

where Rg = 15 - d°'2 is the strengthening by ferrite
grain size d (mm): Rpp = 50 - xma is the strengthening
share of manganese X, (%); AR is the part of embrittle-
ment caused by strengthening, for microalloyed steel in-
cluding mainly precipitation strengthening Rp, and also
the influence of strengthening by silicon content Rg;,
pearlite content Rpg, Peierls-Nabarro stress Rpn, and by
interstitial strengthening Rin (AR = Rp + Rs; + Rpr +
Ren + RiN); A = 147°C, B = 110°C, C = 0.4°C/MPa is
an embrittlement constant, a, b are regression coeffi-
cients. For non polygonal microstructure similar rela-
tion were derived:



R\'=R(E+RSG+RMn+AR (l])

Tiw=A-B-In(d"?) +C: AR (12)

where Rg = 19 - d"'?; A = 143°C; B = 100°C, C = 0.4
sC/MPa while Rsg = 0.1 - dsg™' is the strengthening
contribution of the subgrain size dsg (mm).

The graphic interpretation of the relations is shown in
Fig.1 for the polygonal microstructure (eq. 8-10) and in
Fig.2 for the non-polygonal one (eq. 11-12).

It is important to note that the vield strength is con-
trolled by a set of strengthening contributions with dif-
ferent influences on the brittle fracture resistance. The
embrittlement from strengthening AR is resulting for
every 100 MPa of strengthening a 40°C shift of the tran-
sition temperature into the wrong direction, causing the
worsening of plastic properties, too, as shown by the
work strengthening exponent. There is an influence of
manganese content and subgrain size on strengthening
too, though their influence on the transition temperature
is not significant. Practically only one microstructural
parameter is known, the increasing of the yield point to-
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Figure 1: A complex nomogram for relation between microstructural
parameters and mechanical properties of HSLA steels with polygonal
microstructure
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gether with the increase of brittle fracture resistance. It is
the ferrite grain size d, or described more generally the
size of the microstructural object limited by large angled
borders. It is of prime importance to constitute the
chemical composition and microstructure in the way to
obtain first this microstructural parameter in the quality
reflecting the desired complex of properties. The rela-
tions given in the work are simplified theoretical descrip-
tions with coefficients calculated by regression analysis
made on more than 300 microstructure types of steel
produced in ironworks VSZ, a.s. KoSice, Slovakia.

3 Limits of polygonal microstructures

We decided to define the limits of the complex of me-
chanical properties for a steel with polygonal microstruc-
ture. With this aim the HSLA steel, with yield strength
from 420 to 700 MPa were evaluated. The basic features
of the evaluation are shown in the graphic chart in Fig.3,
which was calculated for a 19 Mn content. The straight
lines are representing the yield strength Re. The nomo-
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Figure 2: A complex nomogram for relation between microstructural
parameters and mechanical properties of HSLA steels with
non-polygonal microstructure
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Figure 3: Microstructural considerations limiting mechanical
properties of HSLA steels with polygonal microstructure

gram shows the possible combination of embrittlement
AR and ferrite grain size d, necessary to obtain the se-
lected yield point. The transition temperature Tas and the
work strengthening exponent n are shown also.

In Tab. 1 the combinations of embrittlement AR and
ferrite grain size d in grades according to ASTM are
shown, which are necessary for a steel with the desired
combination of yield strength R. and transition tempera-
ture Tas.

Table 1: Required fernte grain size d and embrittiement by
strengthening AR necessary for the combination of properties Re and
Tss

Tas(°C) 0 -20 -40 -60
R. d AR d AR d AR d AR
(MPa) (MPa) (MPa) (MPa) (MPa)
420 10 230 11-10 220 11 190 11-12 170

490 11-10 275 11 260 12-11 230 12-13 210
560 11-12 320 12 290 12-13 270 13 250
630 12-13 370 13 340 13-14 320 14 290

700  13-14 420 14 400 14 350 ? ?

In all cases a fine ferrite grain is required. Knowing
the manufacturing technology and the limits of the wide
strips hot rolling mill the production of steel with ferrite
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grain size under grade 14 cannot be experted. To obtain
the grade 13 is very difficult, grade 12 is demanding,
while the more coarse grains are currently obtained.
Consequently, Tab. 1 was simplified to Tab. 2 which
show that the elaboration of polygonal steel with the
yield strength R. = 700 MPa and the transition tempera-
ture Tis under -40°C, is not be reliable. It is also not re-
alistic to desire expert a limit of elasticity Re = 630 MPa
with the transition temperature Tss better than -60°C.

Table 2: Limits of the polygonal microstructure for different
combinations of Re and Tss

Re Tas (°C)
(MPa) 0 -
420 1
490 1
560 1
2
3

=

0

WD -

630
700 B

The possibilities are denoted: | - realistic, 2 - demandig,
3 - very difficult, 4 - fiction,

.
w —
s
& hw &
L |

In Fig. 3 1t can be also seen, that for the mentioned
R. and Tas values the ductility is very low, the work
strengthening exponent in the range 0.10 to 0.16 (for the
lower strength) because for high Re values the embrittle-
ment by AR is necessarily high, degrading the ductility
and brittle fracture resistance.

4 Conclusion

Starting from theoretical relations the influence of
chemical composition and parameters of the microstruc-
ture on strength, transition temperature and work
strengthening exponent were investigated. The results are
compiled and the limit combinations of strength, plastic
properties and resistance to brittle fracture for HSLA
steel with polygonal microstructure are calculat
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The knowledge of the thermodynamics of complexe systems consisting of gases and metal should be valuable for the control of
industrial processes. The Gibbs energy minimization model has been implemented in the software program GPRO® and associated
with a powerfull and reliable aatabase. The computer package can perform computation of the equilibrium composition in very
complex chemical and metallurgical systems. Some examples in this paper illustrate the simplicity of the computation and the use
of the program in the field of some lypical metallurgical applications.

Key words: equilibrium reactions, NOx modelling, combustion of fossil fuels, active gas-atmospheres, decarbunizing of non-oriented
electrical steels, carburizing of alloyed steels with in situ produced atmospheres

Poznavanje termodinamiémh odnosov v kompleksnih sistemih plin - kovina ima lahko izreden N za kontrolo industrijskih
procesov. Gibbsov model o minimizaciji energije je implementiran v programsko opremo GPRO®, ki mu siuZi kot osnova modna
baza verificiranih termodinamiénif podatikov. Programska oprema omogoca izracunavanja ravnoteZnih sestav v zelo kompleksnih
kemijskih in metalurskih sistemih. Navedeni primer: v tem &lanku ilustrirajo enoslavnost izraunavany in nadin uporabe programa na
podrocju metalurskih reakclj, ki jih vecinoma izvajajo strakovnjaxi na tem podrodju.

Kijuéne besede: ravnoleZne reakcyje, tvorba NOy, zgorevanje fosiinih gonv, aktivne plinske atmosfere, razoglfi¢enje neorientirane

elektroplccevine, naogliicenje legiranih jeke!

1 Introduction

The application of thermodynamics to a system
gas/solid enables to calculate the composition at equilib-
rium, direction and extent of change which can take
place under specified conditions.

Rapid developments have taken place in recent years
in efficiency of thermodynamics in the engineering as
thermodynamic can be defined as being the meeting
point between physical - chemical principles and practi-
cal applications'. In this paper an attempt has been made
to demonstrate use of a personal computer software pro-
gram as an ellegant and sensitive method for numerous
metallurgical applications especially for the analysis of
gascous systems. It is hoped. that users of this method
will be in a good position to go more deeply into learn-
ing thermodynamic laws,

2 Principles of the Gibbs method

In the fields of heat treatment of metals like anneall-
ing, carburizing, decarburizing, nitrocarburizing and
many other operations, the metallurgist is concerned not
with the pure gases but with the mixture of various spe-
cies (gaseous and solids) which form the atmosphere in
the furnace.

! P, Dr. Blajenko KOROUSIC
Inftitet 25 kovinske materisle in whnobogije
W00 Lijubliana, Lepi pee 11, Slovenija

The thermodynamics of such complex systems can
be treated by two methods:

~ The classical method of numerical solution of an
equilibrium problem when the equilibrium constant
(K:) or free energy change AG® of the involved reac-
tions are known.

— The general Gibbs method for the numerical solu-
tion of an equilibrium. The problem is to determine
the values of the species which minimize the state of
total free energy at the given temperature and pres-
sure.

Both treatments are thermodynamically equivalent,
however, it seems that the later method has significant
advantages for calculating the equilibrium conditions in
complex systems, in mixtures containing both gaseous
and condensed species.

During the last 20 years, SOLGASMIX computer
program, as the method of attacking chemical and metal-
lurgical problems, has influenced our approach to the
study of a branch of scientific knowledge in physical
chemistry.

There can be no doubt that to attack such a complex
application of thermodynamics is only possible with the
use of computer technology.
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3 Description of the method used for the calcula-
tion of complex equilibrium conditions

Several excellent software programs for calculating
equilibria reactions at high temperatures, have been de-
veloped in the last two decades (SOLGASMIX, THER-
MOCALC, FACT, CHEMSAGE...)**. However, most of
them are designed and written in a complex form using
very strong computer units, while few are intented as a
simply a tool to be applied for the purposes of solving
practical problems. Therefore, it seemed worthwile to
develop a program which would combine these two com-
puter program designs, The new software program,
called GPRO is based on the method of free energy mini-
mization and extended to systems containing numerous
gascous and condensed phases in accordance with SOL-
GASMIX-principles. GPRO-program is dimensioned for
16 clements and 100 species. If necessary, this figure can
be increased or new included datasets, which if neces-
sary are written by the user (private databases are open
and can be easily included also).

3.1 Thermodynamical approaches to the Gibbs-method

The power of Gibbs method energy minimization lies
in its simplicity for the description of chemical reactions
in complex systems, and its ability to facilitate the deter-
mination of the effect, on equilibrium state, of changes
in the external influences which can be brought to bear
on the system. In our software program, the user needs
only to specify the type, the species present and the con-
ditions (for example: temperature of the system) for the
calculation. The program will automatically perform
equilibrium thermodynamic computions typically associ-
ated with complex chemical equilibria from a defined
database. With the aid of the GPRO-program, a user is
able to perform most of the following operations:

1. The energy for pre-heating the initial mixture from
the initial temperature T, to the reaction temperature T,

2. The reaction heat,

3. The computation of the complex chemical equili-
bria in gaseous mixtures and activity of solid com-
pounds,

4. Displaying and printing data for compounds and
solutions at selected temperature and composition.

An additional scientific and engineering benefit of
this program is the software able to develop a more basic
understanding of chemical equilibria at high tempera-
tures and its applications. Although the power software
program will automatically perform the thermodynami-
cal computation (no danger of pluging wrong numbers in
wrong equations), however, the user must have some
knowledge of the chemical nature of the considered sys-
tem. In this paper the attempt is made to demonstrate the
breadth and diversity of the modern software program in
simple way so that a user may be able to understand the
thermodynamical method and apply it to metallurgical
problems. Most of the examples are chosen with the aim
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1o show superiority of the computer program, over tradi-
tionally manual methods, which are particularly stressed
for the engineers and students,

3.2 Databases associated for the equilibrium thermody-
namic compiutations

From many excellent standard treatises on thermody-
namics it is known, that without reliable thermodynamic
data most equations are ineffective and the numerical an-
swers will be therefore wrong. GPRO software program
is based on the use of both the expressions for calcula-
tions of the standard Gibbs energies of the formation of
a selected phase:
in the form:

AG°T=%+B+CT+DTZ+ET’++FTlnT
or using thermodynamical data on enthalpy AH®rt, en-
tropy AS°r and heat capacity Cp(T):

T T
AG®; = AH® s+ [ C(T)dt-TAS T S"}—T)- T
r:] Tll

Both methods used from the database involve the
search for a minimum value of free energy AG of a sys-
tem and give an equivalent result. However, the last
method using enthalpy AHT, entropy AS°r and heat ca-
pacity Cp(T) has more advantages because it combines
heat and equilibrium calculations. A typical example is
the determination of the adiabatic flame temperature,
where enthalpy of reaction serves as the criterion of the
heat balance.

4 Exploiting the GPRO-program for complex equili-
bria calculations

Modelling Mechanism of Formation Nitrogenous Oxides
by the Combustion of Fossil Fuels

Modern combustion processes of fossil fuels meet the
relevant requirements for cost-effective operation and
avoidance of enviromental pollution. In article some re-
sults of the basic study of the formation and reduction
NOy in high temperature combustion processes are pre-
sented. The obtained results demonstrate the use of the
sophisticated methods of thermodynamics as one of the
most important tools by the study of the combustion
processes for a better understanding of the mechanism of
formation of nitrogen oxides, one of the most important
pollutants in combustion of fossil fuels®6,

Example 1:

In this example is a demonstration of the use of the
GPRO-software program as method for prediction of
complex combustion reactions and equilibrium gas com-
position including NO-oxydes formation.

The high temperature furnace is fired with natural gas
and air (no air preheating). The question was: calculate
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Table 1: Results of GPRO-analysis of the natural gas combustion by different air - index and without air preheating

. Equilibrium data for methane combustion (A=0,74...2.2)!

B CH4 +* 210: + 7.52}\.N;

Air index 0.74 0.84 0,94 1,00 1.10 1.30 1.60 1.80 2,00 2,20
m) 6,90 444 1.95 0,95 0,30 0,04 0.002 0,0 0,0 0.0
CO: (%) 477 6.29 7.69 8.49 8,40 744 6.16 551 4.99 471
NO (%) 0,0021 0,017 0,112 0.23 0,345 0,334 0,200 0,130 0,087 0,066
H;0 (%) 18,09 18.99 19,01 18,52 17,28 14,94 12,32 11,03 9,98 942
O (ppm) 1.04 14.20 133 258 282 111 15 5 1 0
0, (%) 0,00 0.00 0,127 0,53 1.75 4,32 7,28 8,75 9,93 10,56
N; (%) 64.97 67,79 70,02 70,89 71,78 72.90 74,03 74,58 75,02 75.25
H; (%) 5.27 2,47 0.81 0,37 0,11 0,02 0,00 0,00 0,00 0.00
Sinpun (mole) 8.04 9,00 9.25 10,52 11,47 13,37 16,23 18,14 20,04 21,24
Zioupuy (molc) 8,56 9,32 10,10 10,59 11,49 13,37 16,23 18,14 20,04 21,24
Taan (K) 2023 2143 2233 SO 2151 1955 1712 1584 1482 1421
! air index

the equilibrium gas composition and the adiabatic flame
temperature for the air-index in range 0,74 < A < 2,2 and
compare the obtained results of the flame temperature
with similar reference data known in the literature (nor-
mally presented in graphically form).

In table 1 and figure 1 the computed values for the
gas equilibrium are given. The adiabatic flame tempera-
ture calculation show values slightly above the compared
data.

Thermodynamic evaluation of carburizing atmospheres

The accuracy of the gaseous atmosphere control in
the steel carburizing furnaces has been remarkably im-
proved owing to the application of the computer control
system and the development of new measuring tech-

niques, for example: oxygen and/or carbon sensors. The
atmosphere in carburizing furnaces are consists of: air +
methane or other hydrocarbons and involves the gases
CO, COy, Hz, H20, N2. The four first gases are interde-
pendent in a reversible reaction, commonly called the
water-gas reaction:

CO + H,0=CO, + H,
The ratio:

_ Pco, " Py,

K. (1)

Pco * Puo
is a constant, the value of which depend on the tempera-
ture.
The carburizing of steel, i.e. carbon content increas-
ing on the steel surface, occurs through the reaction:

CH4+2n02+7.52nN2 CH4+2n02+7.62nN2
Thor=al NOx Tharrmal NOx
ONO/at (1-0) (vel %/a) 0! {ONO/ 1N 1-0) (vl Wa)
3 air index = 105
"
s
s w +
At
.
o2
T P W m o s M LR ™ N
. Lo po — 1Y L.
CH4+2n02+7.62nN2 CH4+2n02+7.62nN2
Thermal NOx Thermal NOx
1 SN0/ (101, (vl w/a) o0 [ONO/1K1-0) (ol /)
|
|
-3 e v m— e d e
i e il
L
L S i "1 Figure 1: The formation of the nitro-
A | f i genous oxide NO (model simulation)
- = M ™ Slika 1: Tvorba dulifnega oksida NO
(e, (modelne simulacije)
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2C0 = C + CO, 2

For any given temperature, the coresponding equilib-
rium constant of Boudouard’s reaction will determine the
carburizing potential of the atmosphere:

K= 3)
Peo * (Peo/Peo,)

The carbon potential of on atmosphere is simple to
determine if the partial pressure of CO and ratio
(pco/peo,) 1s known. From EMF measurement (electro-
motive force) with the oxygen probe, considering the
furnace temperature (pco/pco,) or (pu./pr,0) and measur-
ing the CO - content in the atmosphere is possible to en-
sure the control of the carburizing process.

Example 2:

The carbon activity in a steel depends on the content
of alloying elements, thus every steel composition will
have determined carbon potential which corresponding
to the atmosphere composition.

In next example three type steels were treated with
air + methane atmosphere with the aim to obtain a con-
stant carbon content near the surface of about 1 wt.% C).

Data in table 2 show, that small deviations in the gas
atmospheres (or the change of air + methane ratio) have
a remarkable effect on the carbon activity. This model
simulation is in good agreement with practical data.

Table 2: Influence of the steel chemistry on the process parameters
(Simulation made by GPRO programme by T = 1223K)

Chemistry Fe+1%C+ Fe+ Fe+1%C+
(%) 156 Si 1%C 15%Cr
(&¢] 19.27 19.25 19.24
CO; 0.0629 0.0717 0.078
H;0 0.199 0.227 0.248
CH, 5.17 5.15 5.13
N, 36.83 36.88 36.92
Ha 38.46 3842 38.38
0; (bar) 9.4 102 1.16 10 1.46 107"
EMF(mV) 1173 1167 1162
Tap (°C) -13 -11 -10
ac 0.818 0.715 0.654
GC 1.03 1.06 1.08
Qgis(m’/h) 1.1 1.1 1.1
Quidm’/h) 2.094 2.100 2.1045

! Tap = Dew point temperature

Example 3:

The carburizing of steel is a continuously process
within which - due to the kinetics of various reactions -
damming up effects may occur leading to non equilib-
rium CHs-contents in the furnace atmosphere.

In this case the carburizing reactions under non-equi-
librium conditions are modelled.

A mixture of natural gas and air at 1 bar total pres-
sure is introduced into the carburizing furnace heated to
1223 K*. The quantity of natural gas and air are 3,1.10*
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m¥/s and 4,2.10*% m¥s. Calculate the gaseous equilib-
rium composition in the furnace atmosphere and the
carbon activity assuming graphite as standard state. If the
air flow suddenly increased from 4,2.10* m%¥/s to 5,8.10*
m¥/s by constant natural gas flow 3,1.10* m¥s in the in-
let mixture, determine the new gas equilibrium composi-
tion and carbon activity!

Table 3 shows the computed results for gas non-equi-
librium composition and obtained energy changes, the
preheating energy H°r - Hs0, the heat of reaction H
and H®eu the total heat of the system.

Table 3: Example of input and output of a non-equilibrium
composition by the production of endothermic gas from methane and
airby T= 1223 K

1.1CHs + 200, + 7.52AN;

_ A= 0,157 A = 0,221
Air/ 4.2.104/3,1,1044 5.8.104/3,1.1049
:':;,l;z;ne O memane = 0.575 O medane = 0,795

Xinp (mole) Xoge v0L(%6) Xinp (mole) Xou vol.(%)

cO 0,0000 17,58 0,0000 19,25

CO: 0.0000 4,28.107 0,0000 7,19.10°

CH 1,1000 13,40 1,1000 5,80

H.O0 0.0000 0,135 0.0000 0,227

HCN 00000  3,76.10° 00000  2,65.10°

H: 0,0000 3529  0,0000 38.41

N: 1,1890 3333 1,6590 36,22

0, 03150  (545.107h% 04410  (1,28.10%%)%

| o R o 10000 ... 0,714

S(mole)  2.604 3,5397 3,200 4,4962

(H/C)Y 2.00 2,00 2.00 2.00

(’L}:o ﬁ" 92,95 116,77

H’ - 14 >

(kﬁm” 14,79 22,24

::17?&: D 78,15 94,53
CH4(c)

ol s SRPCRE CHAQ)' CH,,, = fully cracked CH, and

CH,‘(" = tolal CH,‘

D Poz in bar,

¥ a. = carbon activity referred to graphite as standard

state

4 Hy  H,+H0+2CH,

= A =air i
C = CO+CO,+CH, "= 2 index

Calculation of the decarbirization process of silicon al-
loyed steels

The use of gaseous atmospheres with a well-defined
oxygen potential for the decarburization of low carbon
iron-silicon steels in continuous furnaces can be simu-
lated using a thermodynamical model. Equilibrium cal-
culations and practical measurements show that the solu-
bility and carbon activity in Fe-C-Si steels depend on the
gaseous atmosphere, temperature and steel composition.

Silicon-iron alloys containing | - 3% Si and 0,3 - 1%
Al are typical steels for non-oriented sheets and a strict



Fe+C+ 3°%Si

Figure 2: Plot of thermodynamical data for Fe;SiO: as a function
temperature calculated with GPRO-program
Slika 2: Diagram termodinamihnih podatkov Fe;SiOa kot funkcija
temperature izrahunano s GPRO-programom

control of the decarburization and surface reactions is re-
quired. The optimum properties for an electrical steel
normally include high permeability with low core loss
and minimal aging effects. An important factor in a proc-
ess control is the formation of a high quality glassy film
which is developed through a complex series of process-
ing steps.

Example 4:

In order to clarify the relation between the decarburi-
zation atmosphere for the carbon removal during the an-
nealing, the thermodynamical reactions and formation of
different oxide phases in the scale have been studied.
The first task was the determination of the carbon activ-
ity in the decarburization gas atmosphere containing at
the start Hy + N2 + H20 in temperature range 600 -
1000°C.

The mathematical model GPRO allows an easy use of
thermodynamical data to predict the equilibrium carbon
content in electrical steels. It is convenient to use the
carbon activity in the gas atmosphere by different partial
Pressures of CO to present the conditions for the forma-
tion of FeO and Fe;SiOq by the different temperature.
Figure 2 shows the results obtained. Having these curves
available, it is possible to determine the dew point tem-

Perature as the function of the partial pressure ratio
H20/H;.
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Dynamo steel
0.03%C, 2.7%Si, T=840 C, 6t/h

Tdp(*C) EME(mV)
—— e - — 1030
. |FessiO2| Fe/SiO2/Fay. ) po
|
l 55 | 1020
L - dl
11018
<
50 s 1010
—&- EMF(mV)
41005
45 - 1000
1995
40 - 990
01 02 03 0.4 0.5 0.6
(H20/H2)_eq
no95ler0?

Figure 3: Equilibrium oxide-formation by the decarburization of
non-oriented electrical sheets in gaseous atmosphere Hz + H20 + N2
(Tap - dew point temperature, EMF (mV) = electromotive force,
(H20/Hz)-¢4 = equilibrium pressure ratio)

Slika 3: RavnoteZni pogoji tvorbe oksidov med razogljidenjem
neorintitane plofevine v plinski atmosferi Ha + H20 + N2 (Typ - tocka
rosi¢a, EMF (mV) = elektromotorna napetost, (H20MH2).eq =
ravnoteZno razmerje plinov)

As shown on Figure 3, the ratio of H2O/H; at which
the formation of fayalite actually disappeared is near
H>O/H:z = 0,24 at 840°C.

It is obvious that the pressure ratio H:O/H; and
CO,/CO is interchangeable with the partial pressure of
oxygen - po, and finally also by means of the relation:

1 (Peo) 11854
logpo;—log(ar] T~ 9.090 (4)

which allows the application of the oxygen (carbon)
sensor signal (EMF).

5 Conclusions

The use of thermodynamic predictive model offers
many advantages over conventional gas atmosphere cal-
culations because of the simplicity for description of
chemical reactions in complex systems, the automatic
performance of equilibrium computations, of the avoid-
ance plugging wrong numbers in wrong equations and so
on. The rational and theoretical basis for the Gibbs en-
ergy model used was presented elsewhere>!7'* To sum-
marise, the key features of model calculations for the ni-
trocarburizing atmospheres are as follows:
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- Modern combustion processes of fossil fuels meet
strict requirements for cost-effective operation and
avoidance of enviromental pollution. This article
presents the first results of study into formation and
reduction NOx in high temperature combustion proc-
CSSCS.

~ The obtained results demonstrate the use of the so-
phisticated methods of thermodynamics as one of
the most important tools for the study of combustion
processes to understanding better the mechanism of
formation of nitrogen oxides, as one of the most im-
portant pollutants in fossil fuels combustion.

- Little is given in disponible references on use of
thermodynamical models in the field of active at-
mospheres. Such mixtures containing both gaseous
and condensed components for example: Fe + C + O
+ H + N are extremly complicated for the numerical
calculations. Detailed experimental studies are diffi-
cult and also thermodynamical results are mostly
presented in the graphical form, which are very use-
ful in research work but of little effectivness in
searching solutions for a current practical operation.

— To obtain equilibrium compositions in the real gase-
ous mixtures by high temperatures, taking into ac-
count both energy and material balances, the devel-
opment of new approaches are strongly required.
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Fusion of Low Carbon Steel Scrap in the Middle

Carbon Steel Melt

Taljenje niskouglji€nog ¢eliénog otpatka u talini srednje

ugljicnog celika
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A gquas! three-dimensional mathematical model of fusion of cylindrical steel scrap in converter meit was developed. The model was

d usin
computer

the implicit alternating direction method. The obtained aigorithm was programmed in ASC!lI FORTRAN for the
ERRY 1100/72. In the model lemperature dependent thermophysical properties of material were incorporated. That

s to the model a noniinearity. On the basis of the model it was concluded that the addition of 1% of low carbon steel scrap
decreases the temperature of a miadle carbon steel melt for cca 20°C. This is in good agreement with experimental data from
literature. The mathematical mode! was tested for one-dimensional exact solution using the Bessel functions, A good agreement

was found.
Key words: fusion, steel scrap, mathematical model

Razvijen je  istraZen kvazitrodimenzijski matematicki model taljenja valjkastog ¢eli¢nog otpatka u talini kod konvertersko)a( procesa.

Matematicki model rijesen je implicitnom melodom promjenljivog smjera. Dobiveni algoritam programiran je u pro?rams
ASCII FORTRAN za ralunalc SPERRY 1100/72. U matemalicki model inkorporirana su temperaturno ovisna top
materijala, §to modelu daje nelinearnost. Na temelju matematick

om jeziku
ofizitka svojstva
modela zakljucene je da 1% niskougljicnog &elicnog otpatka

snizi lemperaturu srednje ugljicne celicne taline za cca 20°C, $to se dobro slaZe s eksperimentalnim podacima iz literature.
Matematicki mode/ testiran je na jednodimenzionalnom egzakinom rjedenju pomocu Besselovih funkcija. Konstatirano je njihovo

medusobno dobro slaganje
Kljuéne rijeli: taljenfe, Celiéni otpadak, matematick model

1 Introduction

From the increase of the share of metalic scrap in the
charge, an increased economy of steel manufacturing in
the converter processes is expected. The share of steel
scrap should approach that in the openhearth process.
Steel scrap, usually as low carbon steel refuse, is a very
economical means of melt cooling. Iron ore is only better
means of cooling. Data in ref.] show that 1% of steel
scrap decreases the bath temperature for 12 o 15°C,
while 1% iron ore decreases the temperature for 30 to
40°C. However, production expirience shows that steel
scrap is better than iron ore. For example, by using steel
the quantity of metal ejected from the converter is dimin-
ished, the resistance of refractory lining is increased and
a better utilization of excess heat in the bath obtained.
The regime of scrap fusion depends in significant degree
on scrap size, and affects the bath temperature, the slag
forming processes, as well as the oxidation of carbon and
the metal desulfurization. For instance, small sized scrap
melts faster and cools quickly the bath. This decreases
the rate of slag forming, carbon oxidation, desulfuriza-
tion, and lower the quantity of blown oxygen. Very large
pieces of scrap don’t melt completly during the process-
Ing in the oxygen converter. A mathematical model of
low carbon steel scrap melting in the carbon steel melt
was developed and tested with the aim to determine the
optimal scrap size. Since the bath temperature is above
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1550°C the so-called diffusion melting is not considered.
In figure 1 the investigated system is illustrated. It con-
sists of a volume element of melt in which cylindrical
steel scrap is immersed.

2 Mathematical model

For the start of the melting of a cylindrical scrap
piece in a volume element of melt in figure 1 the
Fourier's partial differential equation of heat conduction
has the form?:

a—'r—a a;.—T+.l_£+.a£ (l)
o |lof ror oF

Since for the horizontal axis of the system r = 0 the
equation (1) is modified according to L'Hospital’s in the
form:

$ 250

Figure 1: Volume element of melt with cylindrical steel scrap
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LN ot W i
S T
The basic assumption for the validity of the differen-

tial equations (1) and (2) is that scrap piece is immersed
is physicaly realistic since the difference in density of
steel scrap (7860 kg/m*) and melt (7507 kg/m?) is very
small. Considering the system in figure 1, it can be con-
cluded that mathematical model is quasi three-dimen-
sional. In the time t = O the temperature of the melt is Ty,
and that of the scrap piece is Te. The initial temperature
at the steel scrap/melt boundary interface is obtained by
solving the Fourier's differential equation for heat flow
through the contact area of two semifinite medias®:

TL_T
1} s k
e 2
ko &

On the contact steel scrap/melt area a continuous heat
flow occurs with boundary condition of the fourth kind:

(2)

(3)

4

In developing the model it was asummed that thermal
properties of low carbon steel scrap (0,2% C) and middle
carbon steel melt (0,6% C) are temperature dependent.

3 Implicit alternating direction method

The differential heat flow equations (1) and (2) with
the corresponding initial and boundary conditions were
numerically solved using the implicit alternating direc-
tion method® and dividing the time interval into two
steps.

In the first half of the time interval the equation is
solved implicitly for the z and explicitly for the r direc-
tion. The procedure is reversed in the second half of time
interval.

Consequently, for the differential equation (1) and
first half of time interval AY/2 we obtain:

'IT -'IT - Tl.— i
ZrAr A in A2
Whereas for the second At/2 we obtain
ol et _T
oy et g LIZW )
2rAr Toage A2

The numerical solution of the differential equation
(2) of heat flow for first AU2 is:

B ade 1 T;-T,
4 Ty = i 7
(Ar)? % T a,, A2 @
and for second At/2:
1 1 +1__
4Tl ey, = L B ®)
(Ar) a;, A2

528

The solution of equations (1) and (2) for the net point
(i, j) in the melt and scrap piece as well as for net points
on their boundary surface are given in Appendix 2.
Generally it holds:

bivi+civi =di

axvi+bava+cova =da

azvi+bivi+civa =d3
ajvi-1+biVi+Civisl =di (9)

aN-[VN-2+DN- 1 VN-1+CN-1VN = dN-1

aNVN-1+bNVN = UN
where v is the unknown temperature, and N is a real
number. On the base of the presented algorithm of fu-
sion a computer program was written in ASCII FOR-
TRAN and solved on SPERRY 1100/72 computer.

4 Discusion

The simulation of fusion of a low carbon steel scrap
in the carbon steel melt is carried out by space steps Az
= Ar = | ¢cm and the time step At = 30 s till tmax = 630 s.
The initial melt temperatures of 1700°C for the melt,
25°C for the scrap piece and 883°C for the boundary sur-
face were assumed. On the basis of succesive tempera-
tures prints out for particular net points the fusion time
of 540 s was obtained for a low carbon steel cylinder of
size ¢ S0 x 100 mm. The weight of the scrap piece was
4,3% of total weight of the melt. Thus, it can be con-
cluded that 1% of steel scrap decrease the temperature of
steel melt for 20 to 22°C, a value in good agreement with
published experimental data'. Three-dimensional mathe-
matical model of fusion of scrap piece was tested
through the one-dimensional exact solution of the fusion
of the low carbon steel cylinder and a good agreement
was established. The derivation of the exact solution us-
ing Bessel functions is given in Appendix 3.

5 Conclusions

A quasi three-dimensional mathematical model of fu-
sion of low carbon steel scrap piece in carbon steel melt
in oxygen converter was developed. The model was
checked in the base of experience data. The simulation of
the fusion is carried out on cylindrical piece of diameter
of 50 mm and length of 100 mm. The fusion time of 540
s was calculated. Also it has been established that the ad-
dition of 1% of steel scrap decrease the melt temperature
for cca 20°C, a value in good agreement with experimen-
tal data, and also with the exact one-dimensional solu-
tion of the equations, which are the model base.

Appendix 1

Abbreviations used:
a - temperature conductivity




ai, bi, ci.di - coefficients adjoining to unknowns in
tridiagonal system of algebric equations

cp - specific heat at constant pressure

k - thermal conductivity

n - vertical direction

r - space coordinate

t - time

T - temperature

vi - unknown in system of simultancous algebric

equations
z - space coordinate

Appendix 2

Constant whivh appear in tridiagonal coefficients
_ad
pr = 2(Al‘)2
£ aat
" drAr
Pa=p1-p2
ps=p1 + P2
= At(ks + kp
© 2c(Ar)?
b Al(k,\ +kp
o dcrAr
aa dap
__aAl
4= a2
by kaAt
(A
ksAt
c(Ar)?
_ At (ka +kg)
T 2c(Az)?
kaAt
c(Ar)?
_ ksAt
C(Ar)

qz =

gs =

Tridiagonal coefficients

L. Point (i.j) in the melt or scrap piece
~ first Au2:

A=¢= -q1

bi=1+2q,

di = paT% .1 + (1-2p1)T"j + paT i jo1
= second A/2;

&4 = -p3

bj=1+2p,

G = -ps .

di=qiT 15+ (1-2q0)T ij + Q1T 41,

(10)

(11)
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2. Point (i,j) on the boundary surface parallel to r axis
separating the materials A (left) and B (right)

— first Av2:

a =-q2
bi=1+q2+q;
Ci = -q3
di = (ps-pe)Tij-1 + (1-2ps)Tj + (ps+pe)Tjs1  (12)
- second At/2:
aj = -(ps-ps)
b, 1+2ps
= ~(ps+ps)
d,-q2T||,+(lq*qa)Tu+q3T1+|, (13)

3. Point (i,j) on the boundary surface parallel z axis
separating the materials A (down) and B (up)

— first Av/2:
a =G =-qQ4
bi = l+2q4
di = (95-q6)T"ij-1 + (1-2ps)T"j + (Q6+pe)T"ijs1  (14)
- second AU2:
2 =ps-qs
bj = 1+2ps
¢i = -(qs-ps)
dj q4T|1,+(I2q4)TU+q4T i+l (15)
4. Point (1,1) out of the boundary surface
- first AY2:
3! =Ci=-q
|+2q|
dl—(l 4PI)T il +4PlTn|2 (16)
- second AY2:
b) l+4p|
¢ = 4p1
dj= QT 11 + (1-2q)T'; d+ QT (17)

5. Point (i,1) on the boundary surface which separates
the materials A (left) and B (right)

— first Av/2:
a = -q2
bi=2qs+ 1
=-q3
di = (1-4ps)T";,1 + 4psT"i2
- second At/2:
bj =4ps + 1
= -4p5
d,-quu 1+ (1-2g0)T i1 + @aT a1

(18)

(19)

Appendix 3

One-dimensional mathematical model of fusion of
steel cylinder consists of the solution of a differential
equation of heat conduction with adequate initial and
boundary conditions

ar__FT 19T
=a(C3+73)

al 2 T o O<r<l, >0

(20)
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T(r.0) = To
T(1,0)=TL
ITro | <M

where M is a positive real number.
It is convenient to consider insted of the equation
(20) the equation

o s e o 21
2 ar o el
and then to repleace t by at.

Applying the Laplace transform®, we find
d’e 1 de
o e =T 22)

0(1,5) = Ti/s. O(r.s) is connected.
The general solution of this equation is given in
terms of Bessel functions as
T,
0(r,s) = ¢ ,J, (ir Vs) +¢,Y, (ir Vs) +—g" (23)

Since Yo(irVs) is unbounded as r — 0, we must
choose ¢ = 0. Than

8(r.s) = ¢ J, (ir Vs) + % (24)
From the boundary conditions we find
T,
8(1,s)=cJ, (i J§)+%=T‘ (25)
_ TL' 1]
=3, G Vs) (26)
_Ta Jy (ir \s)
Thus O(r.s) = e (T,=Ty) —sl., Gv5) (27)

After complex inversion this equation acquires the
form
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= oM, (ir Vs)

1
T(r) =Ty + (T -To) — .
9 (T )2nl I-,....SJ(,(I \f;)ds (28)
and the final solution is obtained as
o e=ahlt J, ()
Te) =T, -2AT-Ty) ) ————— (29)
) =T, - ATy Z. ", ()
where A1, A2, ..., Aq, ... are positive zeros of equation

Jo(An) = 0, which are given in Table 1.
Table 1: Zeros of equation Jy{hn) = 0.

Ay
2,40482 55577
5.52007 81103
8,65372 79129
11,79153 44391
14,93091 77086
18,07106 39679
21.21163 66299
24,35247 15308
27,49347 91320
30.63460 64684
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Equilibrium Grain Boundary Segregation of
Antimony in Iron Base Alloys

RavnoteZna segregacija antimona po mejah zrn v zlitinah
Zeleza in antimona

R. Mast', H. Viefhaus, M. Lucas, H. J. Grabke, Max-Planck-Institute, Disseldorf, Ger-
many
Prejem rokopisa - received: 1996-10-01; sprejem za objavo - accepted for publication: 1996-11-04

The equilibrium grain boundary segreganon of antimony was investigated in iron base alloys (Fe-Sb, Fe-C-Sb, Fe-Ni-Sb) after
annealing at temperatures between 550°C and 750°C. Utilizing Auger electron spectroscopy (AES) the concentration of antimony
at intergranuiar fracture faces was determined as a function of bulk concentration and equilibration temperature. The segregation
of antimony in Fe-Sb alloys with 0,012 wi.% - 0,094 w!.% Sb was described by the Langmuir-McLean equation. The evaluation
leads to the free enthalpy of segregation AGsegr = -19 kJ/mol - T 28 Jimol K. For Fe-0,93 wt.% Sb and Fe-1,91 wt.% Sb a
thermodynamic calculation is not possible because of intergranular antimonides had formed. Scanning electron micrographs (SEM)
of fractured samples show that the percentage of intergranuiar fracture increases with an increasing coverage of antimony at the

boundaries. The addition of carbon to Fe-Sb alloys results in @ higher grain boundary cohesion which is caused by two
effects of carbon, displacement of antimany from the grain boundaries by carbon and enhanced grain boundary cohesion. In the
Fe-Ni-Sb alloys an additional segregation of nickel was found at the grain boundaries but no enhanced antimony segregation, as
expected from previous models of other authors, assuming Ni-Sb cosegregation.

Key words: grain boundary segregation, antimony equilibrium segregation, Fe-Sb alloys, Fe-C-Sb alloys, Fe-Ni-Sb alloys,
segregation thermodynamics, Langmuir-McLean equation, Auger electron spectroscopy (AES), intergranular fracture,
ambriftlement, site competition, Charpy impact tests

RavnoteZna segregacia antimona po mejah zrn v Ziitinah z 2eleznoosnovno (Fe-Sb, Fe-C-Sb, Fe-Ni-Sb) po Zarjenju v

raturnem poarodju od 550°C do 750°C. Z metodo spekiroskopije Augerjevih elektronov (AES) je bila doloéena koncentracija
ma na interkristainih prelomnih ploskvah kot funkciia vsebnosti antimona v osnovnem maternalu in ravnoteZne temperature.

acija antimona v Fe-Sb Zziitinah z 0.012 ut.% - 0,094 ut. % Sb je opisana z Langmuir McLeanovo enacbo izracunana je bila
prosta entalpila segregacije AGsegr = -19 kJ/mol - T 28 J/mol K. Za zlitini Fe -0,93 ut.% Sb in Fe -0,97 ut.% Sb termodinamiéni
izraduni niso mogoé! zaradi tvorbe interkristainih antimonidov. Posnetek z vrstiénim elektronskim mikroanalizatorjem (SEM)
prelomijenih vzorcev kaZe, da odslotek interkristainega preloma naraséa z narascéajoco segregirano plastjo antimona na mejah zrn.
Dodatek oglika v Fe-Sb zlitino povzrodi vedjo kohezijo med posameznimi zrni, ogliik namred izrine antimon z mej zrn in zvida
kohezijo kristainih mej. V Fe-Ni-Sb zlitinah je bila doiocena Se segregacija nikifa na mejah zrn ne pa tudi povecana koncentracija
antimona kot je bilo pricakovali po prejénjih modelih nekaterih aviorjev, ki so predvideli skupno segregacijo Ni-Sb.

Kljuéne besede: segregacija na mejah zrn, ravnoteZna segregacija antimona, Fe-Sb Ziitine, Fe-C-Sb Zzlitine, Fe-Ni-Sb Zzlitine,
termodinamika segregaci), Langmuir McLeanova enacba, spekiroskopija Augerjevih eleklronov (AES), interkristaini prelom, krhkost,
lekmovanje za prosta mesta na povrsini, Charpyjev udarni preizkus

1 Introduction

The increased usage of low quality scrap in steel pro-
duction will lead to a higher content of antimony in
steels, which may have a deleterious effect on material
properties. The presence of antimony (and/or other tramp
elements such as P, Sn, S, As) induces temper embrittle-
ment of low alloy ferritic steels by segregation to the
grain boundaries during application at higher tempera-
tures'?3, The driving forces for such an enrichment in a
range of a monolayer are the decrease of interfacial en-
ergy and the release of elastic energy. Especially the lat-
ter effect is important for antimony because of its large
atom size compared to iron atoms. Many researches have
been shown that the amount of antimony segregation de-
pends on the total composition of the steel. However,
there is no uniform evidence how other alloying compo-
gems. especially nickel**3, influence antimony segrega-

on.

' DrSc. Ralph MAST
Max-Plasck-[nstitus fur Eisenforschung GmbH
Posifach 140 444, 40074 Dusseldoef, Germany

Therefore, the equilibrium grain boundary segrega-
tion of antimony and its effects on material properties
were examined in simple iron base alloys to avoid the
complex chemistry of multicomponent steels. The degree
of coverage was determined by Auger electron spectros-
copy (AES) on the intergranular fracture faces after frac-
ture by impact inside the UHV chamber. The influence
on the mechanical behaviour was studied by scanning
electron microscopy (SEM) and Charpy impact tests.

2 Experimental procedure

The alloys used in this study were melted in a vac-
uum induction furnace. The chemical compositions are
listed in Table 1. Small amounts of manganese (0,02
wt.%) were added to each alloy to tie up sulfur, which
has a strong tendency for grain boundary segregation®
and may hinder antimony segregation.

The ingots of the Fe-Sb, Fe-C-Sb and Fe-Ni-Sb al-
loys were hot forged and then machined into rectangular
specimens. The Fe-Sb and Fe-Ni-Sb samples were heat
treated by austenitizing at 1060°C for 70-90 min, air
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Table 1: Chemical composition of the Fe-Sb, Fe-C-Sb and Fe-Ni-Sb
alloys (wt.50)

Alloy Sb L@ Mn P S
Fe-Sbl 0,012 0,005 0.027 00015 00013
Fe-Sb2 0,049 00048 0,027 00011 0,001
Fe-Sb3 0,094 00057 0,027 0001 00011
Fe-Sh4 0,93 0,006 0026 00013 00012
Fe-Sh3 191 0,0039 0,028 00014 0.0012
Fe-C-Sbl 0,056 00043 0025 <0002 00013
Fe-C-Sb2 0,053 00085 0,023 <0002 00013
Fe-C-Sb3 0,052 00144 0,023 <0002 00014
Fe-C-Sb4 0,094 00057 0027 0001 00011
Alloy Sh Ni C Mn P
Fe-Ni-Sbl 0,049 0,53 00035 0,022 <0,002
Fe-Ni-Sh2 0.049 2.85 0,0069 0,024 <0,002

cooling, and then tempering at 780°C for 168 h and
water quenching. These two heat treatments were per-
formed in flowing wet hydrogen to decrease the bulk
carbon concentration below 10 wt.-ppm.

The Fe-C-Sb alloys were annealed in flowing dry ar-
gon to avoid carbon losses. The samples were homoge-
nized at 1060°C for 70 min and air cooled. Afterwards
they were recrystallized at 780°C for 2 h and water
quenched.

Then all specimens were held at ageing temperatures
of 550°C, 600°C, 650°C, 700°C and 750°C for different
periods of time, to establish the equilibrium concentra-
tion of antimony at the grain boundaries. The time neces-
sary for equilibration at each temperature can be as-
sessed using an equation proposed by McLean®. AES
measurements confirmed that the calculated time was
long enough to reach equilibrium segregation; the condi-
tions of each exposure are listed in Table 2.

Table 2: Conditions for the establishment of segregation equilibria

Ageing Temperature/ Exposure Conditions
Ageing Time

550°C/600 h vacuum/quenched in water
600°C/140 h vacuum/quenched in water
650°C/ 50 h flowing argon/quenched in water
700°C/ S h flowing argon/quenched in water
750°C/ 2 h flowing argon/quenched in water

The amount of grain boundary segregation was to be
measured by AES, which is conducted in UHV to avoid
surface contamination. After cooling to about -120°C the
cylindrical notched specimens were fractured by impact
in the UHV chamber of the spectrometer. The fracture
surface was then imaged by operating the electron beam
in a scanning electron microscope (SEM) mode to distin-
guish between intergranular and transgranular areas.
Auger spectra were taken from at least 10 individual
grain boundary facets using a cylindrical mirror analyzer
(CMA) and the results were averaged. The peak-to-peak
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heights of antimony (454 eV), nickel (848 ¢V) and carb-
on (271 ¢V) were related to the iron peak at 651 eV, The
entire analysis of each fracture face had to be completed
within approximately 3 h to prevent contamination ef-
fects. The operating conditions were as follows: primary
beam energy 5 kV, primary beam current 3 x 10 A, and
primary beam size 10 pum.

To estimate the degree of coverage of antimony at the
grain boundaries, it can be assumed that antimony is uni-
formly distributed on both fracture faces. This supposi-
tion was verified by some AES measurements in which
opposite fracture facets were investigated’. From LEED
studies of surface segregation on Fe-Sb single crystals a
calibration factor had been obtained which converts the
peak-to-peak height ratio to the degree of coverage®,

Supplementary surface analytical methods were em-
ployed. The binding state of core electrons of segregated
antimony was determined by X-ray photoelectron spec-
troscopy (XPS). while scanning Auger microscopy
(SAM) was applied to examine the distribution of segre-
gated elements on grain boundary facets.

The fracture type and the mechanical properties were
investigated using SEM (accelerating voltage 20 kV) and
Charpy impact tests (DIN 50115).

3 Results and discussion

3.1 Fe-Sb alloys

Typical Auger spectra of transgranular and inter-
granular arcas are represented in Figure 1. On trans-
granular fracture surfaces of the Fe-0,094 wt.% Sb alloy,
no antimony peak was observed, since the bulk concen-
tration is below the detection limit of the AES method.
The oxygen peak is due to adsorption from the residual
atmosphere after breaking the sample. The spectrum
taken on a grain surface of the same alloy clearly indi-
cates the enrichment of antimony which is caused by
grain boundary segregation.

Figure 2 illustrates that the average coverage of anti-
mony at the grain boundaries increases with increasing
bulk concentration and decreasing equilibration tempera-
ture, The scatter of the data indicated by the error bars in
one curve is rather large (25% - 30% of the mean value)
due mainly to the following reasons:

a) The segregation of antimony may be strongly de-
pendent on grain orientation as indicated by surface seg-
regation studies on Fe-Sb single crystals®,

b) The examined areas have different distances and
different surface normals to the cylindrical mirror ana-
lyzer (CMA).

¢) The degree of coverage is calculated from meas-
urements on only one side of the intergranular fracture
face. It was verified by some AES measurements in
which opposite fracture facets were investigated that the
average grain boundary antimony concentration is nearly
the same on both fracture faces’. The assumption that an-
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Figure 1: Auger spectra of fracture surfaces of Fe - 0,094 wt.% Sb

alloy after anncaling at 650°C. a) cleavage facet, b) intergranular
surface

Slika 1: AES spekter prelomnih povrsin Fe - 0,094 ut.% Sb po Zarjenju

pri 650°C. a) prelomna ploskev, b) interkristalna prriomna povisina

timony is equally distributed is probably not true for
each single intergranular area.

In spite of the large scatter of the data, a thermody-
namic calculation was attempted, applying the Lang-
muir-McLean equation

0 AH AST®
B T = S%segr | O0scpe
lnl_e Inxg, RT T R (N

which expresses the relationships between bulk concen-
tration (mole fraction) xsp, temperature T, and degree of
coverage 0, at the grain boundaries. The results accord-
Ing to the Langmuir-McLean equation are plotted in
Figure 3. The estimation yields the segregation en-
thalpy AH,.,, = -19 kJ/mol + 5 kI/mol and the segrega-
tion entropy ASsee; = 28 J/mol K % 6 J/mol K. The free

enthalpy of segregation in «-iron can be expressed as
follows:

AG,,, = —(19 kJ/mol+5k)/mol)
- T(28 J/mol K6 J/mol K)
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Figure 2: Grain boundary concentration of antimony plotted as a
function of equilibration temperature for the alloys Fe - 0,012 wt.% Sb,
Fe - 0,049 wt.% Sb and Fe - 0,094 wt.% Sb

Slika 2: Koncentracija antimona na kristalni meji kot funkcija
ravnoteZne temperature za zlitine Fe - 0,012 ut.% Sb, Fe - 0,049 ut.%
Sb in Fe - 0,094 ut.% Sb
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Figure 3: Langmuir-McLean plot of the data in Figure 2
Slika 3: Langmuir-McLeanov diagram podatkov iz slike 2

The segregation enthalpy value is low compared to
values for phosphorus (AHgg = -34 kJ/mol)® or tin
(AHsegr = -23 kJ/mol)'%, this indicates the low tendency
for grain boundary segregation of antimony in iron.

It would be unreasonable in the present thermody-
namic calculations to include the AES data for the Fe -
0,93 wt.% Sb and Fe - 1,91 wt.% Sb alloys, since un-
known antimonides had formed at the grain boundaries.
In Figure 4, a typical scanning electron micrograph and
the corresponding elemental map for antimony on the
same intergranular area of the Fe - 0,93 wt.% Sb alloy
indicate star shaped antimonides.

In spite of the low tendency for grain boundary seg-
regation, antimony has a strongly embrittling effect. The
relationship between the percentage of intergranular
fracture and the grain boundary coverage of antimony is
demonstrated in Figure 5. With increasing enrichment of
antimony at the grain boundaries the fracture mode at
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0.93 wt.% Sb
after annealing at 650°C: a) scanning clectron micrograph, b)
corresponding scanning Auger image of Sb

Slika 4: Interknstalni antimonidi opazem v Fe -

Figure 4: Intergranular antimomides observed in Fe -

0,93 ut.% Sb po
Zarjenju na  650°C; a) posnetek z  vrsticnim  elektronskim
mikroanalizatorjem, b) vrstiCni Augerjev posnetek

low temperatures (about -120°C) changes from trans-
granular to intergranular already at rather low grain
boundary concentrations.

The influence of antimony segregation on the me-
chanical properties was also studied by Charpy impact
testing. The transition temperature determined Ty is a
measure of the embrittlement of iron base alloys. Tt is
defined as the temperature where half of the difference
value between the impact work necessary for ductile
fracture and the impact work for brittle fracture is
reached. For the Fe-Sb alloys a shift of the impact transi-
tion temperature to higher values is expected with in-
creasing antimony concentration at the grain boundaries.
This supposition is verified in Figure 6. For each of the
two investigated alloys a higher transition temperature is
obtained with increasing coverage of antimony at the
grain boundaries. However, the Fe - 0,094 wt.% Sb alloy
tempered at 750°C has a lower transition temperature
than the Fe - 0,049 wt.% Sb alloy annealed at the same
temperature. The observed phenomenon can be ex-
plained by the different average grain size of these mate-
rials (Fe - 0,049% Sb: 0.21 mm; Fe - 0,094% Sb: 0,08
mm), with increasing antimony concentration the grain
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Figure 5: Percentage of intergranular fracture versus peak-to-peak
height ratio 1{Sb)/1(Fe)
Slika 5: Odstotek nterkristalnega preloma v odvisnosti od razmerja
visine vrhov I(SbyI(Fe)

size decrease which leads to a higher strength of the ma-
terial.

One possible way to explain the embrittling behav-
iour of antimoy is to apply quantum mechanical mod-
els'"'?, The main conclusions of these calculations can
be summarized as follows:

The segregated antimony atoms are electronegative
with respect to the host metal iron. Consequently elec-
tronic charge is transferred from iron to antimony. This
charge transfer leaves fewer electrons to participate in
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Figure 6: Dependence of the transition temperature on the grain
boundary antimony concentration for Fe - 0,049 wt.% Sb and Fe -
0,094 wi.% Sb alloys

Slika 6: Odvisnost koncentracije antimona na mejah zm od prehodne
temperature za zlitine Fe - 0,049 ut % Sb in Fe - 0,094 ut.% Sb
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Figure 7: Photolines of pure Sb and segregated Sb in Fe-Sb alloys
Slika 7: XPS krivulje Cistega Sb in segregiranega Sb v Fe-Sb zlitini

Figure 8: SEM of a faceted grain boundary in Fe - 0,094 wt.% Sb after
annealing at 650°C

Slika 8: SEM posnetek facetirane meje v zlitini Fe
Zarjenju na temperaturi 650°C

0.094 ut% po

the iron-iron bonding and these bonds at the grain
boundary will be weakened.

XPS measurements on a large area of intergranular
fracture of Fe - 0,93 wt.% Sb alloy after annealing at
600°C show that the energies of the Sb 3d electron levels
of segregated and pure antimony are distinctly different
(Figure 7). The energy shift of about -0.5 eV in com-
parision to pure antimony indicates an electron transfer
t0 segregated antimony, as expected in the above model.

Itis also possible to explain the embrittling behaviour
of antimony in another way by taking into consideration
that the grain boundaries often are facetted, as illustrated
in Figure 8. The segregation of antimony induces a re-
construction of the grain faces which results in a de-
¢rease of grain boundary cohesion.

On some intergranular areas pores were detected with
an average diameter of 2 um as can be seen in Figure 9.
An antimony map rezorded for the same area, shows an-
timony enrichment within this pore. Segregated anti-
mony certainly favours the formation of such pores since
IS surface segregation causes a pronounced decrease of
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0,094 wr.% Sb after

Figure 9: Pore at a grain boundary facet of Fe
annealing at 600°C; a) SEM, b) corresponding scanning Auger image
of Sb

Slika 9: Razpoka v kristalni meji Fe - 0,094 ut.% po Zarjenju na

temperatun 600°C; a) SEM posnetek, b) odgovarjajodi SAM posnetek
Sh

surface energy and such pores will intensity the observed
embrittlement of the material.

3.2 Fe-C-Sb alloys

Samples with different antimony and carbon contents
were investigated to study the effect of carbon on anti-
mony grain boundary segregation. The fracture faces of
the Fe-C-Sb alloys with 0,049 wt.% Sb show transgranu-
lar fracture caused by the carbon content. The higher co-
hesion of these materials compared with corresponding
Fe-Sb alloys is due to the fact that antimony is displaced
from the grain boundaries by carbon, according to the
cquauon

C(dissolved) + Sh(segregated)
= C(segregated) + Sh(dissolved) (2)

The mutual displacement of these two elements cor-
responding to the displacement equilibria in the systems
Fe-C-P” and Fe-C-Sn'?, was proven for the Fe-C-Sb al-
loy with 0,094 wt.% Sb, as shown in Figure 10. The av-
erage grain boundary concentration of antimony de-
creases with increasing grain boundary and bulk
concentration of carbon. Simultaneously the percentage
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Figure 10: Dependence of the Sb and C grain boundary concentrations
on the bulk concentration of carbon in Fe - 0,094 wi.% Sb

Slika 10: Odvisnost koncentraci) Sb in € na mejah zrn od
koncentracije ogljka v osnovnem materialu Fe - 0.094 ut.% Sh

of transgranular fracture rises with increasing bulk con-
centration of carbon (Figure 11).

The decrease of brittle intergranular fracture of Fe-C-
Sb alloys can be explained by the following effects:

a) The strongly embrittling antimony is displaced
from the grain boundaries by carbon.

b) The segregated carbon causes a higher grain
boundary cohesion.

If energetic interactions between segregated carbon
and antimony are neglected, the above mentioned phe-
nomena can be described by considering only the site
competition of the two elements

eSh -AG(S'D\
— 3
T xs..exp( == 3)
ec . _AG((_! X
l-esh-ec_xc exp( RT ] (4)

The de-embrittling effect of carbon was also demon-
strated by Charpy impact tests. Figure 12 illustrates for
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T

Figure 11: Vaniation of the percentage of intergranular fracture with
bulk concentration of carbon in Fe - 0,094 wt.% Sb

Slika 11: Sprememba odstotka interkristalnih prelomnih ploskey v
odvisnosti od koncentracije ogljika v zlitini Fe - 0,094 ut.% Sb
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Figure 12: Dependence of the transition temperature on bulk
concentration of carbon for Fe - 0,040 wt.% Sb and Fe - 0,094 wt.%
Sb after annealing at 750°C

Slika 12: Odvisnost prehodne temperature Zilavosti od vsebnosti
ogljika v osnovnem materialu Fe - 0,049 ut.% Sb in Fe - 0,094 ut.% Sb
po Zarjenju na temperaturi 750°C
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Figure 13: Auger spectrum of an intergranular fracture surface of Fe -
2,85 wi.% Ni - 0.049 wt.% Sh

Slika 13: AES spekter interkristalne prelomne povrdine zlitine Fe -
2,85 ur.% Sb

both Fe-Sb alloys (0,049 wt.% Sb or 0,094 wt.% Sb)
tempered at 750°C that the transition temperature shifts
to lower values if carbon is added to each alloy.

3.3 Fe-Ni-Sb alloys

The influence of nickel on the grain boundary segre-
gation of antimony was also investigated for two Fe-Ni-
Sb alloys. Auger spectra taken from intergranular areas
indicate the enrichment of antimony and nickel; a typical
Auger spectrum is shown in Figure 13. The temperature
dependence of antimony and nickel equilibrium segrega-
tion contradicts previous results of other authors®*3
(Figure 14). No evidence was found for cosegregation of
antimony and nickel or for antimony segregation beeing
enhanced by the presence of nickel, as was observed by
other authors®*. For the Fe - 0,53 wt.% Ni - 0,049 wt.%
Sb alloy the antimony grain boundary concentration is
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re 14: Grain boundary segregation of Sh and Ni plotted as a
function of equilibration temperature for two Fe-Ni-Sb alloys
Slika 14: Segregacija Sb in Ni po mejah zrn prikazana kot funkcija
ravnotezne temperature za dve zlitini Fe-Ni-Sh

nearly the same at all temperatures as for the same alloy
without nickel and is therefore not enhanced by the pres-
ence of nickel. Additionally, the amount of nickel segre-
gation is always the same at all temperatures. AES stud-
ies on the Fe - 2,85 wt.% Ni - 0,049 wt.% Sb alloy
illustrate that the average amount of antimony is lower
than in the Fe - 0,53 wt.% Ni - 0,049 wt.% Sb alloy. The
grain boundary concentration of antimony increases with
decreasing annealing temperature, but the behaviour of
nickel is slightly different. After increasing segregation
with decreasing temperature the grain boundary segrega-
tion of nickel decreases at 600°C. Consequently
Guttmann’s model of cosegregation does not hold true
for the Fe-Ni-Sb system. It was also asserted that the
presence of nickel enhances the embrittling behaviour of
antimony. Charpy impact tests of Fe-Ni-Sb alloys tem-
pered at 750°C show different results (Figure 15). The
transition temperature of Fe - 0,049 wt.% Sb and Fe -
0,53 wt.% Ni - 0,049 wt.% Sb alloy is nearly the same,
while the transition temperature of Fe - 2,85 wt.% Ni -
0,049 wt.% Sb alloy decreases to a value which is typical
for ductile materials. With regard to this result the de-
embrittling cffect of nickel can be explained by the fol-
lowing effects:
a) Nickel promotes the refinement of grains.
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Figure 15: Dependence of the transition temperature on the bulk
concentration of nickel for Fe-Ni- 0,049 wt.% Sb alloys after annealing
at 750°C

Slika 15: Odvisnost prehodne temperature Zilavosti od vsebnosti niklja
v Fe-Ni- 0,049 ut.% Sb po Zanenju na 750°C

b) The segregation decrease in antimony may be due
to nickel segregation.

Thus the expected severe embrittlement of Fe-Ni-Sb
alloys according to earlier investigations was not con-
firmed.

4 Acknowledgement

The authors are grateful to the European Committee
for financial support under contract no. P3455.

5 References

'J. Kameda, C. J. McMahon, Mer. Trans. A, 12A, 1981, 31

*C. L. Briant, A. M. Ritter, Acta Met., 32, 1984, 11, 2031

*C. L. Briant, H. J. Grabke, Materials Science Forum, 46, 1989, 260

*P. Gas, M. Guttmann, J. Bemardini, Acta Mer., 30, 1982, 1309

*A. Wirth, I. Andreoni, G. Gregory, Surface and Interface Analysis, 9,
1986, 157

*D. McLean, Grain Boundaries in Metals, Oxford University Press.,
Oxford, 19577, 131

"H. Viefhaus, R. Mast, unpublished results

M. Riisenberg, H. Viefhaus, Surface Science, 172, 1986, 615

“H. Erhart, H. J. Grabke, Metal Science, 15, 1981, 401

"W, Jiger, H. J. Grabke, Jin Yu, Proc. Int. Conf. on 'Residuals and
Trace Elements in Iron and Steel, PortoroZ, Oct. 1985, ed. by F. Vo-
dopivec, Inst. Metall., Ljubljana, 1986, 217-237

""C. L. Briant, R. P. Messmer, Acta Mer., 32. 1984, 11, 2043

"*'W. Losch, Acta Met., 27, 1979, 1885

537



I M T

INSTITUT ZA KOVINSKE
MATERIALE IN TEHNOLOGLUE

INSTITUTE OF METALS
AND TECHNOLOGY

1001 LIUBLIANA, LEPI POT 11, SLOVENUA, POB 431
Phone.- +38661/125 11 61, Foox 4386 61/213 780

VACUUM HEAT TREATMENT
LABORATORY

Vacuum Heat Treatment

Vacuum Heat Treatment is recognised as a high quality cost effective and ultra clean method for
processing a wide range of components and materials currently in use in today’s industry. The range
of our equipment enables us to heat treat most sizes of load, from small batches to work up to 350 mm
diameter, 910 mm high, and weight up to 380 kg.

ADVANTAGES

* (Clean, bright surface finish
* Minimal distortion
* Minimal post treatment operations, e.g., grinding or polishing

Five years of continual investment has ensured that VHTL maintains it position as market leader in
the field of high quality sub-contract metal processing.

We operate the latest generation of IPSEN VTTC furnace capable of processing components up to
350 mm in diameter, which in addition to our high pressure, rapid quenching facilities increases the
range of materials suitable for Vacuum Heat Treatment.

TYPICAL APPLICATIONS

* Bright Annealing * Demagnetisation

* Bright Stress Relieving * Degassing

* Hardening/Tempering * Diffusion Treatments
* Brazing/Hardening/Tempering * Sintering

* Solution Treatment

QUALITY ASSURANCE

Quality is fundamental to the IMT philosophy. The choice of process, all processing operations and
process control are continuously monitored by IMT Quality Control Department.

The high level of quality resulting from this tightly organised activity has been acknowledged by
government authorities. industry and International companies.




Kovine, zlitine, tehnologije/30/1996/6/539-543

Sn Influence on the Recrystallization of
Non-Oriented Electrical Sheet

Vpliv Sn na rekristalizacijo neorientirane elektro ploCevine

M. Godec', M. Jenko, IMT Ljubljana, Slovenija

R. Mast, Max-Planck-Institut fiir Eisenforschung, Diisseldorf, Germany

F Vodopivec, IMT Ljubljana, Slovenija

H. J. Grabke, H. Viefhaus, Max-Planck-Institut fir Eisenforschung, Disseldorf, Germany

Prejem rokopisa - received: 1996-10-01; sprejem za objavo - accepted for publication: 1996-11-04

) the recrystaliization microalloyed tin in non-oriented silicon steel segregates lo the surface and grain boundary and as a
surface active element selectively decreases the surface energy of grains, planes of which (100) lie paraliel to the surface sheet.
This phenomenon can be used to achieve non-onented electrical steel with improved electromagnetic properties. Auger electron
speclroscopy was used to measure the grain boundary and surface segregation of tin in non-oriented electrical steels. The grain
boundary segregation of the specimens, which were previously aged at 550°C for different times and were fractured in UHV

itions, was measured. The segregation lemperalure dependence and its kinelics were followed in polycrystalline specimens in

the temperature range from 400°C to 800°C on the grains of known orientations: (100), (111) and (110). In spite of fact that the

grain boundary segregalion Is much smaller corr;pared with surface segregation, both might have an influence on recrystallization

and on texture deveiopment in eieclrical steel. The textures of electrical steels were measured by X-ray texture goniometer. The

resulls were presented as orientation distribution functions. The selective grain growth can be achieved by controlled surface

mﬁon by which the electrical properties of non-oriented electrical steel are improved. The best results were obtained by
it with 0.05 wt.% Sn.

Key words: non-oriented silicon steel, tin, surface and grain boundary segregation, recrystallization, texture

Kositer, mikrolegiran v neorientirani elekiro piodevini, pri rekristalizacifi segregira na povrdino in meje zrn in kot povrdinsko aktivni
alement seleklivno zmanjéa povrsinsko energijo zrn, katerih ravnine (100) leZijo vzporedno s povrSino plodevine. Ta pojav lahko
{zikoristimo za izdelavo neorientirane elekiro pioCevine z izboljSanimi elekiromagnetnimi iastnostmi. S spektroskopijo Augerjevih
elekironov smo zasledovall segregacijo po mejah zrn in na povrsini neorientirane elektroplolevine. Segregacijo po mejah zrn smo
merili na vzorcih, ki so bili predhodno starani na temperaturi 550°C razliéno dolgo in prelomijeni v pogojih UVV. Tudi temperaturno
oavisnost segregacije in njeno kinetiko smo zasledovali na polikristainih vzorcih, v temperaturnem obmodju od 400°C do 900°C, na
2rnih znanih orientacy: (100), (111) in {110). Kljub temu, da je segregacija po mejah zrn velikc manjsa od segregacije na povrsini,
pa imata verielnc obe vpliv na reknstalizacijo in tako na razvoj teksture elektro piocevine. Teksluriranost elektro plo¢evin smo
dolocili z rentgenskim goniometrom. Rezullati so predstavijeni z orientaciskimi porazdelitvenimi funkcijami. S kontrolirano
povrdinsko segregacijo doseZemo selextivno rast zrn, kar izbolj8a elektriéne lastnosti neorientirane elekiro plocevine, Najboljse
rezultate smo dosegli pri legiranju z 0.05 mas. % Sn.

'Iﬁuéne besede: neorientirana elektro plodevina, kositer, povrsinska segregacija in segregacija po mejah zrn, rekristalizacija,
Stura

By alloying non-oriented electrical steels with small
additions of surface active elements such as Sn, Sb, Te
and Se, the texture can be significantly improved®®. Tin,
when added in the range of a 0.02-0.1 wt%, can improve
magnetic properties, though it is not desirable in steel'®,
During the recrystallization process, tin segregates at the
grain boundaries and on the surface. The thickness and
structure of the segregated layer depend on the crystal-
lographic orientation'!. Thus, by segregation, the surface

1 Introduction

Recrystallization, corrosion, adsorption, catalysis,
surface diffusion, adhesion, sintering and some other
processes are decisively depended of chemical composi-
tion and structure of surface. On the other hand the me-
chanical properties and the corrosion resistivity of metals
and alloys are greatly influenced by the atomic composi-
tion of grain boundaries and interfaces',

The chemical composition of surfaces and grain
boundaries are drastically changed during heat treatment
of steels due to the well-known phenomenon called seg-
regation. Some of the alloying elements and also some of
the tramp elements in ppm level from IV A to VI A
&roup enrich surface and grain boundaries. Equilibrium
Segregation is reached by the interaction of free bonds on
the surface with the segregating elements. This decreases
the surface energy and releases the elastic energy of the

lattice?,

'
Mag. Mataz GODEC, dipdinkmes
23 kovieske materiak: in tehnologije
W00 Liublgns, Lepi pou LL, Slovenija

energy decreases selectively, and so the difference in the
total energy of the grain, which is the driving force for
its growth during recrystallization. It is logical to expect
a selective effect on grain growth with a different space
orientation.

The aim of the present work was to find out the cor-
relation of segregation and the texture development. Sur-
face and grain boundary segregation of tin in non-ori-
ented clectrical steel alloyed with 2 wt.% Si and 1 wt.%
Al and different contents of tin (0.025, 0.05 and
0.1.wt.9%) were determined. The temperature dependence
and the kinetics of surface segregation were studied with
the emphasis on orientation dependence. The correlation
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between tin segregation and texture development was as-
certained. The segregation of tin during the recrystalliza-
tion increased the grain growth of (100) grains lying in
the plane of the sheet and in the same time decreased the
growth of (111) grains.

2 Experimental

Four experimental non-oriented electrical sheets were
produced from the same basic material. The composi-
tions of vacuum melted and cast steels are listed in Table
1.

Table 1: Chemical composition of steels in wt.%
Tabela 1: Kemijska sestava preiskovanih jekel v mas. %

Steel C Mn Si S Al Sn
A 0.0015 024 2.2 0.0005 L10  0.000
B 0.0025 026 201 00028 1.10 0.027
C 0.0015 023 202 00005 095 0.048
D 0.0015 0.23 208 00004 095 0.097

The resulting ingots of about 15 kg weights were hot
rolled, at a starting temperature of 1200°C, to the final
strip thicknesses of 6 mm and 2.5 mm. The strips were
descaled and decarburized in a wet hydrogen (dew point
25°C) for two hours at 840°C.

Segregation was studied "in situ" using Auger Elec-
tron Spectroscopy - AES. The tin enrichment on the sur-
face was determined by following the peak height ratio
(PHR) of amplitudes between the dominant
Sn(MsN4sNas) and the Fe(L:M2:Mss) Auger transitions,
located at the 430 and 651 eV kinetic electron energies.

For grain boundary segregation the notched cylindri-
cal specimens of 3.7 mm and 5 mm in diameter and of 3
mm length, were prepared from a 6 mm thick hot rolled
strip. The specimens were encapsulated in quartz tubes
and were cvacuated to 10® mbar. After they had been
normalised for 24 hours at 1000°C, they were aged from
5 to 1000 hours at 550°C. The cylindrical notched speci-
mens were introduced into a UHV chamber of the spec-
trometer, being cooled to about -120°C, the specimens
were fractured by impact. The newly-formed surface was
imaged by a scanning electron microscope (SEM). The
Auger spectra were taken from as many intergranular
fractures as possible and the results were averaged'> 3.

The specimens for surface segregation were prepared
from a hot rolled strip of 2.5 mm, descaled, decarburized
and, after intermediate annealing (900°C, 1 hour, dry hy-
drogen), cold rolled to the final thickness of 0.5, 0.2, and
0.1 mm with a cold deformation of 60%. Specimens
were secondary recrystallized in-situ during AES meas-
urements in UHV (10'° mbar), as well as in a tube fur-
nace in an argon atmosphere,

The grain orientation was determined by the etch pit-
ting method'#'5. The specimens with known orientation
were heated to 900°C for 10 minutes and cooled down to
room temperature. These were then sputter cleaned and
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annealed in a temperature range of 450°C to 1000°C.
The temperature was increased in steps of 50°C every 15
minutes and the AES spectra were recorded in-situ every
3.5 minutes, For the Kinetics studies, the specimens were
heated to a certain temperature, sputtered to a clean sur-
face and exposed to the same temperature for different
periods of time.

The X-ray diffraction method was used for texture
measurements. A goniometer using MoKa: radiation was
applied and the (200), (110) and (211) pole figures were
performed. Additionally, orientation distribution func-
tions (ODF) were calculated and texture fibres were plot-
ted.

3 Results and discussion

Tin added into experimental steels was in the range
of solubility in a-Fe at all examined temperatures but it
was below the detection limit of AES. After the speci-
mens were exposed to higher temperature tin enriched
the surface, grain boundaries and interfaces due to equi-
librium segregation and its segregation were detectable
by AES. All AES spectra were normalised to
Fe(LiM23Ms4) Auger transition at the 651 eV kinetic en-

ergy'l.

3.1 Grain boundary segregation

The equilibrium segregation of tin was attained after
annealing the specimen alloyed with 0.1% Sn for 200
hours at 550°C (figure 1). Considering that tin is equal
distributed on both fractured sides, it was estimated a 7%
tin monolayer at grain boundaries. The scattering of re-
sults was rather large due to the strong dependence of tin
segregation to grain boundary orientation'>!6. Steel al-
loyed with 0.05% Sn had much less intergranular facets.
Evaluated equilibrium segregation was smaller than in
steel alloyed with 0.1% Sn. Detailed AES analyses of
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Figure 1: Peak height ratio (PHR) between the dominant

Sn(MsNssNy<) and the Fe{LiM23Ms4) Auger transitions at the kinetic
electron energy of 430 eV and 651, respectively, in dependence of
different ageing time

Slika 1: Razmerje vidine vrhov (RVV) med Sn(MsNasNas) in
Fe(L:M23Mss) Augerjevimi prehodi pri kinetidni energiji elektronoy
430 ¢V in 651 eV v odvisnosti od Casa staranja



free surfaces between inclusion (AIN, Al;0:) and matrix
clearly indicated that the considerable tin segregation oc-
curs at the interface. The degree of tin segregation at the
interface is five times larger than at the grain boundaries.

3.2 Surface segregation

Scanning Auger image (SAM) of non-oriented elec-
trical steel heated to 800°C for 10 minutes was taken.
The orientation of individual grains was determined by
the method described in our previous publication'®. Fig-
ure 2 shows SEM and SAM images of surface. A differ-

Crrain
PLIR Sn/le

[ 031 1029 040
_(118) 1

-
4
Onentation | (1)

Figure 2: a) SEM 1mage of 0.2 mm thick non-oricnted electrical steel
alloyed with 0.1% Sn, b) a SAM image Sn-MNN transition recorded
on a same area, ¢) table shows a relation between grain onentation and
Sn PHR

Slika 2: a) SEM posnetek povriine ncorientirane elektro plofevine
legirane z 0.1% Sn. b) SAM posnetek Sn MNN prehoda posnet na
istem mestu, ¢) tabela podaja zvezo med orientacijami zm in RVV

M. Godec et al.: Sn Influence on the Recrystallization ...

ent surface tin segregation on different grains was no-
ticed. Different grain orientation provided different sites
for segregated tin atoms. By comparing PHRs Sn/Fe
among different specimens one should take care of so
called channelling effect especially due to the fact that
Auger iron signal is very sensitive to the angle of sample
surface and analyser axis'?,

Figure 3 shows the temperature dependence of sur-
face segregation of alloying and tramp clements of non-
oriented electrical steel alloyed with 0.05% Sn on differ-
ent grain orientations - (001) and (111) - respectively.
Electrical steel is a multicomponent system and so very
complicated to understand the temperature dependence
behaviour of surface segregation, therefore the results
obtained on binary alloys should be considered'”. The re-
lations of the surface segregation enthalpies and volume
diffusivities are as follows: AH%; < AH% < AH% and
D€y >> DSiy > DPy!7,

At lower temperatures (~300°C), C segregated to the
surface due 10 very high diffusion coefficient in compari-
son to Si and P, although the bulk concentration was at
very low 15 ppm. At higher temperatures, C atoms were
displaced by Si atoms'®. The P and S atoms displaced the
silicon at higher temperatures!'”. Their bulk diffusion co-
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Figure 3: Temperature dependence of surface segregation of C, Si, P,
S and Sn of electrical steels alloyed with 0.05% Sn a) (100) oriented
grain and b) (111) oriented grain

Slika 3: Temperaturna odvisnost povriinske segregacije C, Si, P, S in
Sn za elektro plodevino legirano s 0.05% Sn a) zrno (100) onentacije
in b) zmo (111) onentacije
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cefficient was rather low, but their segregation enthalpy
was very high, so tin started scgregating significantly
above 600°C. The kinetics study confirmed the orienta-
tion dependence of tin surface segregation as well as
thickness of segregated layer.

It was ascertained'' that on (100) and (111) faces, the
segregation of tin was beyond one monolayer, due to the
strong decrease of surface energy. On a surface with a
(111) orientation FeSn intermetallic compound of one
unit cell thickness was found. Our measurements showed
that tin surface coverage dependence on tin bulk concen-
tration and © value approached one for (100) and (111)
orientation.

3.3 Texture measurements

The textures of 0.5 mm thick electrical steels were
measured on the surface and in the middle plane after the
half of the sheet thickness were removed. Taking into ac-
count that approximately six crystal grains constitute the
0.5 mm thick cross-section steel sheet and the fact that
penetration depths of x-rays were less than 0.1 mm one
might conclude that there were analysed some grains
whose growth was not affected by the surface segregated
tin. Nevertheless, there were not more than 10% of such
grains.
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Figure 4: Fibre diagram of recrystallized texture for electrical steels
measured a) in the middle plane and b) on the surface

Slika 4: Diagram vlaken reknistalizacijske teksture za elekiro
plotevine merjen a) v sredini in b) na povisini
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The orientation distribution functions (ODF) f (g)
were calculated from the (200), (110) and (211) pole fig-
ures. The textures were presented as o, y and n fibres.
Figure 4 shows texture fibres in the middle plane (a) and
on the surface (b) of electrical steels alloyed with and
without tin, The volume fraction of grains with the (100)
planes measured on the surface and in the middle plane
increased to the order of two compared the steel without

- tin with the steel alloyed with 0.05% tin. Less hard mag-

netic orientations were found on the surface. Texture de-
velopment during the recrystallization was. Steel alloyed
with 0.05% Sn, which had previously been aged 25
hours at 550°C, compared to the steel without tin,
showed an increase of (100) planes parallel to the rolling
direction to the order of three.

4 Conclusions

Grain boundary and surface segregation of tin in non-
oriented electrical steels were determined. Maximum
equilibrium segregation on the surface were reached at
750°C and approached for majority of orientations one
monolayer. One iron atom on the surface corresponds to
one segregating tin atom. It was proved that thickness of
tin segregating layer depended of tin bulk concentration.
Tin segregation was controlled by bulk diffusion; thus,
the equilibrium enrichment of tin on the surface was
slightly faster for a specimen with higher tin contents.
The tendency for tin surface segregation was much
higher compared to grain boundary segregation. At equi-
librium grain boundary segregation only 7 and 3% of tin
atoms were found on a grain boundary for steel alloyed
with 0.1 and 0.05% Sn, respectively.

Different crystallographic orientations can provide
different sites for segregating tin atoms. During the re-
crystallization tin atoms segregated on the surface and
also at the grain boundary and so decreased the surface
energy of crystal grains selectively.

The obtained results confirmed our supposition. Tin
segregation took place during the recrystallization and
decreased the surface energy of crystal grains with (100)
and (110) plains parallel to the sheet surface. Textures
represented as sections through three-dimensional orien-
tation distribution space in fixed directions showed that
volume fraction of magnetically soft grains increased for
two times compared to steel without tin. Slightly better
textures were obtained near the surface than in the mid-
dle plane of 0.5 mm thick steel sheet, The best results
were obtained for steel alloyed with 0.05% Sn. We sup-
pose that only a certain level of segregation promotes de-
sired selective grain growth.
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Corrosion Resistance of NdDyFeB Basic Alloys

Korozijska obstojnost osnovnih zlitin NdDyFeB

S. Kobe Besenicar', IJS Ljubljana, Slovenija
L. Vehovar, IMT Ljubljana, Slovenija
B. Saje, Magneti d.d. Ljubljana, Slovenija
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No-Dy-Fe-8-X (X = Zr. Hf) alioys were exposed to severe corrosion conditions and the corrosion rates were followed by various
techniques (electrochemistry. Tafel exirapolation method). The weight loss was measured over a period of 10 weeks in a wet
corrosion chamber. Corrosion products were analysed using X-ray diffraction and the microstructures were investigated by optical
microscopy and on SEM - EDS. In aggresive media, such as diluted NaCl or HzS80s, the differences between the corrosion rales
were small. The lowest potential difference between the anodic phase (corrosion products) and the matrix, acting as cathode, was
observed in Ng-Dy-Fe-B-Zr alloys. Corrosion rates in fresh water were 0,30 mm/year for Nd-Dy-Fe-8 alloy andg 0,02 mmyyear for
Nd-Dy-Fe-B-Zr alloy. The same Irend was shown on samples exposed to conditions of simulated condensed atmospheric humidity.
The highest cumulative weight loss occurred with pure Na-Dy-Fe-B alloys and the lowest with the alloy improved by ZrO2 addition.
The corrosion rales for three different alloys were 0,089 mmyyear for Na-Dy-Fe-B ailoy. 0,072 mmyear for Nd-Dy-Fe-B-Hf alloy and
0.063 mmyear for Nd-Dy-Fe-8-Zr alloy.

Key words: corrosion, Na-Fe-8B alloys, permanent magnets

Osnovne zlitine Nd-Dy-Fe-B-X (X = Zr Hf) smo izpostavili agresivnim koroziiskim pogojem in zasledovali korozijski proces z
razliénimi metodami (elektrokemija, Taflova ekstrapolacijska meloda). V viaZni komori smo merili izgubo teZe v obdobju desetih
legnov. Korozijske produkte smo analizirali z uporabo X -Zarkovne difrakcife ler opazovarggn mikrostrukture z optiéno mikroskopijo
i elektronskim mikroskopom opremljemim z EDS. V agresivimih medijih kot sta NaCl in H2504 so bile raziike v korozijski hitrosti med
razliénimi zlitinami majhne, Najmanjso razliko potenciala med anodno fazo (korozijski produkt) in matrico, ki deluje kot katoda, smo
opazili pri zlitini Nd-Dy-FeB-}r. Korozijska hitrost v vodi je bila 0,30 mm/leto pri zlitinah Nd-Dy-Fe-B in 0,02 mmJeto pri zlitinah
Na-Dy-Fe-B-Zr. Enako tendenco smo opazili pri eksperimentih, pri katerih so bile zlitine izpostavijene pogojem, ki so simulirali
nasiceno zracno viago. Najvisja kumulativna izguba teZe je bila doseZena s Cistimi Ng-Dy-Fe-B zlitinami in najniZja z No-Dy-Fe-B-2r
ziitinami. Korozijske hitrosti za razhicne zlitine so bile 0,089 mm/leto za zlitino brez dodatkov, 0,072 mmfeto za Zzlitino z dodatkom

HIO2 in 0,063 mmyeto za zlitino z dodatkorn cirkon oksida.
Kljuéne besede: korozija, Nd-Fe-B zlitine, trajni magneti

1 Introduction

Among the rare earth based permanent magnets, Nd-
Fe-B magnets have assumed an important position due to
their outstanding magnetic properties’ and their use is
still on growing in different fields of application®. How-
ever, corrosion has been a problem with Nd-Fe-B mag-
nets, because phases rich in rare earth elements are easily
oxidised in air, especially in humid air*>. Since corrosion
can deteriorate seriously the magnetic properties and on
the other hand, can also be detrimental to magnetic cir-
cuits, much effort has been made to improve the corro-
sion resistance of Nd-Fe-B magnets. Even coating and
plating are not the perfect solution to this problem, be-
cause they can be imperfect and allow the penetration of
reacting species such as moisture to the magnet surface®.
Searching for a better resistance of the material itself,
various referred possibilities have been studied.

Narasimhan et al.” reported that raising the oxygen
content to between 0,6 to 3,5% significantly improved
the corrosion resistance; Kim and Jacobson reported that
the addition of Al, Dy or Dy203 improved the corrosion
resistance in humid air®, while Tenaud, Vial, Sagawa®
and Hirosawa et al.” used V and Mo to improve the basic

' Dr. Spomenka KOBE BESENICAR
Inftiven Jodel Stefan. Jamova 39
N Ljubljana, Skvenija

corrosion resistance of Nd-Fe-B magnets. Kobe et al. re-
ported on the beneficial influence of ZrO; addition not
only to the increased coercivity, but also to the corrosion
resistance of the Nd-Dy-Fe-B magnets'®. Previously
Nakamura'' attained better corrosion resistance of the
Nd-rich phase by the substitution of Fe with Co and Zr,
and Sagawa et al.'? improved the corrosion resistance by
addition of Co and Al. Kim et al.® influenced the corro-
sion resistance by varying the amount of O, C and N in
the basic composition of Nd-Fe-B magnets.

On the basis of the promising results in our previous
work'?, we continued our studies on the influence of
ZrO> and HfO; additions on improving the corrosion re-
sistance of the basic Nd-Dy-Fe-B alloy with the compo-
sition NdysDy Fe76Bg. The corrosion resistance was fol-
lowed over experimental periods during which the
samples were exposed to various severe corrosion condi-
tions,

2 Experimental

The basic alloys used fot the corrosion experiments
were prepared by arc melting the alloys NdFe, DyFe,
FeB and Fe powder in a pure Ar atmosphere. In order to
prevent the oxidation Ti sponge was used as a getter for
oxygen. Three different batches were prepared: A - sam-
ples without other additives, B - 1 wt.% hafnia was

545



S. Kobe Besenicar, et al.; Corrosion Resistance of NdDyFeB Alloys

added before arc melting, C - | wt.% of zirconia was
added prior to arc melting. Samples were remelted three
times in order to attain a better homogeneity. Buttons of
melted alloys were sliced and polished to discs. dimen-
sionally appropriate for the corrosion tests.

The investigations were focused on general corrosion
resistance, based on electrochemical determinations of
the possible passivity of electrode surfaces, or active cor-
rosion. Moreover, service conditions were simulated by
exposing the test specimens in a wet corrosion facility
(DIN 5017), with the aim of establishing the effect of
chemical composition and microstructure on the corro-
sion rate and the form of corrosion.

The potentiodynamic anodic polarisation measure-
ments were performed using an EG and G-PAR poten-
tiostat and "Softcorr 352" software. Experiments were
carried out in fresh water and in various aqueous test-so-
lutions containing low concentrations of aggressive ions
such as C1- and SO4%. Such media could only represent
approximative atmospheric conditions in the industrial
environment. Electrochemical determination of corrosion
rates were performed by the Tafel plot technique.

After exposing the samples to various corrosion con-
ditions they were characterised by optical and electron
microscopy (SEM/EPMA JEOL, JXA 840 A). Phases in
corrosion products were identified using EDS and WDS
analysis facilities and an X-ray diffractometry (Philips
1710).

3 Results and discussion

3.1 Effect of the HfO2 and ZrO? additives on the corro-
sion rate of Nd-Dy-Fe-B alloys

The example of the anodic polarisations curves pre-
sented in Figure 1 indicates that all of the three materials
cannot achieve passivity. The overall shape of the curves
indicates that the materials undergo active corrosion. It is
evident that the potentiodynamic scans did not reveal any
significant feature, such as a passive region where passi-
vation is spontaneous, the pitting potentional or the criti-
cal anodic current. The conclusion from the anodic po-

Table 1: Corrosion rates of alloys in different media at 20°C

Material Media Corrosion rate (mm/year)
NFB fresh water 0,300
NFB-HfO; fresh water 0,530
NFB-ZrO: fresh water 0,022
NFB 0,09 M NaCl 2,120
NFB-H{O; 0,09 M NaCl 2,710
NFB-ZrO; 0,09 M NaCl 2,650
NFB 0,17 M NaCl 2,650
NFB-HfO, 0,17 M NaCl 3,260
NFB-ZrO, 0,17 M NaCl 3,150
NFB 0,5 M HaSO: 303,0
NFB-HfO; 0,5 M H,S04 274,0
NFB-ZrO; 0.5 M H,;S0. 2378
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tentiodynamic scans of the materials carried out in dif-
ferent solutions was that no significant passivation oc-
curred.

Due to such polarisation behaviour of the materials,
corrosion rate measurements were performed by the
Tafel plot technique. The corrosion rates of the materials
tested when exposed in various media are presented in
Table 1 and graphically in Figure 2.

From these results it can be concluded that chloride
ions drastically promote corrosion. As their concentra-
tion increases, so does the rate of corrosion. The corro-
sion process is also particularly dramatic in acid solu-
tions containing SO4* ions, which represent very
aggressive industrial atmosphere. The corrosion rates of
all materials in fresh water are relatively favourable. In
addition, the results of this investigation showed that a
defined trend which favours a NDFB-ZrOz material ex-
ists (Figure 3, Table 1).

The same trend among the materials was observed by
exposure in a wet corrosion facility, but a substantial im-
provement of the corrosion properties by addition of
ZrO: was not achieved. Results are presented in Table 2.
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Figure 1: Potentiodynamic polarisation curves for three types of alloys
tested in fresh water, 20°C

Corosion rate (mmiyear)

Figure 2: Corrosion rates of the materials exposed in various media
presented graphically
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Figure 3: Cumulative mass-loss of different alloys during 10 weeks of
exposure in a wet corrosion chamber

Table 2:Corrosion rates of alloys exposed in a wet corrosion cabinet

Material Environment Corrosion rate
i . (mm/year)
NFB Wet corrosion chamber 0,089
NFB-H{O: Wet corrosion chamber 0,072
NFB-ZrO; Wet corrosion chamber 0.063

3.2 Microstructural study

Cross section of the samples A, B, C were ground
and polished with diamond paste. The polished surfaces
were examined by optical microscopy and electron mi-
croscopy (SEI and BSEI). The phases present were ana-
lysed using EDS standardless quantitative analyses.

Figure 4 shows a comparision of the microstructures
(cross sections) of sample without any addition (A) and
sample with 1 wt.% of HfO, addition (B). Figure §
shows the cross sections of the polished surfaces of sam-
ples with HfO; (B) and ZrO; (C) addition. There is an
obvious difference in the level of corrosion attack be-
tween the three samples. The most aggressive corrosion

Figure 4: Microstructures (cross sections) of sample without any
addition (A) and sample with 1 wt.5% of HfO:z (B) (385 x)
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Figure 5: Microstructures (cross sections) of sample with HfO: (B)
and sample with ZrO; (C) (385 x)

proceeds in samples A. In samples B and C the corrosion
products are located mainly on the surface, especially in
samples C, where no deep corrosion in the bulk material
was observed. The reason for such local corrosion is sup-
posed to be the presence of particular phases.

More detailed analyses of the phases present were
obtained by electron microscopy. Figure 6 shows the
combined BS/SE image of an SEM micrograph of sam-
ple A and spectra of phases P; and P2. The phases pre-
sent in the corrosion products of sample A were found to
be combined Nd, Dy and Fe oxides. The ratio between
Nd and Fe oxides differs in the phases Py and P2. The
results of standardless quantitative analyses (ZAF correc-
tion program) are presented in Table 3.

Table 3: The results of standardless quantitative analyses of the oxide
phases

7‘.7\:g!;Q;_xIw;tfr“’l__‘br‘;*O_\ (wt.5)

5 &

FeO (wt.%)

Phase P, 43,35 30,18 24,47
Phase P; 07,69 : 92,31
Phase Py, 37,55 24,73 37,72
Phase P, 1199 - 88,01

In samples B a Hf-Fe rich phase was detected. The
combined BS/SE image of the SEM micrograph of sam-
ple B and the corresponding spectrum of phase Ps are
shown in Figure 7. Other phases present are the matrix
phase Ps (RE:Fe 4B) and RE -rich phase Ps.

In samples C a Zr-Fe -rich phase was found, mostly
on the phase boundaries between the hard magnetic
RE:Fe14B phase (Ps) and the RE -rich phase (P7). A
combined BS/SE image of the SEM micrograph of sam-
ple C and the corresponding spectrum of Zr-Fe -rich
phase Py are shown in Figure 8. The SEM micrograph of
the same sample showing different phases in the cor-
roded area and the corresponding spectra of these phases
are presented in Figure 9. In samples C, the barrier
based on the Zr-Fe -rich phase, which exists between the
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Figure 6: Combined BS/SE image of SEM micrograph of sample A
and spectra of phases Py and P2

corrosion products (in the RE -rich phase) and the hard
magnetic matrix phase, prevents the propagation of cor-
rosion, Phase Pjp shown on SEM micrograph (Figure 9)
illustrates this tentative explanation. The results of stan-
dardless analyses of the Zr-Fe -rich phases found are pre-
sented in Table 4.

Table 4: The results of standardless quantitative analyses of Zr-Fe
rich phases

Sty __Fe Nt
Phase Py 44,22 54,02 05,76
Phase Py 37.28 54,35 08,38

4 Conclusion

The results of the corrosion experiments and analyses
of RE-Fe-B-X alloys, as well as analyses ot the corrosion
products and microstructural observation and analyses

show, that zirconia addition gives the most promising re-
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Figure 7: Combined BS/SE image of SEM micrograph of sample B
and corresponding spectra of Hf-Fe -rich phase Py
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Figure 8: Back scattered image of SEM micrograph of sample C and
the corresponding spectrum of Zr-Fe -rich phase P
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Figure 9: SEM micrograph of sample C showing various phases in the
corroded area and the corresponding spectra of phases Pio, Py and P2

sults in corrosion protection of the basic material. Corro-
sion rates in fresh water were 0,30 mm/year for Nd-Dy-
Fe-B alloy and 0,02 mm/year for Nd-Dy-Fe-B-Zr alloy.
The same trend was shown when the samples were ex-
posed to conditions where condensed atmospheric hu-
midity was simulated. The highest cumulative weight
loss occured with pure Nd-Dy-Fe-B alloys and the low-
est with the alloy improved by ZrO; addition.

A tentative explanation for the difference is that the
change in microstructure is obviously responsible for im-
proving the corrosion resistance of Nd-Dy-Fe-B-Zr alloy.
The reason for local corrosion is the presence of particu-
lar phases, (Fe-Hf, Fe-Zr) acting as an anode, with con-
siderable potential difference between these and the ma-
trix. A tentative explanation for the formation of Fe-Hf
and Fe-Zr -rich phases is that in the samples with HfO;
and ZrO: addition, during the arc melting process most
probably Nd from Nd -rich phase reduces both oxides
and Hf or Zr -rich phases are formed. They act as the
barrier between the corrosion products (in the RE -rich
phase) and the hard magnetic matrix phase and to some
extent prevent the propagation of corrosion.

The improvement of the corrosion resistance of basic
material itself can contribute significantly to the stability
of coated magnetic material.
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The present work is focused on thecries of grain boundary segregation. An overview of different approaches to solution of surface
enrichment phenomenon is given in the first part. The second part is devoted to the verification of introduced theonies by means of

experimental results.

Key words: low alloy steels, phosphorus, grain boundary segregation, non-equilibrium segregation, kinetics

V Clanku so predstavijene tearife razli¢nih avtorjev o segregaciji po mejah zrn. V prvem delu je podan pregled razli¢nih razlag
obcgatitve prostih povrsin. V drugem delu smo obravnavane teorije verificirali z eksperimentalnimi rezuitat),

Kijucne besede: nizko legirana jekia, segregacija po mejah zrn, neravnoteZne segregacije, kinetika segregacije po mejah zrn

1 Introduction

Enrichment of solute or solvent atoms from bulk at
the grain boundaries is referred to as grain boundary seg-
regation. Segregation is mostly attributed to the grain
boundary weakening due to lowering the interface cohe-
sion. As a consequence, an intergranular embrittlement
occurs. Because segregation phenomenon decisively in-
fluences properties of commertial materials, the grain
boundary segregation has been intensively studied in last
decades'®,

The present work deals with segregation theories® '3
and their experimental verification. By use of multicom-
ponential alloys in the verification, the introduction of
some simplifications is necessary because the segrega-
tion theories were mostly derived for binary or ternary
solid solutions. For example, low alloy steels containing
Fe, Cr, Mo, V, Mn, Si, C and P were considered to be
binary Fe-P or ternary Fe-Mo-P systems'*!5,

2 Segregation theories

2.1 Non-interactive equilibrium segregation

The theory of equilibrium segregation for dilute bi-
nary solid solution Fe-I (Fe - solvent, I - solute impurity)
was derived by McLean to be the grain boundary analo-
gous of Langmuir adsorption at free surfaces''S. The
Langmuir-McLean isotherm yields:

Ci P Ag,
exp (- 1) » (1)

1-CE — 1-C}

' Dr.Sc. Jozef JANOVEC
Imstivese of Masenials Rescarch, Slovak Academy of Sciences
Watsomova 47, IMIS3 Kedice, Slovakaa

where Ci*4 is the equilibrium grain boundary concen-
tration of impurity, Ci® is the bulk concentration of im-
purity, Ag; is the free energy of impurity segregation,
and k is the Boltzmann constant.

The equilibrium segregation kinetics can be calcu-

lated as':
CEm-CP" _ 4Dt \_@(
——CF"‘ oo - exp [—(af)’ (@ erfc|2 | (2)

where CiE(t) is the grain boundary concentration of im-
purity for the time t, Cf¥% = C,¥(t=0) is the initial con-
centration of impurity, d¥ is the grain boundary thick-
ness, Dy is the diffusion coefficient of impurity, and o®
= CiF*9/CE0 is the enrichment factor.

2.2 Interactive equilibrium segregation (co-segregation)

Guttmann*!” modified the Langmuir-McLean iso-
therm to be suitable for the calculation of interactive
equilibrium segregation in ternary Fe-M-I systems. He
assumed for this system an attractive interaction between
the impurity I and the solute metalic element M. If the
M-I competition for convenient sites at the grain bound-
ary exists, impurity grain boundary concentration can be
calculated according to:

i c!
| -CHe-Che 1 -CP-

The interaction leading to the M-I co-segregation was
defined in terms of segregation free energy, Agi, i =1, M:

Ag = Ag) - 20, CF* + o'y (CY* - CF) (4)

Ag = Ay ~ 20y (- C + 'y CF9,  (5)

A i R
S exp (- 1) =L M )
M

where Agi® and Agy® are the free energies of segrega-
tion for I and M in their respective binary systems with
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Fe, while o’y and otgey are the relative chemical interac-
tion energies between M-I and Fe-I, respectively. For
non-competitive segregation the following expression
was obtained'7!8

o™ c
1-Cke 1 -CP

where Ag; has the same meaning as in the previous case.

Kinetics of interactive segregation can be described
by means of the regular solution model proposed by
Seah'®. In the model it is assumed a local equilibrium
between concentrations of impurity at the grain bound-
ary, CE(1), and in adjacent bulk layers, Ci®(t). Then

Cr (1)
1-Cf (v

The combination of equations (4) and (7) is fre-
quently used in kinetic calculations, as firstly by Tyson'®.

In recently proposed theories. the grain boundary
segregation is assumed to be a bulk-diffusion-controlled
process. There are also kinetic models favouring other
controlling mechanisms, for instance the fast diffusion
path?®2! or the grain boundary diffusion®**}, Du Plessis
and Van Wyk??, for instance, proposed a model consider-
ing the chemical potential gradient as a driving force of

the grain boundary segregation.

A
cxp(—:.% L i=LM ()

A
= ChO exp (- T 7

2.3 Non-equilibrium segregation

Non-equilibrium segregation theory was established
by Aust et al.>® and Anthony?®. They supposed that va-
cancies and impurities form vacancy-impurity complexes
with a binding energy higher than the thermal energy.
The controlling mechanism of non-equilibrium segrega-
tion is the vacancy concentration gradient. The higher
temperature the higher is the equilibrium concentration
of vacancies. The temperature decrease during rapid
cooling leads to a loss of vacancies along grain bounda-
ries due to their annihilation. This process is in accord-
ance with the tendency to achieve a lower equilibrium
concentration of vacancies at lower temperature. The va-
cancy concentration decrease near the grain boundaries
results in the dissociation of vacancy-impurity com-
plexes in this region. In the interior of grains, where less
vacancy sinks are present, the concentrations of vacan-
cies and vacancy-impurity complexes decrease lesser.
Consequently, the diffusion of the complexes from inte-
rior to the grain boundaries occurs due to the concentra-
tion gradient between these two areas. The process leads
to an excessive impurity concentration near the grain
boundaries and causes the non-equilibrium segregation.

The model of non-equilibrium segregation was pro-
posed by Faulkner® and extended by Xu Tingdong?.
When a sample is held at the solution-treatment tempera-
ture To and then quickly cooled to the lower temperature
T, the maximum of the impurity grain boundary concen-
tration C;N™* induced during holding at the temperature
T is calculated as®2":
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where Ejp is the vacancy-impurity atom binding energy
and Eg is the energy of vacancy formation. The kinetic

equation of non-equilibrium segregation has a form*’:

N NGO

-(-:'—N-(ic—'.=l-exp —4?‘—‘ erfc 2\(D_"'t , (9

Y- (o) (@) o' d¥
where C¥(1) is the grain boundary concentration of im-
purity for time t, C;N? = C¥(1=0) is the initial concentra-
tion of impurity, D¢ is the diffusion coefficient of com-
plexes, d¥ is the thickness of grain boundary, and o™ =
CNmax/C,N0 i the enrichment factor. The equation (9) is
used for times of impurity diffusion shorter than the
critical time. The critical time . is given by?’

m ¥ In (DJ/Dy)
“7 48 (De - Dy

where 7 is the average austenite grain size and o is the
critical time constant®®. For times of impurity diffusion
longer than the critical time the process of desegrega-
tion occurs,

The concentration level of impurity at grain bounda-

ries during the desegregation can be calculated according
10?930

Ci\lmu - C[B [__Eﬁ]cxp (Eh_—E'{ _ Eh = El] . (8)

(10)

) =Cl+3(C} - Cl -
N N
Jerf (#—,E)A:rf (i,-;_:)] > &
(4D, (t=1)] [4D; (t=1)]

The process in which the desegregation is dominant
can only occur when CN¥(te) > CiE4 for a given tempera-
ture. It means the desegregation is limited by reaching
the equilibrium grain boundary concentration. The mi-
gration of grain boundaries during austenitizing and re-
crystallization can also contribute to the non-equilibrium
segregation in term of a sweep effect. The nature of this
phenomenon resides in embedding and subsequent drag-
ging of solute species by moving grain boundary. As a
consequence the grain boundary enrichment of solute
species occurs®!*2,

(1

2.4 Segregation under stress

Stress and thermal energy does not affect the equilib-
rium grain boundary concentration of impurities during
the tempering (aging) significantly, but it influences seg-
regation kinetics. Grain boundary segregation of impuri-
ties with higher diffusivity can be enhanced effectively
by applied stress. Atoms of some impurities (e.g. carbon,
nitrogen, boron) fastly occupy the convenient sites on
grain boundaries and they prevent subsequently due to
competition effect the segregation of other elements*35,

Shinoda and Nakamura® studied the grain boundary
segregation of phosphorus in low carbon steel during
long-term tempering and subsequent aging under stress
at the same temperature. In the first step of aging under



tension (compression) phosphorus grain boundary con-
centration increases (decreases), then its value approxi-
mate to the initial one*®. Changes in impurity concentra-
tion at the grain boundaries oriented normal to the
applied stress ACr can be calculated as follows™':

40C"Dypoat
YRT :
where ¢ is a numerical factor of the order of unity, C/5°
is the initial grain boundary concentration of impurity, p
is the specific volume of alloy, ¢ is the stress related to

the grain boundary, and At is the aging time under
stress.

ACY = (12)

3 Verification of segregation theories

To verify the above described theories the phospho-
rus grain boundary segregation in five low alloy steels
was investigated, Table 1. Schedules of heat treatment
and phases identified in individual investigated steels
termed 1, 2, 3, 4, and 5 are given in Table 2. Grain
boundary concentrations of relevant elements were cal-
culated after Davis et al.*® from Auger spectra. Peaks of
Pi20ev, Siszev, Moissev, Carzev, Nazoev, Varzev, Crszoev
and Fejoiev were used in calculation. The peak of oxygen
was not considered because of additional adsorption of
this element on freshly fractured surface. Parameters, at
which Auger spectra were achieved are given in Ref.!*!3,

Table 1: Chemical composition of investigated steels in wt.%

Steel C.__P Mn  Si «CcoMboVis Nite S
] 0.110 0.004 0525 0385 2.685 0.694 0355 . 0010
2 0100 0.014 0700 0270 2620 0.690 0330 . 0007
3 0.110 0.027 0.665 0.340 2700 0.733 0357 . 0010
4 0060 0.013 0.650 0.290 2.660 0.700 0310 0.009
5 0160 0.014 0460 0.290 2700 0.640 0.300 0060 0.015

Table 2: Schedules of heat treatment and phases identified in
investigated steels

Heat treatment Phases identified

1250°C/0.75h, water quenching,
680°C/20 h, water cooling,
Fermite+MiC3+MC
aging at 500°C for 0.33h,1h.5h.150h
1250°C/0.16h, water quenching,

680°C/20h, water coolm*
aging 580°C for 5 min and 150h

welding cycle: T...xl300°C
_ Ay3=30s, 580°C/100h

5 welding cycle Trm=1300°C,Atys=30s,
600’(%/120& under strgss(smm rate

Steel

= || 1o e

Ferite+M;C3+MC

Fermte+MyC+MCy

Fermmite+sMsC

Phosphorus grain boundary concentrations measured
for steels 1, 2, 3 aged at 500°C for different times
showed the best fit with McLeans non-interactive Kinetic
equation (2), (Figure 1). The segregation can be charac-
terized as slow, because after 150 h aging the equilibrium
was not reached for any of the steels. A completely dif-
ferent situation was observed for steel 4 aged at 580°C
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Figure 1: McLean's non-interactive equilibrium kinetic equation fitted
to values of phosphorus grain bounda? concentration for steels: 1 (a),
2 (b), and 3 (c), aged at 500°C (after'")
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Figure 2: Interactive kinetic equations (4) and (7) fitted to values of
pbosphorus grain boundary concentration for steel 4 aged at 580°C
(after'?)
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(Figure 2). Here, the measured values of phosphorus
grain boundary concentrations correlate with the curve,
calculated according to equations (4) and (7). The equi-
librium was reached after 5 min, and that indicates to
very rapid segregation process. The obtained results
showed that both rate of equilibrium segregation and
also participations of interactions in this process are tem-
perature dependent. McLean's non-interactive kinetic
theory seems to be available for the description of segre-
gation kinetics at lower aging temperatures (slower seg-
regation rates) and interactive equations are more con-
venient for higher ones (accelerated segregation rates).
In Figure 3 Auger spectra for the steel 5 after tem-
pering (a) and short-term aging under stress (b) are
shown. For loaded state the peaks of C, S, N, and Cr
were evidently higher than for tempered one (Table 3).
Differences between carbon, sulphur and phosphorus
grain boundary concentrations for the loaded state can be
explained by different diffusivity of these elements in
iron at 600°C203%40_ Atoms of carbon and sulphur dif-
fuse faster than phosphorus atoms and occupy earlier
convenient sites at grain boundaries. Site competition be-
tween P-C and P-S°*! make impossible an additional
phosphorus enrichment at grain boundaries. With pro-
longing the aging an increase in phosphorus and a de-
crease in carbon grain boundary concentrations occur be-

cause of carbide precipitation’*>%3.

Table 3: Experimentally measured grain boundary concentrations of
C. S. P. N, Cr, Mo, and V for steel 5 in at.%

e S P N Cr Mo Vv
tempered 95+1.0 - 44%1.6 - 49405 1.440.52.7404
stressed 269 177 54 93 96 2.1 2.5

Higher grain boundary concentrations of chromium
and nitrogen in the first period of aging under stress are
probably caused by Cr-N interactive segregation. Misra
and Balasubramanian®™* supposed a Cr-N co-segrega-
tion (stressing up to 5 min at 580°C) due to strong
chemical interaction between these clements. After
reaching the maximum coverage (depending on aging
temperature), a continuous decrease in Cr and N grain
boundary concentrations occurs,

The shape of carbon peaks (Figure 3) indicates the
occurence of carbide particles on the grain boundaries®,
Then, also peaks of alloying elements, preferentially Cr,
must originate partially from these particles***’. Re-
flexes originating from intergranular carbide particles
mostly influence the achieved spectra and they can not
be neglected in interpretation of grain boundary segrega-
tion in multicomponential alloys.

4 Concludig remarks

An overview of the theories of grain boundary segre-
gation is given in the present work. The verification of
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Figure 3: Characteristic Auger spectra taken on intergranular facets of
steel 5: a) tempered at 580°C for 100 h, b) aged under stress for 120 s
at 600°C

the theories for multicomponential Cr-Mo-V low alloy
steels leads to the following findings:

1. The McLean's non-interactive equation is the most
convenient for the description of equilibrium segregation
kinetics at lower temperatures (500°C), while the inter-
active equations are more suited for the description of
equilibrium segregation kinetics at higher temperatures
(580°C)

2. In comparision with unstressed aging, the higher
rates of C, S, N and Cr grain boundary segregation in the
first period of the aging under stress (600°C) were ob-
served

3. In the investigated multicomponential steels, an in-
fluence of carbide particles on achieved Auger spectra
can not be neglected.
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Mechanical Properties of High Temperature Vacuum
Brazed HSS on Structural Carbon Steel with
Simultaneous Heat Treatment

Mehanske lastnosti visokotemperaturno vakuumsko
spajkanih in isto¢asno toplotno obdelanih spojev

V. Leskovéek', D. Kmetié, B. Sustarsié, IMT Ljubljana, Slovenija
Prejem rokopisa - received: 1996-10-01; sprejem za objavo - accepted for publication: 1996-11-04

The high temperature vacuum brazing process, at the HSS austenitization temperature makes it possible to carry out
simultaneously the brazing of HSS on structural carbon steel and heat treatment. The advantages of this process are: increased
strength of brazed foints and foughness of the part, optimum hardness and cutting edge strength for a given combination working
part/cutting tool. The process is economical when used in modern mass production methods, irrespeclive of the number of metals
lo be joined and heat treated. The adaptability makes the process so economical.

Key words: high temperature vacuum brazing, hardness, microstruclure, shear strength, lensile strength, vacuum heat treatment

Postopek visoko lemperalurnega vakuumnskega spajkanja v enokomorni vakuumski peéi s homogenim plinskim ohlajanjem pod
visokim tiakom vodimo v obmocju avstenitizacife hitroreznih jekel. Prednost tako izdelanih reziinih orodif je predvsem v doseganju
Zelene Zilavosti nosilnega dela iz konstrukcijskega jekla, v doseganju optimalne trdote rezila izdelanega iz hitroreznega jekla ter
njegove odpornost proll olopitvi pri dani kombinaciji delforodje. Trdnostne lastnosti vezne plasti so odvisne od dodajnega
materiala, lehnologife 1zdelave in pogojev vakuumske toplolne obdelave. Uporaba tega postopka je ekonomicna, ¢e moramo spoyiti
in vakuumsko toplotno obdeilati le nekaj ali pa vecje $tevilo orodi/.

Kljuéne besede: visoko lemperaturno vakuumsko spajkanje, trdota, mikrostukiure, strizna trdnost, natezna tradnost, vakuumska

toplotna obadelava

1 Introduction

High temperature vacuum brazing is a method of
joining of metals by means of heat and filler metal in
vacuum at temperatures above 900°C, yet below the
melting point of the joined metals, and with no use of
fluxes. The products are defect-free joints with very high
bonding strength that can even reach the strength of the
joined metal in many cases (e.g. steel, nickel or cobalt
alloys).

The high temperature vacuum brazing of HSS on
structural carbon steel with simultaneous heat treatment
is performed in single chamber vacuum furnaces, with
uniform high-pressure gas quenching at the austenitiza-
tion temperature of HSS. In this work high temperature
brazed joints of HSS and structural carbon steel with si-
multaneous heat treatment were investigated. Two braz-
ing alloys based on Ni-Cr-Si and copper were applied as
filler metals. The shear strength of an overlap joint and
the tensile strength of a but joint as well as, the micro-
structure and fracture surface were investigated.

The advantages of the process are, the requested
toughness of the carrying part from structural carbon
steel and the optimum hardness and cutting edge strength
of HSS for the given combination of working part/cut-
ting tool. Such mechanical properties of cutting tools

' Vomeh LESKOVSEK, daplin.
Indteut za kovinske matcriak in ehnologije
1000 Liwhljana. Lepi pot 11, Slovenija

manufactured in the conventional way from HSS can
only be obtained by an additional tempering operation.

Other advantages of the high temperature vacuum
process are energy savings, the omittance of expensive
tool steels and their cleaning, as well as, few parts are to
be joined or hundreds of thousands when it is economi-
cal to use vacuum brazing with modern mass production
methods. The adaptability makes vacuum brazing of in-
creasing use in the metal-joining processes.

2 Basic factors affecting the mechanical properties
of the brazed joint

The strength of the filler metal is one of the main fac-
tors influencing the strength properties of the brazing
joint, since it is a direct measure for the strength proper-
ties of the joints. Therefore, joints brazed with nickel-
base filler metal are stronger than those brazed with cop-
per-base filler metal.

The narrow joint clearance causes a high capillary
filling pressure; therefore, the gap should be parallel over
the whole length of the joint. Only in this way by in-
creased capillary filling pressure the filler metal can be
aspired into the gap. The most favourable joint clearance
for high vacuum temperature brazing is approximately 0
- 100 pm, when measured at the brazing temperature.
Figure 1 shows schematically the relation between joint
clearance and the tensile strength of the joint for flux
brazing and high temperature brazing'.
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A

brazing in vacuum of
protective atmosphere

tensile strength of filler metal

Tensile strength

Joint clearance

Figure 1: Relation between the joint clearance and the tensile strength
of the joint'
Slika 1: Odvisnost med 3irino $pranje in natezno trdnostjo spoja

The tensile strength of a brazing joint increases with
the increasing tensile strength of the base metal, if all
other conditions such as filler metal and joint clearance
are the same, (Figure 2). The tensile strength of the base
metal has no influence on the shear strength of the braz-
ing joint, (Figure 3). In this case, only the properties of
the filler metal are dominant. The tensile strength of the
brazing joint decreases with the increase of the brazing
contact area, (Figure 4). This can be explained by the
fact that the chance for the formation of blowholes in-
creases with the contact area, especially if the flow path
for the filler metal also increases. However, the loadabil-
ity of the piece is increased by increasing the contact sur-
face of brazing.

To achieve the desired strength properties for the
brazing joint, the exact brazing temperature has to be
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Figure 2: Tensile strength of the brazing joint as a function of the
tensile strength of the base metal'

Slika 2: Natezna trdnost spajkanega spoja v odvisnosti od natezne
trdnosti osnovne kovine
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Figure 3: Shear strength of the brazing joints as a function of the
tensile strength of the base metal’

Slika 3: Stnizna trdnost spajkanega spoja v odvisnosti od natezne
trdnosti osnovne kovine
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Figure 4: Relationship between the tensile strength of the brazing joint
and the brazing contact area’

Slika 4: Odvisnost med natezno trdnostjo spajkanega spoja in stiéno
povriino spajkanja

chosen?. If it is too low, the filler metal will not flow, and
will consequently not wet the surface, and thus, fail to
bond the base metal. On the other side, the brazing tem-
perature must not be exceedingly high, as the alloyed
elements in the filler metal might evaporate or undesired
changes of the base metal could take place.

In some cases longer soak time at the brazing tem-
perature after the melting of the filler metal also contrib-
utes to increase the strength properties. In this case, the
diffusion zone is larger that results in higher strength
properties of the joint as long as no brittle intermetallic
phases are formed?® Investigations have shown that even
with small quantities of impurities' in the filler metals,
the mechanical properties are decreased significantly.
The brazing joint becomes brittle because of the forma-
tion of brittle layers between the filler metal and the base
metal,



3 Experimental procedure

Experiments were performed on high temperature
vacuum brazed joints of the HSS W. No. 1.3343 and
M15 (AISI) and the structural carbon steel W. No.
1.1141 (DIN) with simultaneous heat treatment. The
filler metals used in this process were two brazing alloys
manufactured by the Nicrobraz Wall Colmonoy firm
(LM, 30) based on Ni-Cr-Si and water-atomised copper
powder with the required brazing properties, (Table 1).

Table 1: Chemical composition of base metals and filler metals (in
wi%e)
Tabela 1: Kemijska sestava jekel in dodajnih materialov (v ut.%)
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Figure 5: Shear specimens with single and four-fold overlap
Slika 5: StriZna preizkufanca z enkratnim in $tinkratnim preknitjem

M 15 (AISI) WNo. 1.1141 (DIN)

>153 (15287)

\ s 8

Material C _Si_ Mn P S & W Mo V Co

1.3343 0,89 0.35 0,29 00180018 42 63 49 18 -
11141 0,14 0,27 0,32 0,007 0,012 0,1 - - - -
MIS(AISI) 1.5 - . 45 65 35 50 50
LM 7% Cr; 4.5% Si; 3:0% Fe: 2.1% B: max.0,06% C; bal. Ni
30 19% Cr; 10.2% Si; max.0,10% C: bal. Ni

Cu 99 8% Cu

To get a higher strength of the joint or to make the
fixturing of parts to be brazed easier. a lap joint should
be selected. This joint should be designed to obtain the
same stability under load of the joint and of the base
metal. The lap length is then function of the tensile
strength of the base metal and the shearing strength of
the joint:

U="2 ()

where U = length of the lap in mm,

Rm = tensile strength of base metal in Nmm2,
1 = shearing strength of the joint in Nmm2,

t = thickness of base metal in mm.

If. in addition, a safety factor and an impairment of
the joint caused by small brazing errors is taken into ac-
count, then the length of the lap should be 3 to 6 times
the thickness of the base metal. Generally, three times
the base metal is sufficient for metals of low tensile
strength; six times should be used for metals of high ten-
sile strength'.

The but joint is used for thicker parts (t > 2 mm) if a
lap joint is not possible!. In contrast to soldering, the sta-
bility under load of this type of joint is often sufficient
for practical use if the parts are brazed.

Experiments’ were performed on shear specimens
with single and fourfold overlap, (Figure 5). The lamel-
lae from HSS and structural carbon steels were, finely
ground after rough machining. Measurements showed
that the surface roughness Ry = 0.44 pum in the longitudi-
nal direction was equal for both surfaces.

The test specimen with but joint shown in Figure 6
was used for the tensile test.

For the brazing of the shear and tensile test speci-
mens with the but joint the clearance of 80 um was cho-
sen. The brazing temperature was 1120°C for specimens

petle
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Figure 6: Tensile test specimen with but joint
Slika 6: Natezni preizkuianec s Celnim spojem

brazed with the filler metals LM and Cu, and 1160°C for
those brazed with the filler metal 30. After diffusion heat
treatment, the specimens were cooled in nitrogen flow at
the pressure under 5 bar abs, and than double tempered
at 550°C, (Figure 7). The brazing was performed in a
vacuum 5 X 102 mbar. Shear and tensile specimens with
but joints were used for metalographical and mechanical
research.

For the investigation of endurance of brazing joint,
two paper knives with the dimensions of 425x117x10
mm and one knife with the dimension 560x117x10 mm,
were manufactured from HSS W. No. 1.3343 steel and
their bearing parts from the steel W. No. 1.7131 (DIN)
steel, (Figure8). The filler metal marked LM was used
for these knives and considering the knives’ shape, a lap
joint with 80 um clearance was chosen. The brazing tem-
perature was 1190°C. After diffusion heat treatment, the
knives were cooled in a nitrogen flow at a pressure under
S bar abs, followed by double tempering at 540°C, (Fig-
ure 7). The brazing was performed in a vacuum, 5 x 102
mbar.

4 Results and discussion

4.1 Mechanical tests

Next to the required properties of structural carbon
steel and HSS, the most important property is the bond
strength between them. Mechanical tests were performed
on fourteen shear specimens with a single and four-fold
overlap and length of the lap of 2 to 6 times the thickness
of the base metal and three tensile test specimens brazed
with LM and Cu filler metal.

The joint clearance for high temperature vacuum
brazing was among 50-70 pum for the specimens brazed
with fillers LM and 30, and 20-50 um for the specimens
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Figure 7: High temperature brazing with simultancous heat treatment
process model

Slika 7: Model visoko temperaturnega vakuumskega spajkanja z
istotasno toplotno obdelavo

brazed with the copper filler. Data regarding specimens
characteristics and the shear strength obtained by the In-
stron tensile testing machine are summarised in table 2.

Table 2: Specimens characteristics and the shear strength
Tabela 2: Karakteristike preizkulancey in strizne trdnostip rekrovnih
spojev

Sample Filler metal  Overlap  Length of Shear
the lap strength
) Nmm
A/l LM four-fold Ixt > 30
A/2* LM four-fold Ixt 27
A/3 LM four-fold 6xt > 30
Al4* LM four-fold 6x1 18
A/S LM single-fold Ixt > 71
Al6 LM single-fold 2xt > 210
B/l 30 four-fold Ixt > 30
B/2* 30 four-fold Ixt 27
B/3 30 four-fold 6xt >20
B/4 30 single-fold Ixt > 60
Cil Cu four-fold Ixt >32
cn Cu four-fold 6xt > 62
C/3 Cu single-fold Ixt > 66
C/4 Cu single-fold 2xt > 205

* Samples fractured in bond layer; C/1- the middle lamellae
made from W. No. 1.1141, end lamellae made from W.No.
1.3343; C/2 all lamellae made from W.No. 1.3343, because
of gliding in the chucks, there was no destruction of the sam-
ple: C/3- all lamellae made from W. No. 1.1141.

Results in table 2, show that rupture of samples, in
general, appeared in the structural carbon steel and not in
the bond layer, (Figure 9), since the shear strength of
brazed joints was greater than the tensile strength of the
structural carbon steel. The sample where the middle la-
mellae were from the steel W. No. 1.1141, was an excep-
tion since the fracture appeared simultaneously on both
middle lamellae.

The shear strength is dependent upon the overlap
shape and the lap length. The maximal shear strength
was obtained on samples with a single-fold overlap and
with the lap length 2 times the thickness of the base met-

560

Figure 8: Paper knives manufactured by high temperature vacuum
brazing with simultaneous heat treatment process to achieve a hardness
of 64 Hrc

Slika 8: NoZa za rezanje papirja izdelana po postopku visoko
temperaturnega vakuumskega spajkanja in istodasno toplotno obdelana
na 64 HR¢

Figure 9: Shear specimens B/1 and C/1 with a four-fold overlap after
the tensile test

Slika 9: Strizna preizkusanca B/1 in C/1 s tinkratnim prekritjem po
trgalnem preizkusu

al. On samples brazed with filler metal LM slightly
higher values were obtained.

After vacuum heat treatment that corresponded to
austenitizig and tempering temperatures for HSS M15
(AISI), the strength of the tensile test specimen with but
joint was a little lower than that for structural carbon
steel. The fractures propagated mostly within the bond
layer and partly also in structural carbon steel and HSS.
By tensile tests, the strength of specimens with but joint
was strongly influenced by defects in the bond layer
(sample C/8%). During tensile tests we did not notice any
elongation or reduction of area on the samples. Results
of tensile tests are presented in table 3.

Table 3: Strength of the tensile test specimen with but joints
Tabela 3: Natezne trdnosti ¢elno spajkanth preizkuiancev

Sample Filler metal R, (Nmm?)  Rn (Nmm?)
A/8 LM 330 445
Ccr Cu 340 475
C/8* Cu 325 345

* defects in the bond layer

After mechanical tests, a metallographical examina-
tion was performed. On the single or four-fold overlap
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Figure 10: Initial microcrack area propagating through the eutectic phase is in the microporous regions, sample A/2
Slika 10: Inicial za nastanck mikrorazpok, ki potekajo po eutekticni fazi, so mikroporozna mesta, preizkudanec A/2

Figure 11: Microstructure of the bond layer in specimen C/7
Slika 11: Mikrostruktura vezne plasti na preizkusancu C/7

specimens, where fractures appeared in the structural
carbon steel, only sporadic microcracks were found in
the bond layer. On specimens with fracture in the bond
layer, areas with microporosity were noticed, without ex-
ception, where microcracks initiated. On specimens
brazed with the fillers LM and 30, the fracture cracks
propagated through the eutectic phase of the bond layer,
(Figure 10).

As mentioned above, the diffusion of carbon from
HSS to structural carbon steel took place; and conse-
quently, the microstructure along the bond layer/struc-
tural carbon steel consisted of pearlite and bainite. On
specimens brazed with copper, cracks appeared at the
bond layer/structural carbon steel, respectively, (Figure
11). Tensile test specimens fractured in this region, as
well. Although carbon is not soluble in copper, the diffu-
sion of carbon from HSS throughout the copper bond
layer 10 structural carbon steel cannot take place, the mi-
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Figure 12: Vickers microhardness on transition from the bond layer to
HSS and structural carbon steel

Slika 12: Potek mikrotrdote HV na prehodu iz vezne plasti v
hitrorezno in konstrukeijsko jeklo
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Figure 13: Fracture through an area of eutectic and austenite phase,
sample A8
Slika 13: Prelom preko eutektika in avstenitne faze, preizkusanec A/8

crostructure along the bond layer/structural carbon steel
consisted of ferrite and bainite with traces of pearlite.

On the paper knife, the microhardness was measured
across the bond layer to HSS and the structural carbon
steel. The diffusion annealing was carried out with the
aim to affect hardness at its transition across the bond
layer and Figure 12 shows the microhardness profile ob-
tained. It shows that the HSS hardness is decreased,
while it is increased in the structural carbon steel.

The morphology of fracture surfaces is very hetero-
geneous. On the specimens brazed with the fillers LM
and 30, it was possible to identify fracture surfaces that
propagated in dendrit’s area from those propagated in the
eutectic phase and in austenite, (Figs 13 and 14)

Ductile fracture on specimens brazed with copper
propagated mostly within bond layer, (Figure 15). Inclu-
sions of copper oxide were found in the dimples.

4.2 Microstructural characterisation

The used filler metals, structural carbon steel and
HSS were examined by optical and scanning electron
microscopy. The microstructure of the W. No., 1.1141
(DIN) structural carbon steel consisted of ferite-pearlite
and bainite with a hardness of 145 HV10. The micro-
structure of the W. No. 1.3343 HSS consisted of a matrix
of tempered martensite containing small carbide precipi-
tates. The size of austenite grains was among 17 and 13
SG depending on the austenitization temperature and the
hardness 64 HRc.

Figure 16 shows the microstructure of the bond layer
between the HSS and the structural carbon steel on hard-
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Figure 14: Fracture surface of the specimen B/2
Slika 14: Prelomna povriina preizkudanca B/2

Figure 15: Fracture surface of the specimen C/7 brazed with Cu
Slika 15: Prelomna povriina preizkusanca C/7 spajkanega s Cu - v
jamicah so vkljucki bakrovega oksida

ened and tempered specimens A/l and B/2. The speci-
mens were brazed with the fillers LM and 30.

In the bond layer polygonal grains formed because of
the diffusion during brazing. The diffusion at the
HSS/bond layer border seams to be quicker; therefore,
more of this phase is found in the bond layer along the
HSS. Along the structural carbon steel/bond layer, the
bond layer was homogenous. The specimen B/2 was ex-
amined by SEM, (Figure 17).
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Figure 16: Microstructure of the high temperature brazed and
simultaneously heat treated joints of HSS and structural carbon steel,
samples A/l and B/2

Slika 16: Mikrostruktura vezne plasti na preizkudancih A/l in B/2

A detailed investigation in EPMA showed that the

larger polygonal grains present along the central line of

the bond layer were a phase solidification grains rich in
Cr. containing also Ni and Si with traces of W, Mo and
V. The smaller grains were carbides, (Figure 18). The in-
termetallic phase was hard. The measured microhardness
was 500-600 HV. The average matrix microhardness was
195 HV.

In the microstructure at the HSS/bond layer border,
the effects of the diffusion processes were clearly notice-
able. In the thin layer of HSS only carbides particles

were noticed., martenzite matrix was transformed be-

Figure 17: SEM micrograph of high temperature brazed joint,
specimen B/2
Slika 17: Mikrostuktura vezne plasti preizkusanca B/2 posneta s SEM

Mn

Figure 18: Distribution elements in the bond layer, sample B/2
Slika 18: Porazdelitev elementov v vezni plasti na preizkudancu B/2

cause of diffusion into austenite. This microstructure was
very similar to that in the bond layer, (Figure 17).

At the bond layer/structural carbon steel border, dif-
fusion of Cr, Ni and Si to structural carbon steel oc-
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curred. The hardened and tempered samples brazed with
filler metal LM and 30 showed along this border a thin
layer rich in carbon, (Figure 16) with microstructure
consisting of a small amount of pearlite and bainite. The
diffusion of carbon was more rapid on the samples
brazed with the filler LM,

The microstructure of W, No, 1.7131 (DIN) structural
carbon steel used for bearing part of paper knives con-
sisted of tempered martensite and bainite. Austenite
grains were coarse, due to the high austenitization tem-
perature. The microstructure of the W. No. 1.3343 HSS
consisted of a matrix of tempered martensite containing
small carbide precipitates and the size of austenite grains
of 14 SG. The microstructure of the bond layer was iden-
tical as in hardened and tempered samples brazed with
filler metal LM.

5 Conclusion

Mechanical tests and metallographic observations
were carried on high temperature vacuum brazed and si-
multaneously heat treated shear specimens with single
and four-fold overlap and tensile test specimens with but
joint. Two Ni-Cr-Si brazed metals as well as copper
served as filler metal. During the heat treatment, rapid
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diffusion processes occurred between the liquid and the
hard phase, especially along the HSS border. By use of
Ni-Cr-Si based filler metal the formation of intermetallic
phases, eutectic phases and carbides in the bond layer,
and a net of eutectic carbides and voids on the austenite
net along the bond layer/HSS border, were observed.

The mechanical properties of the bond layer depend
on specimen design, manufacture and heat treatment
conditions. The bond layer must be as thin and as ho-
mogenous as possible and must shows no porosity or mi-
crocracks. Intermetallic phases and carbides cannot be
eliminated, due to the speed of the diffusion processes,
which are very high on the HSS heat treatment tempera-
ture.
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Discontinuous AI-SiC Composites Formed by a Low
Cost Chemically Activated Infiltration Technique

Pridobivanje in kemijska infiltracija poroznih SiC vzorcev z
Al-Si talino
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In this work, the preparation of porous SiC preforms from SiC particles, platelets and whiskers have been demonstarted. Near net
shape preforms, prepared by vacuum casling, were sintered and then covered by SiOz layer using a cost effective oxidation in air
at 1175 K for 10h, Surface engineered SiC preforms were than pressureless infillrated in nitrogen armoiphefe (96 vol% Nz + 4 vol%
Ar) by a Al-Si melf containing 0.5 - 3 wt% Mg. Based on this, a mathematical model of spontaneous infillration of a porous ceramic
preform has been suggesled. The role of magnesium and nitr atmosphere was quantitatively evaluated among the other
impartant processing parameters (porosity of preform, the specific surface area, etc.) collected in a new term named preform
infiltrability. Moreover, the influence of the above listed parameters on the infiltration rate (expressed as infiltration length and
function of time) has also been demonstrated. The optimal conditions for spontaneous and cost effective pressureless infiltration of
porous SIC preforms by molten aluminium alloy has been selected and experimentaly confirmed.

Key words: porous SIC preforms, vacuum casting, pressureless infiltration, infiltration kinetics, infiltrability of porous preforms

V delu Je opisana izdelava poroznih SIC vzorcev z vakuumskim viivanjem in njthovo sintranje do poroznih predobiik, sestavijenih iz
SiC delcev razlicne oblike: okrogli, heksagonaine plodéice in kratka viakna. Z oksidacifo na zraku smo previekli povrdino poroznih
SiC predobiik s tanko plastjo SiO;z in izboljsali omocljivost med SiC in Al talino. V nadaljnjem delu smo infiltrirali porozne keramiéne
vzorce z Al-Si-Mg talino v dusikovi atmosteri (96 vof;é Nz + 4 vol% Ar) pri normalnem tlaku. Na podlagi pridobljenih rezultatov smo
razvili malematicni model infiltraciie, ki opisuje kinetiko procesa v funkciji poroznosti in specificne povr$ine pripravijenih poroznih
vzorcev, vsebnosti dusika v atmosleri in sestave Al zlitine. Model je osnova za nadaljnfi razvoj tehnologije priprave Al-SiC
kompozitov § spontano oz. nizkotlaéno infiltracijo poroznit SiC vzorcev.

Kljucne besede: porozne SiC predoblike, vakuumsko viivanje, spontana infiltracija, kinetika infiltracije, infiltrabilnost poroznih

predoblix

1 Introduction

The need for high strength, lightweight, and high
stiffness materials has, in recent years, attracted much in-
terest to the development of the manufacturing processes
of metal matrix composites (MMCs)'. The most impor-
tant limitation of the fabrication of MMCs by liquid-
phase processes resides in the compatibility between the
reinforcement and the matrix?, This compatibility is par-
ticularly important in the case of aluminium-based com-
posites, because Al is usually covered with a thin oxide
layer that prevents wetting, and when uncovered, it read-
ily reacts with most ceramics to form intermetalics. In
particular, liquid aluminium reacts with SiC to produce
aluminium carbide and free silicon. Wettability and reac-
tivity determine the quality of the bond between both
materials and, therefore, greatly influence the final prop-
erties of the composite.

In many instances the properties of a reinforced metal
have been shown to provide a performance advantage
over a monolithic metal, but the high cost of producing
the composite has prohibited widespread commercial
use, Liquid-metal processes have the potential to be
more economical; hovever, the non-wetting nature of
many ceramics by molten aluminium, which results in

' Dr. Varufan M. KEVORKUAN
Lackova 139
2341 LimbaS. Slovenija

poor ceramic/metal interfaces and incomplete infiltra-
tion, has been an obstacle.

Melt infiltration is a popular technique for fabricating
MMCs. as it allow near-net shape fabrication of compo-
nents and material with a high reinforcing phase content.
The molten metal may penetrate the porous preforms
either under the action of an external force (pressure
casting® and vacuum assisted liquid infiltration process*)
or through a capillary pressure which is created once the
molten metal wets the ceramic surface (pressureless in-
filtration®).

Several pressure casting methods have been used for
preparing MMCs. The operating principle of a hydro-
static pressure infiltration device® is to use pressurised
gas to force molten metal into an evacuated die. Another
pressure casting technique is relatively simple’: pre-heat-
ing the particle aggregate in a special mould and then
adding 3 MPa pressure to the molten metal poured on the
particle aggregate so as to encourage penetration which
results in a metal-particle composite. Recently, a bottom
mixing process has also been suggested, where an evacu-
ated packed bed in the bottom of a crucible is covered
with a melt, and than stirrer shears the interface between
the particles and the melt, resulting in incorporation®.

Different fabrication methods using vacuum tech-
niques for cast-in-place hardfacing of casting were also
described’. In these processes, aluminium poured into a
sand mould is drawn by vacuum into a porous layer of
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reinforcing phase (named - preform) placed on a wall of
the mould cavity.

A recent molten metal process is the Lanxide Corp.
Primex™ pressureless infiltration process'®!!. In this
process a packed bed of ceramic powder is infiltrated by
an Al-Mg alloy, without any applied pressure, in a nitro-
gen atmosphere. The resulting composite, which has a
packed bed density of about 55 vol.-%, can than be di-
luted in the appropriate matrix alloy. Ceramic particles
of SiC and Al:Os, with particle size as fine as about 1
um have been infiltrated in this way, and at infiltration
rates of up to the order of centimetres per minute under
specific processing conditions. Processing details of the
Primex™ route are proprietary, but it would appear to be
a very competitive process for higher volume fraction
composites. The Lanxide Corporation has made exten-
sive efforts to protect this very valuable technology and
has well over 100 U.S. patents and over 1500 foreign
patents pending, with nearly 50 U.S. patents and over
100 foreign patents being issued or allowed by the mid-
dle of 1989,

In this work, the preparation of porous SiC preforms
made by SiC particles, platelets and whiskers have been
demonstrated. The surface of SiC preforms has been cov-
ered by SiO: layer using cost effective oxidation in air.
Chemically treated preforms were than pressurelless in-
filtrated by an Al-Mg alloy in nitrogen atmosphere. The
conditions for spontancous (as used. spontancously
means without the aid of any externally applied pressure
or vacuum), pressureless infiltration, which include the
use of a magnesium containing alloy and a nitrogenous
atmosphere have been already well documented in litera-
ture, by the inventors'?, However, the offered explana-
tion is semi-empirical based on the well known role of
magnesium which decreases the surface tension of a
molten aluminium alloy. As stated by inventors'?, this
alone does not induce spontaneous infiltration, but a ni-
trogen atmosphere may cause a further reduction in the
surface tension, thus promoting wetting. Additionally,
the reactivity of magnesium induces interfacial reactions
with solid ceramic surfaces. These reactions typically are
not sufficient to promote spontaneous wetting, but again
in combination with a nitrogen atmosphere they may
change or be altered, thus allowing the observed infiltra-
tion. These results clearly demonstrated that the combi-
nation of magnesium in the alloy and a nitrogeneous at-
mosphere leads to the spontancous infiltration of
aluminium alloy into ceramic fillers. However, little in-
formation is available on the effect of a nitrogen atmos-
phere on wetting. Some authors'* found that when fabri-
cating aluminium alloy matrix composites via
compocasting, the use of a nitrogen atmosphere and a
bubble-degassing step with nitrogen yielded composites
with much lower porosity than those produced similarly
with argon, but these results may not be assciated with
enhanced wetling.

In the present paper a mathematical model of sponta-
neous infiltration of a porous ceramic preform has been

566

suggested. The role of magnesium and nitrogenous at-
mosphere was quantitatively evaluated among the impor-
tant processing parameters (porosity of the preform, the
specific surface area, surface tension and the contact an-
gle). Moreover, the influence of above listed parameters
on the infiltration rate (expressed by the infiltration
length as a function of time) has been also demonstrated.
In this way, the optimal conditions for spontaneous and
cost effective pressureless infiltration of porous SiC pre-
forms by molten aluminium alloy were selected and ex-
perimentaly confirmed.

2 Pressureless infiltration - theoretical considera-
tions

A. Capilllary Law

Spontancous infiltration of a liquid into a porous me-
dium takes place when the liquid wets the solid. Other-
wise, a minimum external pressure should be applied.
This threshold pressure P (also called capillary pressure)
is related to the contact angle 8 and the particle size
through the so-called capillary law or Laplace equation:

P = 6Ly, cos® V /((1-V,)D) (1

where ¥y is the liquid-vapor surface tension, A a factor
which depends on the geometry of the particles, D the
mean diameter of the particles, and V, the particulate
volume fraction. Note that product (- yiv cos ) is the
work of immersion W; defined as the change in the free
energy on immersing the solid in the liquid. The work
of immersion can be written in terms of the threshold
(or capillary) pressure through the following expression:

W, =P (1-V,)/S,pV, (2)
where S; is the specific surface area (the surface area
per unit mass of porous preform) and p is the density of
the particulate. Unfortunately, the Laplace equation de-
scribes the situation for a cylindrical tube, a very crude
model for the types of porous media under considera-
tion here. This model, for example, cannot be applied to
irregularly shaped pores where the effect of both pore
geometry and network cooperatively combine with con-
tact angle hysteresis'*. However, White'’ derived a spe-
cialized expression based on the Laplace equation relat-
ing the pressure, P required to prevent capillary rise in
porous media for which the specific surface area S;,
solid density p, surface tension ‘v, contact angle 8, and
porosity o, are known:

P=(1-€) p Sy, cosO /e (3)

B. Darcy's Law

The flow of an incompressible fluid through a porous
medium is governed by Darcy's law'S, For unidirectional
flaw, and neglecting any effect of gravity, Darcy’s law
can be written as



v, = - (k/n) (dP/dx) (4)

where vq is the superficial velocity of the fluid (the ve-
locity of the fluid as measured by the volumetric flow
rate per unit cross sectional area where the cross section
is taken perpendicular to the average direction of flow),
M the viscosity of the liquid, dP/dx the pressure gradient
at the infiltration front, and k the intrinsic permeability.
It has been found empirically that the intrinsic perme-
ability k of a porous medium is proportional to the
square of the mean particulate diameter'?

k = aD? (5)

where the constant a must be determined experimen-
tally.

The superficial velocity v, can be related to the actual
velocity in the porous medium (dx/dt) by means of the
particulate volume fraction Vi

v, = (1-V,) dx/dt (6)

Combining Egs. (4) and (6) and integrating, the ex-
pression for the infiltration length, L as a function of
time and the pressure drop in the liquid metal #9P can be
written as:

L = [2keAP/u(1-V,)]"? (7)

On the other hand, for pressureless infiltration the
pressure drop should be at least equal to the threshold (or
capillary) pressure (Eq. 3). Under conditions of constant
permeability and constant capillary pressure, Egs. (3)
and (7) can be combined to obtain the following relation-
ship between infiltration length L, time t, and other proc-
essing parameters:

L = (1/g) [2ktW,S,p(1- £)/p]" (8)

Note that W; (work of immersion) is equal - yiv cosB.

The Eq. (8) can be simplified introducing that
£1V2kS:p(1- €) is the infiltrability of porous preform Q:

L =Q [W/u]"'"" 9)

Again, it's important to note that Eq. (9) is valid un-
der conditions of constant infiltrability and porosity of
ceramic filler, constant work of immersion and, finally,
constant viscosity of the melt, which is very difficult to
obtain in practice.

In spite of this considerable limitation, Eq. (9) can be
successfully used in combination with Eq. (3) in order to
designe the simple mathematical criterion for an early
stage of pressureless infiltration of porous ceramic pre-
form. Moreover, using this procedure, the parameters of
pressureless infiltration can be selected to satisfied both
proceesing requirements: spontaneous infiltration at ac-
ceprtable infiltration rate.

3 Materials and experimental procedures

Preparation of porous SiC preforms

For the purpose of this study, three basic SiC mor-
phologies - particles, platelets and whiskers in several
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size ranges (Table 1) were used for preforms prepara-
tion. Photomicrographs of used powders are compared in
Fig. 1. A diagram outlining the preform production proc-
ess is shown in Fig. 2.

Table 1: Characteristics of SiC phases used

Particles Platelets Whiskers
HSC 1200 SiC Platelets M-Grade SiCy
Microgrits Millenium Advanced
Superior Graphite  Materials, Inc Refractory
Technologies, Inc.
Chemistry Stoich SiC Stoich ic SiC Stoichiometric SiC
Crystalographic Primary phase Beta Primary phase Beta Primary phase Beta
Structure:
Diameter range 2-12 35-30 whisker length
(pm): 15:20
Thickness (um): ! 35 1-2
Aspect ratio: / 810 10-12
Purity: 97-99 wi% SiC <1000 ppm of <1000 ppm of
metallic impurities metallic impurities
P:iie\lllte Content -100 510 5-10
(%):
Oxygen (%) by 1.0 0.68 1.1
Leco
Free Carbon(%): 1.0 0.01 053
Specific Gravit 321 321 121
- i

Preform infiltration

The experimental lay-up used in this work consisted
of an aluminium alloy ingot, measuring about ¢50 x 30
mm, placed on the top of a porous ceramic preform. The
filler material had a height that was great enough to pre-
vent full infiltration under the process conditions (i.c.
more-or-less infinite column of filler material). After
processing, the amount of infiltration (distance from al-
loy/filler interface) was measured, and the composite
was sectioned and examined both macro- and micros-
tructurally. The alloy/filler pairs were than placed into a
controlled atmosphere furnace within a refractory vessel
(a 99.9% sintered alumina). The furnace was evacuated
to =1 Pa at room temperature and back-filled with an ni-
trogen-containing atmosphere until a positive flow was
obtained. Note that all experiments were conducted un-
der a slight positive pressure that was achieved by bub-
bling the exit gas through a 25 mm column of oil. Fol-
lowing the procedure developed in Lanxide, the furnace
was ramped to temperature at a rate of 200°C/h, held at
temperature for the specified time (e.g. at 800-1000°C
for 10 to 24 h for full infiltration of the speciments) and
allowed to cool to 675°C, at which time the samples
were removed from the furnace and cooled to room tem-
perature. Various combinations of magnesium-containing
aluminium alloys, silicon carbide porous preforms, nitro-
gen-containing gases, and temperature/time conditions
were employed to study the effect of various process
variables on the infiltration kinetics.

Because the infiltration of the porous preforms oc-
curs in a nitrogenous atmosphere (at least about 10 vol-
ume percent nitrogen and the balance a non-oxidizing
gas under the process conditions), aluminium nitride pre-
cipitates may form within the aluminium alloy matrix.

567



V. M. Kevorkijan: Discontinuous Al-SiC Composites Formed ...

Figure 1: Photomicrographs of used SiC morphologies: a) HSC 1200
Microgrits Superior Graphite, b) SiC Platelets. Millenium Materials,
Inc. and ¢) M-Grade SiC whiskers, Advanced Refractory Technologies,
Inc.

Slika 1: SEM fotografije SiC uporabljenih delcev: a) SiC prah -HSC
1200 Microgrits Superior Graphite, b) SiC plodtice, Millenium
Materials, Inc. in ¢) SiC whiskerji - M-Grade, Advanced Refractory
Technologies, Inc.

The per cent weight gain provides a measure of the
amount of aluminium nitride that forms during process-
ing. For comparison, the total conversion of pure alu-

minium to aluminium nitride produces a weight gain of

52%. Moreover, because this experimental arrangement
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produced a constant volume of composite in all cases
where full infiltration occured, the weight gains of differ
ent experiments could be directly compared.

4 Results and discussion

Preform preparation

SiC preforms, containing whiskers, platelets or parti-
cles, were fabricated by vacuum casting in a variety of
shapes and with a uniform microstructure. The character-
istics of these preforms are listed in Table 2.

Table 2: Characteristics of SiC- whiskers, platelets and particles
preforms made by vacuum casting method

CHARACTERISTIC __ PREFORM
Particle’s  Platelet’s Whisker's
__grade grade grade
-\\cmgc bulk density 1-2.25 1-2.25 1-2.25
(g/cm?)
Preform diameter (¢m) 3-10 3-10 3-10
Preform height (¢m) 2-5 2 5 2-5
BET-Specific surface 1.5-59 2.0-25 35-38
area (m/g)
Porosity (vol%) 30-70 30-70 30-70

Infiltration experiments

The critical process conditions for pressureless infil-
tration of porous SiC preforms with molten aluminium

Ultrasonic homogenisation of raw materials (SiC phase + § wt% |
polyphenilene - corresponding to 4% excess carbon) in tolu ]

{
with ¢

pea \
( Dispersing the particles in water by adding S wi® naphtalene sulphonic acid |
d ¢ and adjusting the pH to pH 10 J

4

[ Evaporation of tol t stirring J

| Floculation of particles by pH adjustment to near the iso-electric point 2
L ( by additions of HCI)
v R
Slip preparation - addition of dispersing agent (polyethylencimine) and 1
adjustement of pH in range 10 -11 J

[ Addition of 1 wt% amorphous boron in the slip by stirring |
Dmto‘muldwheu-ﬂlhw : MR . l
mould relcase
[ Vacuum miﬂ_ngm mould J
C Removal of preform from mould nij
[ nmnjrm at 75°C ]

[ Pyrolysis of polyphenylene in Argon Flow ( 4h at 450°C ) |
i

[ Sintering of Porous Body at 1900 - 2000°C for 0.5 h in Argon ( 100 KPa) |

L Oxidation of Preform in Air at 900°C for 4 hours *
or Other Surface Tr

Figure 2: Preform fabrication process
Slika 2: Proces pridobivanja poroznih predoblik
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Figure 3: Relationship between magnesium content in an Al-108i-Mg
alloy and iniltration distance (process conditions - 5 h dwell at 1175 K,
nitrogen atmosphere with 4 vol% Ar) measured in SiC particle grade
preform

Slika 3: Odvisnost globine infiltracije od vsebnosti magnezija v
Al-105i-Mg zlitini (eksperimentalni pogoji - S h pri 1175 K, atmosfera
du:;ka s 4 vol% Ar) za porozne SiC predoblike pripravijene iz SiC
prahu

alloys were found to be: (i) the alloy composition, (ii)
the atmosphere composition, (iii) the process tempera-
ture and time and (iv) the infiltrability of the preforms.

The influenece of alloy composition (specifically the
magnesium content) on infiltration distance is plotted in
Fig. 3. The collected results are in agreement with data
previously reported by Aghajanian et al.'? The new data
also confirm the linear relationship between magnesium
content and amount of infiltration proposed by Agha-
janian et al.'2,

The effect of nitrogen content of the atmosphere on
the infiltration process was determined by conducting
experiments in atmospheres ranging from 100% N to
100% Ar. It was found that no infiltration occured in
100% Ar, only partial infiltration occured in 10%
N2+90% Ar and full infiltration occured when the nitro-
gen content exceeded 20-30 vol%. As reported'!, at high
percentages of N2, where infiltration was rapid, little ni-
tride formed, whereas in dilute atmospheres, where infil-
tration was slow, observable levels of AIN formed. In a
similar fashion, the process temperature significantly af-
fects the quantity of nitride that forms within the alu-
minium alloy matrix. Figure 4 plots unit weight gain
versus process temperature for samples using alloy Al-
10Si-3Mg, preforms made by SiC grit and process con-
ditions of a 5 hour dwell at temperature in 95% N2/4%
Ar. Results also demonstrate that increased process tem-
perature results in increased nitride formaton whichin-
crease becames significant and nearly linear for tempera-
tures higher than 1125 K.

At a constant magnesium level and a fixed nitrogen
content, several others process variables can affect the
infiltration behaviuor. Fig. § plots the infiltration dis-
tance against temperature for otherwise constant process
conditions. It is evident that infiltration increased in an
approximatively linear manner with the temperature. Ad-
ditionally, the data show that there is a threshold tem-
perature required to initiate the pressureless infiltration
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for a given set of process parameters. Although limited,
the data presented in Fig. 6 suggest that the threshold
temperature changes with the process conditions (the
preform infiltrability, the alloy composition and the ni-
trogen content in the processing atmosphere).

One can also conclude that the process temperature
affects the quantity of AIN that formed within the alu-
minium alloy matrix. Fig. 7 plots the unit weight gain
against temperature for different SiC grade preforms.
The results demonstrate that as the process temperature
increases, the quantity of AIN that forms also increases.
These results are in well agreement with reported data'?
and confirm that the increase in AIN content is approxi-
mately exponential over the temperature range investi-
gated.

Waeight gain (%)
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Figure 4: Dependance of unit weight gain on the content of nitrogen
in N2/Ar atmosphere (Al-108i-3Mg alloy, SiC particle grade preform,
5 h soak at 1075 K)

Slika 4: Odvisnost povetanja teZe vzorcev od vsebnosti dusika v
N2/Ar atmosferi (zlitina Al-10Si-3Mg. predoblike pripravijene iz SiC
prahu, § h pn 1075 K)
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Figure 5: Variation of infiltration distance with process temperature
(Al-108i-3Mg alloy, SiC particle grade preform, 5 h soak at
temperature in a nitrogen atmosphere with 4 vol% Ar)

Slika 5: Odvisnost globine infiltracije od temperature (zlitina
Al-108i-3Mg, predoblike pripravijene iz SiC prahu, § h pri delovni
temperaturi v dudikovi atmosferi s 4 vol% Ar)
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Figure 6a: Relationship between threshold temperature and
infiltrability of porous SiC particle grade preforms (Al-10Si-3Mg alloy
and a S h soak at temperature in nitrogen atmosphere with 4 vol% Ar)
Slika 6a: Odvisnost temperature zafetka infiltracije od infiltrabilnosti
poroznih predoblik, pripravljenih iz SiC prahu (zlitina Al-108i-3Mg, 5
h pri delovni temperaturi v dusikovi atmosferi s 4 vol% Ar)

Figure 6b: Relationship between threshold temperature and
magnesium content in Al-108i alloy (SiC particle grade preform and a
5 h soak at temperature in nitrogen atmosphere with 4 vol% Ar)
Slika 6b: Odvisnost temperatumega praga od vsebnosti magnezija v
Al-10Si zlitini (predoblike pripravljene iz SiC prahu, 5 h pri delovni
temperaturi v dudikovi atmosferi s 4 vol% Ar)

Figure 6¢c: Relationship between threshold temperature and nitrogen in
processing atmosphere (Al-10Si-3Mg alloy, SiC particle grade
preforms and a § h soak tme at 1125 K)

Slika 6¢c: Odvisnost temperaturnega praga za porozne predoblike
pripravljene iz SiC prahu, od vsebnosti duika v delovni atmosferi
(zlitina Al-10Si-3Mg, 5 h pni delovni temperaturi)
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Figure 7: Relationship between process temperature and AIN
formation (unit weight gain) in aluminium alloy matrix (obtained using
alloy Al-108i-3Mg. SiC particle grade preform and a 5 h soak at
temperature in nitrogen atmosphere with 4 vol% Ar)

Slika 7: Odvisnost temperature infiltracije od deleZa nastalega AIN
(izrazenega kot povelanje teZe analiziranih vzorcev) v Al zlitini
(zlitina Al-10Si-3Mg, predoblike pripravljene iz SiC prahu, 5 h pri
delovni temperaturi v duikovi atmosferi s 4 vol% Ar)

The effect of the infiltrability of porous preforms (sce
Eq. (9)) on the infiltration process was studied using pre-
forms with different porosity and specific surface area.
Note that the preform infiltrability, defined as o
'02kSp(1-ax), could be expressed as a function of spe-
cific surface area (S;) and porosity () taking into ac-
count Eq. (5):

(10)

Fig. 8 plots the infiltration distance against preform
infiltrability. The changes in the infiltrability of porous
preforms were obtained by ranging their porosity and
specific surface area. In order to meet these require-
ments, the preforms were prepared using selected sinter-
ing conditions. The results demonstrate that all experi-
mental data fit well with the proposed process Kinetics
expressed by Eq. (9) for otherwise constant process con-
ditions. Moreover, Eq. (9) seems to be valid for very dif-
ferent morphology of SiC particles.

However, the Eq. (9) also, in some matter, presents a
serious problem. There is a very complex correlation be-
tween preform porosity and its real specific surface area.
Usually, BET technique is used to determine Sy It
should be noted, however, that a method based upon gas
adsorption at the surface whose area is to be measured
may not provide the right value to be inserted in Eq.(9).
In fact, as reported'?, the specific surface area relevant in
the wetting of particulates by aluminium could be much
lower than that given by the BET technique.

Q = const. £'S,Vp(1-€)
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Figure 8: Dependence of infiltration distance on infiltrability of
different porous preforms (Al-10Si-3Mg alloy, a 5 h soak at [175 K a
nitrogen atmosphere with 4 vol% Ar) for - a) SiC particle grade
preform, b) SiC platelets grade preform, and ¢) SiC whisker grade

preform

Slika 8: Odvisnost globine infiltracije od infiltrabilnosti poroznih
predoblik, pridobljenih iz: a) SiC prahu, b) SiC plosCic in ¢) SiC
whiskerjev (zlitina Al-10Si-3Mg, 5 h pri 1175 K, duSikova atmosfera s
4 vol% Ar)

5 Concluding remarks

A process for the production of porous SiC preforms
consisting particles, platelets or whiskers is reported. It
involves the vacuum casting of specialy prepared slip
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and sintering of green body to the porous specimen. Fol-
lowing this procedure, vacuum cast preforms in a variety
of sizes, with high dimensional and compositional repro-
ducibility, and with uniform characteristics were fabri-
cated.

Porous preforms were sucessfully pressureless infil-
trated using the Primex™ method originaly developed
by Lanxide, Inc.

The results presented in this article demonstrate that
the combination of magnesium in the Al alloy, the nitro-
geneous processing atmosphere (with at least 25 vol%
N2) and several porous preform characteristics (specifi-
cally the porosity and specific surface area) summarised
in term preform infiltrability leads to the pressureless in-
filtration of molten aluminium alloy into ceramic filler.

The collected data have confirmed that no infiltration
occured without the correct combination of above listed
process variables. This means that the magnesium con-
tent in Al alloy and the content of nitrogen in processing
atmosphere should be combined with correctly designed
porous preform characteristics.

The results of present work demonstrate the infuence
of preform porosity and its specific surface area on the
infiltration length. The infiltration kinetics were shown
to be strongly affected by preform infiltrability for other-
wise constant process conditions. In addition to kinetics,
it was found that experimental data fit well the proposed
expression for the infiltration length as a function of pre-
form infiltrability, work of adhesion, viscosity of the
melt and processing time. Moreover, the experimental re-
sults demonstated that the suggested equation is opera-
tive for the different morphology of SiC particulate used
in this work. However, the influence of preform surface
composition, which should affectsthe work of adhesion,
and the viscosity of the melt is matter of the further ex-
perimental efforts.
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