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Navodila avtorjem za pripravo ¢lankov za objavo v reviji Kovine, zlitine, tehnologije

Vletu 1992 uvajamo nov nadin tehniénega urejanja in
priprave za tisk revije Kovine, zlitine, tehnologije. Da bi
pocenili tiskarske stroske, skrajSali Cas od prejema clanka
do njegove objave in prepustili avtorju konéno odgovor-
nost za morebitne neodkrite tipografske napake, smo se v
uredmistva odlocilhi, da izKoristimo moZnosti, ki jih danes
nudi namizno zaloZmisvo.

Avtor lahko poslje ¢lanek napisan klasi¢no — s pisal-
nim strojem. Zazeleno je, da avtor odda urednistvu ¢la-
nek oz, besedilo napisano na raunalnik z urejevalniki
besedil:

- WORDSTAR, verzija 4, 5, 6. 7 za DOS

~ WORD za DOS ali WINDOWS

~ WORDPERFECT,

Ce je besedilo napisano z urejevalnikom besedil: CHI
WRITER, naj ga avtor prekonvertira v WORDSTAR
DOCUMENT,

Naprodamo avtorje, da posljejo uredniStvu disketo 2
oznako datoteke in racunalniskim izpisom te datoteke
na papirju.

Formule naj bodo v datoteki samo naznacene, na
papirju pa roéno izpisane.

Vsebina ¢lanka

Kako naj ¢lanek izgleda vsebinsko. naj si avtorji
ogledajo v starih izdajah Zelezarskega zbornika. Vsak
¢lanck pa mora vsebovati:

« slovenski in angleski naslovi ¢lanka,

* imena ter naslove aviorjev,

» povzetka v angles¢ini in slovenscini,

+ reference, ki naj bodo v besedilu ¢lanka oznacene z
zaporednimi Stevilkami, primer' . Natin citiranja
Clanka: avtor, inicialkam naj sledi priimek, naslov ¢lan-
Ka, ime revije, letnik, strani, leto. Nacin citiranja
knjige: avtor, naslov, zaloznik in kraj izdaje, leto, po
potrebi poglavje ali strani.

Besedilo ¢lanka naj bo razdeljeno na razdelke (oznacene

z zaporednimi Stevilkami) in po potrebi $¢ na podraz-

delke (oznacene z decimalno Stevilko, kjer celi del

oznacuje razdelek.

Slike

Vse slike naj bodo na posebnih Listih papirja, z jasno
oznaceno Stevilko slike. Slike naj bodo oznadene z za-
poredmimi Stevilkami povsod v clanku. Originali za vse
vrste slik naj bodo ostri in brez Suma, Risbe naj bodo
narisane s ¢rmim na belem ozadju. Vse oznake in besedi-
la na risbah naj bodo v istem jeziku kot besedilo ¢lanka
in dovolj velike, da omogoc¢ajo pomanjsanje slike na
8 cm. Le izjemoma lahko slika sega ¢ez obe koloni be-
sedila (16,5 cm). Fotografije so lahko katerekoli obicaj-

ne dimenzije, na svetle¢em papirju in z dobrim kon-
trastom. Mikroskopska in makroskopska povedevanja
oznacite v podpisu na sliki, Se bolje pa z vrisanjem
ustrezne skale na fotografiji.

Za vsako sliko naj avtor predvidi, kam naj se shika v
besedilu Clanka uvrsti, Kjer naj se nahaja ustrezen pod-
napis z zaporedno Stevilko slike (na primer: “Slika 3 pri-
kazuje...", nikakor pa ne: “Na spodnji sliki vidimo...").

Tabele

Avtor naj se izogiba zapletenih tabel z mnogo
podatki, ki bralca ne zanimajo, posebej e, ¢e so st
podatki tudi grafi¢no ponazorjeni. Nad vsako tabelo naj
se nahaja zaporedna Stevilka tabele s pojasnilom. Tabele
naj bodo povsod v Clanku oznaene z zaporednimi
Stevilkami.

Pisanje besedil na racunalniku

Avtorje naprosamo, da pri pisanju besedil na racu-
nalniku upostevajo naslednja navodila, saj le-ta prece)
olajSajo nase nadaljnje delo pri pripravi za tisk:

* ne pusCajte praznega prostora pred locili (pikami, ve-
Jjicami, dvopicji) in za predklepaji oziroma pred zakle-
paji,

* pusajte prazen prostor za vsemi loCili (pikami, veji-
cami, dvopicji) - razen decimalno piko,

* pisite vse naslove in besede z majhnimi ¢rkami (razen
velikih zacetnic in kratic),

+ besedilo naj ne vsebuje deljenih besed na koncu vrsti-
ce.

Ce avtor pripravlja ilustracije na ra¢unalniku, ga napro-

Samo, da priloZi datoteke s slikami na disketo z besedi-

lom Clanka, s pojasnilom, s katerim programom so nare-

jene.

Krtaéni odtis

Krtaéni odtis — kongna podoba Clanka — bo poslan
avtorju v konéno revizijo. Avtorja naprosamo, da ¢im
hitreje opravi korekture in ga poslje nazaj na urednistvo.
Hkrati naproSamo avtorje, da popravljajo samo napake,
ki so nastale med stavljenjem &lanka. Ce avtor
popravljenega ¢lanka ne vene pravocasno, bo objavljen
nepopravljen, kar bo tudi oznaceno.
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Surface Activated Recrystallization of Antimony
Alloyed Non-Oriented Electrical Steel Sheet

Povrsinsko aktivirana rekristalizacija silicijevih elektro jekel,

legiranih z antimonom

M. Jenko,” F. Vodopivec, M. Godec, D. Steiner-Petrovié, Intitut za kovinske materiale in

tehnologije, Ljubljana, Slovenia

H. Viefhaus, M. Lucas, Max-Planck-Institute fir Eisenforschung, Diisseldorf, Germany
M. Milun,T. Valla, Institut za fiziku Sveucilista u Zagrebu, Zagreb, Croatia

In the present paper the effect of antimony on recrystallization texture of non oriented
steel sheets is discussed. The antimony surface and grain boundary segregation were
investigated. Since the grain boundary segregation was negligible one can conclude
that the texture formation results from orientation dependent effects of Sb on the surface
energy and through them on grain boundaries.

Key words: non oriented steel sheet, recrystallization, grain growth, adsorption, surface

and grain boundary segregation.

Raziskali smo vpliv antimona na teksturo rekristalizacije neorientirane elektro plocevine,
kot tudi segregacijo antimona na povrsini in na mejah zrn. Segregacija antimona po
mejah zrn preiskovanih jekel je zanemarljiva. Predpostavijamo, da se zaradi vpliva
antimona na povrsini plocevine povrSinska energija zrn z orientacijo (100) zmanjsa in

vpliva na oblikovanje ugodne teksture.

Kljucne besede: neorientirana elektro plocevina, rekristalizacija, rast zrn, adsorbcifa,
povrsinska segregacija, segregacija po mejah zrn.

1. Introduction

Low loss and high permeability non oriented silicon steels
are needed for efficient electrical power generation and transfor-
mation, which is one of the conditions for energy conservation
and environmental amelioration” . To attain the full potential of
this highly developed material its recrystallization texture must
be improved'.

It has been found that small additions of certain elements
(Sb.Sn,Se. Te) especially antimony. into the steel for non orient-
ed electrical sheets. affect the recrystallization and lead to an in-
crease of the number of fermite grains with favorable orienta-
tion” ", The effect on grain growth and orientation can be caused
by surface and/or grain boundary segregation of Sb or else. The
surface segregation. its kinetics and equilibrium were measured
using Auger Electron Spectroscopy and Thermal Desorption
Spectroscopy on and in steel doped with Sh.

2. Experimental

Experimental steels of the composition given in Table 1,
were prepared in laboratory from the same base material. The
specimens for the surface segregation studies, of dimensions 6
mm in dimeter and thickness of 015 mm were mounted into the
UHV system. The samples were heated up to 900°C for 10 min
utes and then sputter clean, annealed in the temperature range
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from 450 10 950°C and investigated ‘“in situ’ by AES. The anti-
mony enrichment of the surface was determined by following the
peak height ratio (PHR) of amplitudes between the dominant
ShIMN, N, o) and Fe(LM, V). Auger transitions at kinetic en
ergies of 454 and 630 eV, respectively™ !

Table 1: Chemical composition in mass contents in % of the
experimental steels:

Steel C Mn Si S Al Sh
| 0005 0.18 1.85 0.001 0.19 0L05
2 0.4 020 1.94 0.001 011 0.1
3 0,004 0.20 212 0.001 0.19 -

Cylindncal specimens for grain boundary segregation mea-
surements were prepared from the ingots of the same base mate-
rial, notched, encapsulated in quantz tubes evacuated 1o approx-
imately 10" mbar, normalized for 24 hours at 1000°C, cooled
and aged at 850, 700 and 350°C for different times, from | to 500
hours,

Also the grain boundary segregation was investigated by
AES method, Cylindrical specimens were introduced into UHV
system of AES spectrometer at basic vacuum 4x 10" mbar and
after cooling to approximately -120°C were impact fractured "in
situ”. The AES analysis were taken from as many intergranular
fracture facets as possible'™ "',

The antimony desorption from the surtace segregated laver
was investigated by performing  Thermal — desorption
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Jenko M. et al.; Surface Activated Recrystallization of Antimony
Spectrometry - TDS. The specimen was introduced in the UHV
system of AES spectrometer additionally equipped with TDS
and heated several times up 10 950°C™,

The grain orientation was determined by X-ray difractome-
try with Mo Ka radiation.

3. Results and discussion

The highest antimony surface segregation was established at
700°C until no further increase in Sh concentration could be ob-
served and the sulfur concentration was acceptable low, figure 1.

‘J
sb |J '(

- | | A | d
600 800 1200 1400
Kinetic Energy/eV

Figure 1: AES spectra of maximum equilibrium antimony segregation

obtaimed a1 700°C for steel with 0.05% Sb
Slika 1: AES spekter maksimalne rmvnolezne segregactje antimoni

dosezene pri TXC za jeklo legirano z 0.05% Sh

Table 2:
recordered AES spectra of Sb surface segregation measured on
the different grains, shown in figure 2.

Antimony to iron peak height ratios for all

Girain PHR (Sb/Fe650¢V)
| 0.32
2 0.39
3 0.28
4 .44
5 043
6 .37
7 0.38
8 0.42

Table 2 shows antimony to iron peak height ratios for all

recordered Auger spectra. The corresponding points on the dif-
ferent gramns are noted on the SEM images, figure 2. The
Sh/Fe650 eV peak height ratio vanes between (.28 and 0.44.
There is not always a correlation of the peak height ratios and the
intensity within the Sb SAM images and this may be due 1o a
channeling effect of the primary electron beam. The intensity, es-
pecially of the iron Auger signal, depends on the angle of inci-
dence for the pnimary electron beam with respect to the crystal
lographic onientation of the grains''. If we neglect this influence
of possible channeling effects we can estimate the Sh surface
concentration by comparison with the results on Sb surface seg-
regation on single crystal surfaces of defined orientation. For the
same primary energy of exciting electrons the following satura-
tion peak height ratios were measured for single crystal surfaces
of (100), (110) and (L) orientation:
Sh/Fe 650 ¢V = 0.42 for the (111) oriented surface
Sb/Fe 650 ¢V = 0.58 for the (110) oriented surface
Sbh/Fe 650 ¢V = 0.40 for the (100) oriented surlace
562
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For the (100) oriented surface saturation coverage is halt of
a monolaver corresponding to a LEED ¢(2x2) overlayer pattern
For the other surface orientations no well defined ordered struc
But the peak height ra

tios are in the same order as for the polycristalline samples. The

ture of surface coverage was observed

peak height ratio at saturation for the (100) surface was used as
a calibration and the surface concentration for the polycrystalline

samples at saturation were in the range of 0.2 1o 0.6 of a mono-

laye

Figure 2: AES measurements of Sb surface segregation on the
different grains. Antimony 1o iron peak height ranos for all recorde
spectrit are given in Table 2
Slika 2: AES meritve povesinske segregacije Sb na razlicnih zrnh
Razmerja vehov antimona napram Zelezu za posnete spekire so podan:

v tabel 2

It was found that even in one gram the antimony se;
layer s not uniform, close by grain boundary the segregated lay
er was thicker, figure 3

I v m

Figure 3: SEM image of the gram with segregated antimony layer
Close to grain boundary the segregated layer was found thicker
Slika 3: SEM posnetek zm s segregirano plastjo Sh. Ob meji zma

bila segregirana plast Sh debelejsa

I'he Kinetics of surface animony segregation measured by
AES at 700 and 800°C 1s shown in figure 4. [t was found thar ar
elevated temperatures T > 750°C, antimony surface segregation

rate decreases. There are two possible explanation for this effect:
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simultaneously antimony and sulfur segregation and/or Sb des-
orption from segregated layer.

PHR Sb/ Fe
o
~

0 1C 20 30 &0 50 &0
‘l-me , Mmn
Figure 4: Kinetics of maximum equilibrium Sb surface segregation of
steel alloyed with 0.05% Sh, obtained at 700°C.
Slika 4: Kinetika maksimalne ravnotezne povriinske segregacije
antimona za jeklo z 0.05% Sb. dobljena pri konstantnem Zarjenju na
temperatun 700°C

Sh desorption from the segregated layer was investigated by
Thermal Desorption Spectrometry in temperature range from 20
10 950°C. In figure 4 the results of TDS investigation are shown.
Sb as well as S desorption from the segregated layer was estab-
lished at T > 750°C.

Thus one can conclude that the effect of decrease of antimo-
ny segregation rate at elevated temperature T > 750°C is the re-
sult of both phenomena: antimony desorption and simultancous-
ly segregation of Sb and S as we proposed in our earlier paper.””

l ! Imo12t cat
Lro121.aal
5
S
2
§
£
[
200 200 600 &0 1000

Temperature { °C)

Figure 5: The antimony desorption from the segregated layer was
established at T > 750°C, by Thermal Desorption Spectrometry.
Shika 5: Odparevanje antimona iz segregirane plasti smo izmerili 2
metodo TDS pn temperaturah T > 750°C,

Also grain boundaries of the material were analyzed by AES
after anncaling at 850, 700, 600 and 550°C for 1 to 500 hours.
We found that the grain boundary segregation of antimony and
also of other solute elements was negligible® which is not in
agreement with our earlier findings’. However the Sh grain
boundary segregation was established in a crack open to the sur-
face of cylindrical specimen. It is therefore possible that in the
earlier work the surface antimony segregation and not grain
boundary segregation was measured. Strong interaction and
cosegregation of Ni and Sb was observed at the grain bound-
aries” " but in our investigation it is not to be expected because
of very low Ni content. Bryant' and Gas'’ reported that they
found grain boundary segregation of antimony in pure Fe-Sb al-
loy after 200 and 500 hours of annealing in vacuum at 550°C.
After the same thermal treatment of the investigated steels, the
present investigation revealed that grain boundary segregation of
antimony and also of other solute elements was negligible.

The influence of antimony on recrystallization and grain
growth was studied on steel alloyed with 0.05% Sb and on com-
parative steel, The Kinetics of grain growth and the final grain
size was determined in the temperature range from 700 to 800°C,
there was no clear effect of Sb on the rate of the grain growth,
while the recrystallization was slow in the antimony alloyed
steel, figure 5.

The grain orientation for both steel alloyed with Sb and
comparative steel was determined with X-ray difractometry,

~—— steel without Sb
——— alloyed steel ~-Sb

2000

g

Grain size um?
s 8§

400

200 -

01111 } | 1 )| 1 |
125 10 20 40 60

Annealing time min

Figure 6: Gram size in dependence of anncaling time for steels with
0.05% Sb and without Sb11.

Slika 6: Velikost zrn v odvisnosti od Casa Zarjenja za jeklo 2 0.05% Sh
n primergalno geklo brez Shio
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Figure 7: Pole figures of steels alloyed with 0.05% Sh. 0. 1¢ Shand
comparative steel established by X-ray difractometry. using Mo-Kee
racdiation. Small share of grams with the texture (100015 was
obtained in 0.05% Sb steelia), for 0.1% Sb steel a weak texture with
(111001 ) onentation was established.

Slika 7: Polove figure jekel legirunih 2 0.05% Sb, (L1 Shin 24
primerjaino jeklo brez Sh smo doloili 2 metodo rentgenskega uklona 2
uporabo Mo Ka sevianga, V jeklu 2 0.05% Sh je bil ugotovljen manjsi
delez zm z onentacijo (100W00T) () za eklo 2 0015 Sb pa e bl
doloCena Sibka tekstura (1LEDCHI0). (b,

using Mo Ka radiation. Ordered pole figures are shown in fig-
ure 6, for comparative steel. For both steels alloyed with anti-
mony a week orientation is estimated. Small share of grains
with the texture {100) (001) was obtained in steel with 0.05%
Shb, while for the steel alloyed with 0.1% Sb a weak texture of
(L1E) (110) orientation was established, Similar results of grain
orientation were obtained by performing an etch pits method.
as reported already”,

The results of this investigation, support the hypothesis that
the texture formation results from orientation dependent effects
of Sb on the surface energy. but not from effects on the grain
boundary stability and mobility.

4. Conclusions

The antimony surface segregation depends on grain orienta-
tion. The maximum antimony surface segregation coverage ut
saturation was found at 700°C by AES.

The Sb surface segregation depends on grain orientation.
The peak height ratio at saturation for the (100) single crystal
surface was used as a calibration and the maximal surface con-
centration for the polycrystalline samples at saturation was 0.6
of a monolayer,
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Gram boundary segregation of antimony and of other solute
clements e.g. S, CLP.SiL AL in the experimental steels were neg-
ligible,

he desorption of antimony and sulfur was established at
T > 750°C, by TDS method. Thus one can conclude that the de-
Crease inantimony segregation rate at elevated temperature is the
result of simultancousiy segregation of antimony and sulfur as
well as of antimony and sulfur desorption,
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Use of the HDDR Process in Preparation of Zirconia
Doped Nd-Dy-Fe-B High Coercivity Powder

HDDR postopek kot metoda za pripravo visoko koercitivnih
Nd-Dy-Fe-B prahov

S. Kobe Besenicar,” B. Saje, G. Drazi¢, Jozef Stefan Institute, Ljubljana, Slovenia

The present paper deals with the use of the HDDR process as the preparative method
for obtaining zirconia doped high coercive Nad-Dy-Fe-B powders. The influence of the
dopant and of the processing parameters on the HDDR mechanism and the magnetic
properties of the powders obtained, was studied. The material was characterized by
magnetisation measurements at various stages of the HDDR process. Electron
microscope studies on the Nd-Dy-Fe-B powders were performed to observe the
influence of zirconia addition on the crystallisation during the recombination process.
Key words: Nd-Fe-B magnets, coercivity, processing.

HDDR postopek (Hidrogenacija Disproporcionacija Desorpcija Rekombinacija) smo
uporabili kot metodo za pripravo finih visoko koercitivnih Nd-Dy-Fe-B prahov dopiranih
s cirkon oksidom. Studirali smo vpliv dopanta in procesnih parametrov na mehanizem
poteka HDDR postopka in na konéne morfoloske in magnetne lastnosti tako dobljenih
prahov. Vzorce smo karakterizirali na razlicnih stopnjah HDDR postopka z magnetnimi

meritvami, Prahove smo opazovali z elektronskim mikroskopom in studirali vpliv
cirkonovega oksida na potek kristalizacije med postopkom rekombinacije.
Kljucne besede: Nd-Fe-B magneti, koercitivnost, procesiranje.

Introduction

One of the well known methods for preparation of isotropic
Nd-Fe-B coercive powders is the HDDR process, as reported in
several papers'™. It was also established previously that an
anisotropic powder can be produced by the addition of small
amounts of Zr to the initial composition, The intrinsic coercivi-
tics of powders prepared by this method are reported to be up to
1100 KA/m (13.8 kOe)™".

In our previous work the beneficial influence of zirconia on
the microstructure and consequently on the magnetic properties
and corrosion resistance of sintered Nd-Dy-Fe-B magnets was
reported ™,

The purpose of the present work was to prepare high coer-
cive Nd-Dy-Fe-B powders by the HDDR processing route, using
the same composition of the basic alloy. together with the addi-
tion of 1 wi.% of ZrO,, as previously employed®, High coercivi-
ty powders were intended for use as the basic material for the
preparation of resin bonded magnets. This paper only deals with
the powder processing and its characterization.

Experimental

The basic alloys for the HDDR process were prepared by arc
melting the alloys NdFe, DyFe, FeB and Fe powder in a pure Ar
atmosphere. The alloy composition was Nd1, Dy, Fe,. B,
(0<x<3), In order to prevent oxidation, a Ti sponge was used as

* di Spomenia KOBE BESENICAR
Induet Joded Stetam, Jamona 39, 610 ).

a

a getter for oxygen. | wi.% of zircoma was added before arc
melting. The melted buttons were then subjected to HDDR pro-
cessing. They were treated in hydrogen at room temperature
(20KkPa) first and then heated 1o different temperatures between
750°C and 850°C and exposed to further hydrogenation for two
hours, A thermopiezic (TPA) analysis and DTA analyses were
performed to follow the absorption process. The procedure was
followed by evacuating the system and after exposing the sam-
ples to maximum temperature and high vacuum (10 Pa) for one
hour they were furnace cooled”.

Samples were lightly crushed and the powders obtained were
characterized by magnetic measurements. For the mass magne-
tization measurements a DSM& magnetometer - susceptometer
was used; the intrinsic coercivity measurements were performed
using a permeameter. Comparability of the measurements was
attained by using always the same quantity of examined powder
and binding material (epoxy) (wt.% 85/15). Samples were pulsed
in a field of 4000 kA/m and demagnetized with a field of cea
2000 kA/m. Powders were observed by means of a SEM/EPMA
(JEOL JXA 8B40 A). Phase analyses were performed using a
TEM (JEOL 2000 FX).

Results and discussion

Figure 1 shows the demagnetizing curves of powders
obtained by the HDDR process at different temperatures.
Samples with and without zirconia addition are compared.
The basic composition of those samples is Nd Dy Fe,B,.
Z0 samples are without zirconia addition and Z1 with | wt%
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Figure 1: Demagnetizing curves ol powders obtned by the HDDR
process at dilferent temperatures. Samples with and without zirconia
are compared,

Stika 1z Demagnetizacijshe knvalpe prahov, doblenith po HDDR
postopku pri razhcaih tempenaural, Primerjava vzoreey 7z in brez
dodiatka cirkon oksada

of zirconia additive. A maximum value of the intrinsic coercivi
ty of 1400 KA/m (17.5 kOe) was attained when samples with the
addition of zirconia were processed at 7753°C. This value exceeds
the coercivity of samples without zirconia and processed under
the same conditions for about 13 % of the value obtained with
samples without additive. At 750°C the poorer magnetic proper-
ties obtained were attributed to the presence of free iron, Grain
growth at 8IPC causes a decrease in coercivity.

Figure 2 shows the difference in the mass magnetization be-
tween samples with and without ZrO. addition processed ot dif-
ferent temperatures. Several experiments in two different labo-
ratories showed reproducible results, Samples with zirconia
addition revealed a higher magnetization at lower emperature
(750°C) than samples free of this additive. In Figure 3 the SEM
micrographs of the samples without addition of zirconia (A ) and
with zirconta addiion (B) are shown. Both samples were
processed under the same conditions. They were treated at
750°C, There is obvious difference in the grain size. which iy
around 0.3 pm mn the samples without ZrO. addition and n the
range between 0.3 pmoand T pm i the samples with the addinve,
The most probable reason lor the recombination process starting
at lower temperatures and consequently the higher magnetiza-
tion of doped samples. lies in the different reaction Kinetics ol
zircomia doped samples. At temperatures of the recombination

"

\

2

Mass magnenzanon ( Am*/kg )

£ 3

750°C

without Zr(ny

z
i

*  withZrOy 1wt % 7S0°C
& without Zr()y RN
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o v withZeOz I wi % HN°C
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Magnetic fickd strength 107 (Adm)
Figure 2: Mass magnetization measuremsents of samples with amd
withou ZiO, addition, processed at different temperatures

Shika 2: Magnenizacii vzoreey 2 m brez dodatka cirkon oksada
pripraviiemh pr razhiénih wemperaturaly, kot funkeija jkosti

magnetnesa polja

S68

Figure 3: SEM micrographs of the samples processed under the

conditions (731C: A - without zirconia, B - with zirconia addits
Slika 3: SEM posnetki vzorces pripravljenib pr enakih pogogh
(TS0°C 1 A - brez cirhon oksida, B - s cirkon oksidom

process higher than 750°C the mass magnetization s normally
always higher in samples free of additive

Our TEM observations confirmed the presumption about
different reaction kinetics of zirconia doped samples. When the
samples are exposed to the recombination process at 750°C
nano crystals of Nd rich phase which occurs within the origmn
orans are at least an order of magmitude smaller in the case of
arconia free samples (2 nm) (Fig, 4A) than in the case of sam
ples with zirconia addition (up to 20 nm) (Fig. 4B)

In addition the crystallites of hard magnetc phase within the
origin grains are at least an order of magnitude bigger

nia doped samples (Fig, SB) comparing to the zirconia
ple (Fig. SA), where nuno crystals do not exceed 10-20 nm

In Figure 6 EDX spectra of 2-14-1 phase in samples withou
(A) and with zirconia (B) addition are shown. The Fe, /Nd
peak-height ratio is lower in the case of sample (A) (¢! Fig. 5
mdicating that several small Nd-nich particles were also present
in the analysed volume, In the case of sumiple B. the particle siz
of Fe-rich phase is Large enough to obtain just the spectrum of
this phase without the imterference from Nd-rich phase

TPA analysis of the absorption process showed the dispro
portionation starting at higher temperature and proceeding slow

er in zirconia doped samples (Fig. 7). These resulis o col

firmed also with a DTA analysis (Fig. 8). [t s obvioes that
disproportionation of the samples without zicconia addition

starts at lower lemperature
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Figure 6: EDX spectra of 22141 phase in samples without A an
B oarcon addimon

¢ Slika 6: EDX spekirei 241441 Tze v vzorcih brez A in 2 dodiathom
wati 2 Nt A - bree cirtkon oksida

B lodithom curkon oksids

\ tentative explanation is that the statement about the local
stabilization of 2-14-1 phase with respect 1o disproportionation,
when elements such as Zr are added to the basic alloy” could be
also transmtted i the case of zircomia addittion. With the adds
ton of zirconia the so called cells remain unalfected by the dis
proporbonation and they act as nucleation centres in the recon
bination process. This model which explains anisotropy of sucl
powders can tentatively also explain our TEM observations, A

A certam texture structure of the Nd-nch crystals tormed durime the
recombmalion process in zircoma doped samples was detected

(Fig, 4B, diffraction pattern). In the samples without ZrO2 addi

Lion the ructure consists of randomly oriented nano crystallites
(Fig. 4A). A detled analvsis with TEM on solid samples will
eive us more mformation about phase composition, There are
1100 —
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Figure 3: 1EM graphs (dark heldy and correspondime difrag . S
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pattems of NAdDyvFeB samples - Nd Fe B phase: A COna pe
H ircona added Figure 7: TPA races for zirconi free (/71 TCon el 1/
Shika 52 1TEM pos hi(t 0 \ i oode pnoct difraktogram Nl Dy SRS
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Figure 8: DTA of Nd, Dy Fe, B, in | bar hydrogen
(note: graphs are not calibrated 10 the mass)
Slika 8: DTA analiza vzorca Nd, Dy, Fe B, pri | bar vodika
(grafi niso Kalibrirani na maso).

some indications about the presence of a phase based on Fe and
Zr and this will also help us to explain the results of our first TEM
analyses.

On the basis of these results. one can conclude that the HD-
DR processing route for the preparation of high coercive zirco-
nia doped Nd-Dy-Fe-B powders reaches its optimum at 775°C
for the present processing conditions (temperatures tested were:
750°C, T75°C. 800°C, 850°C). Further work will study the
preparation of anisotropic magnets by different established tech-
nigues.
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Macro and Micromorphology of in Service Cracking
and Fracture of Turbine Blades

Makro in mikromorfologija razpok in zlomov nastalih med
obratovanjem turbinskih lopatic

F. Vodopivec®, B. Ule, L. Vehovar, J. Zvokelj, Institute of Metals and technologies,
Ljubljana, Slovenia

V. Verbi¢, TNT, Obrenovac, Serbia

After the break down cracked and fractured blades were extracted from the turbine and
the macro and micromorphology of cracks and fractures surface were investigated.
Three modes of propagation were identified: stable propagation by HISC, stable
propagation by HISC and fatigue and instable brittle and ductile propagation. The
micromorphological characteristics of the different modes of propagation are explained
Key words: Turbine blades, steel, cracking, fracture, corrosion, fatigue, microstructure

Po zlomu so bile pocene in zlomljene lopatice vzete iz turbine in bila je raziskana makro
in mikromorfologija razpok in zlomov. Identificirani so trije mehanizmi Sirjenja: stabilno
sirjenje zaradi HISC, stabilno sirjenje zaradi HISC in utrujenosti ter nestabilno krhko in
duktilno Sirjenje. Opisane so mikromorfoloske znacilnosti posameznih nacinov Sirjenja.
Kljucne besede: Jeklo, turbinske lopatice, razpokanje, zlom, korozija, utrujenost,
mikrostruktura.

1. Experimental work surface showing near the mital point no fatigue striations but
The experimental work consisted of! with such striations on the remaining area of the crack (fig, 2
examination of microstructure: and 6).

surtace of cracks without fatigue striations (fig. 3). and

analysis of impurities on cracks surfaces, and ! ; o
surface with fatigue striations from the starting point of cracks

macro and micro examination on the cracks and fractures
surface propagation,
The data on the composition of the steels and mechanical
properties will be reported later and will be considered in this pa-
per only when necessary to explain better the findings relative to
the microstructure and the aspect of the cracks and fractures sur
face
The composition of all examined blades corresponded to that

required tor the martensitic stamnless steel X21CrMoV 121 and
also the mechanical properties sufficed the requirement of the
buver of the turbine. It should be noted that a very low notch
toughness of 15 J was required. Four different cases of cracking
and fractuning of the blades were wdentificd on the basis of visu
al examination:- one case of cracking on the rounded trailing
edge in the passage between the root and the blade;

some cases of cracking in the first root grove mostly at a dis

tance up 10 50 mm from thas edge (fig. 1, 2 and 3). and

fracture of precracked blade i the turbine in the first roo

grove with an imtal crack (fig. 4) or without such crack

(fig. 5)

Figure 1: Crack on the trailing edge i the first rool grove ol blude 436.

Slika 1: Razpoka na izhodnem robu v prvem korenskem Zlebu
On some in service cracked blades the crack surface was lopatice 436
opened for examination by bending in laboratory, generally af-
ter cooling 1 liquid nitrogen.
On the base of the macromorphology of the crack surface 2 &
"l 7 2. Micromorphology of cracks and fractures
three tvpes of in service crack propagation were identified:
Several form ol propagation were observed on specimens cut
oy | m VO X
ML bt Leps pes il from ditferent parts of the fracture of blades and on laboratory
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Figure 6: Surface of the crack on

Slika 6: Povesina razpoke na lopatsct ma !

’/{
| | i
! Lo | .
Cie Pa Qliv 0 “ 1eS A nd without fatie
Figure 2: Surface of o crack swith arcas with and without fabgu initial point. stable propagation and brutal (instant) 1

stohons

specimens. In order to make the matter easier 1o
v for different are

wire micromorphology is described separat

laboratory specimens and in the turbing

Shika 2: Povesmi razpoke 2 dels 2 i brez utrugenostmh brazd
I

Y J 111l y [ f
[ inad pomt of ceacking and stabis i

Generally. the surface of cracks near the inital po
covered with corrosion products and also atter & very carctul
cleaning 1t was rarely possible to find at SEM observation reli
able details. which would characterize the mechanism ot it

. .- y
tion, An exception was the specimen i fig. 7, where several

crack mitids with a pertectly clean surtace

||"n1'.h;]'|lllll'_' with a size of appr. 1) 35S mm the fracture s W
s brotle trans and mtereranular (g, 8) without Bstigue stoations

Fhe mucromorphology of the transgranular surface is teatherlike
and similar 1o that reported frequently tor high strength

ICTCAN ont

with a martensttiic microstructure and with an mnc
of hydrogen. This suggests that in presence of the piting the m

rne of 1l

cleation of the erack was mmduced by the overchary

|£'l'!\‘.'.\u\|ll\|Iull\llllI“'III!II!“IHI“II 'IIH‘HI“HH[‘” ’“”’ with hydrogen produced by the corrosion process il ;t tip of the

pitting. A similar detail of micromorphology of fracture surl

Figure 3: Surfuce of o crack without Batigue striati

near the nucleation pomt was observed also on the blade 43

M . . | AN " v . '] } \

Shika 3: Povisia razpoke brez utrapenostnihy brazd (fig. 9). It shows mixed propagation and small contamination
With Ccorrosion produdcts visible more clearly on't NIerarnt
lar surface. On the clean part ol cracks surfuce W Ut SIratons
near the border of the brutal fracture th 02y Wi
sumilar as in fig, 8 and 9 and it showe nd n

granular propagation with the teatherhie surface of transaran

lar cleavage (hig. 10)

1

Figure 4: Fracture of the blade 447 extracted from the dise afier the
break doswn. The il crack s on the left side

Slika 4: Pretom fopatice 447, ke bala 12 turban
Zacetma razpoki je na levi stran

Figure 3: Fractore ol

aler t

Figure 7: Fracture imtsals on blade 451

—r - o, 4 . i :
Stika §: Prefom lopatice 379, Ki je bili vzet iz turbine po havarji Slika 7: Zaceth preloma na lopat !

1
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Figure 8: Surfuce of one of the ¢rchs in g
|‘|”7||'_'.

1 3 near the bottom of the

Shika 8: Povrsina ene od razpok na sl, 13 ob dnu zagede

Figure 9: Dt

of the crack surface without fatigue striations

Shika 9: Detajl povesin

riepoke brez utrugenostnih brazd

Corrosion pits were the imtials of all the cracks in the first
grove of the root, also pitting as small as 0.05 mm (fig, 11).

In all cases when the cleaning was sufficient to reveal details
the surface of cracks without fatigue striations showed a micro
morphology similar to that in fig. 10, thus brittle trans and inter-
granular propagation.

Fatigue striations were found on crack surface of several
blades at various distance from the starting point on the surface

Fhat shows that two mechanisms of stable prop

LUtion Were g
tive m the growth of cracks. Consequently, on cracks surface two
different micromorphologies of propagation were found. Pure

Figure 10: Surface of the crack in fig. 3 near the border hine of the
brutal rupture of the blade

Slika 10: Povrdina razpoke na s1. 3 ob meji 7z nasilnin zlomom

L I A

- LIt
Figure 11: Pitting and microcrack in the first rool grove

Shika 11: Zageda n mikrorazpoka v prvem Zlebu Korena

fatigue with strations of different width (fig. 12) was found on-
Iy n the crack situated i the rounded passage between the root
and the leaf of the blade. The propagation is transgranular and
the micromorphology is independent upon the width of the stri-
ation, The main feature are striations and small edges oriented in
the direction of crack propagation. It seems safe 10 conclude that
the cause for propagation was the amplitude of fatigue stress and
that large striations represent the operation of the turbine in range
of critical number of revolutions. Also the width of the narrow-
est striation is considerable (0,01 mm) and indicates 1o a rela-
tively high amplitude of dynamic stress. In the second case the
crack surface showed by macroscopic observation an apparent
pure fatigue propagation. By appropriate magnification is SEM
amixed micromorphology was observed (fig. 13). It consisted of
groups of steps and microcracks orthogonal to the direction of
propagation alternated with wider bands where the surface indi

cates & specific. mechamsm of  transgranular  propagation
Microridges parallel to the direction of the propagation of cracks

trespassed sheals of steps and microcracks orthogonal 1o the
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dircction of propagation. The conclusion is that the crack propa
gated in condinons when corrosion and fatigue prevailed alier-

natively. thus a propagation by fatigue cormosion

As already shown, all the tindings indicate that the initials of
cracking in the first grove of the root were comosion pits, also
pits as smaldl as 0,05 mm (fig. 11). The steel at the top of the pits
was Charged with hydrogen, that decreased 1t Fracture toughness

and cracks with mixed trans and intergranular propagation were

/
Figure 14: Step like crack on the working side in the first root &
Blade 435
Stika 14: Stopnicasta razpoki ni delovim povrsing v pryem sorensh

Zlebu, Lopatica

Figure 12: Surtace of the fatigue erack in the rounded arca
of the transition from the oot 1o leal of the blade

Stika 12: PovrSing utrujenostne ruzpoke nia zsobljenem prehodu
12 horena v st lopatice

Figure 15: Straight crack on the working side in the first roos gro

of blude 41

Stika 15: Ravna razpoka ma delovai strani v prvem Korenskem zlebi

lopatice 111

mitiated because of static or dynamic stresses. The imtiation took
place either on several points and single microcracks coalesced
in a steplike macrocrack (fig. 14) or in one point and the micro
crack did grow in a harline stightly curved macrocrach (fig. 135}
If the corrosion process was continued, the crack continued
propagate by the same mechanism and a crack surface without
striations was obtained. 11 the inensity of corrosion was dimin
ished or the corrosion was stopped. the propagation continued by
sufficient stress amplitude i concitions of pure fatigue

Inref. 1 it is reported that the enrichment of impurities in the
first drops of condensate could reach several orders of magni
tude, The presence of pittings in the first grove of the root shows
that the first drops of contaminated condensate appeared in this
area of the blade, where the static and dynamic stress made then
particularly harmful. The presence of pittings demonstrates nat
urally also a poor quality of boiler water, at least in some penods
of the work of the power station

y

Figure 13: Microdetail of the crack surlace m hig, 2 mthe arca of

4 2.2, Brutal fractine
Fabigue striations
Slika 13: Mikrodetagl poveSine razpoke na shike 2 na podiod ju Fhis lype of fracture was obtained in three different ways

utrujenostnih brazd, 1N SCTVICE,
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on laboratory specimens and

by bending of cracked blades in laboratory.

Brutal in service fracture was observed on blades 379, 434,
142 and 447 Fig. 16 shows the micromorphology of the fracture
i area 1 on blade 379 fractured without precrack and shown in
fig. 5. The micromorphology shows a quasi ductile propagation
under shearing stress with very rare intererystalline details, In

arca 11 ol the same blade the micromorphology is identical. In

area I, where t

e propagation occurred in conditions of plane

stran (1), the micromorphology is brittle, mixed trans and inter

Figure 16: Microdetan] of the rupture surface of the blade on fig. 3
o area |

Shika 16: Mikrodetgl povrsine preloma lopatice na si. 5 v podrodju 1

Figure 17: Microdetal of the rupture surface of the blide on fig. 5 in
area 11

Stika 17: Mikrodetayl povesine preloma Jopatice na sl. 3 v podrociu 111

granular (fig, 17). Virtually identical was the micromorphology
of the fracture of blade 434, which failed in service probably at
the same time and in similar stress conditions. Also the micro-
morphology of the brutal fracture of blades 442 (fig. 4) and 447,
two blades broken in service or during the break down and pre
cracked in the first grove of the root s similar as that in area 11

of blade 379

On notch toughness specimens the more intercrystalline
brittle propagation was found the lower was the value of notch
toughness. By alevel of 70 and more the propagation was duc
tile (fig, 18) with mostly small dimples, which indicate that on-

Iy athin layer of metal both sides of the crack hips was deformed

Figure 18: Fracture surface by a noteh toughness of 110 )

Slika 18: Prelomna poveSina pri zarezni Zilavosti 1140 ]

Figure 19: Fracture surface by a notch toughness of 52 1

Stika 19: Prelomna poveSing pn zarezni Zilavosn 52§

N
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3. Contamination of crack surface and mechanism of stable
crack propagation

On some of the cracked blades broken by bending in labora

tory small refatively clean areas of crack surface were
On two such surfaces. one with and the second without tatigue
striations the presence ol some elements was determmed wit
surface scanning in a SEM equipped with two wavelength
persive spectromelers. Because of the uneven surface no guant
tative analysis was possible, therefore the resulis given in table
1 have only a comparative value. It seems logical to cong

Il

that all the analysed elements were present on the crach surlis
as compounds, since all of them could not reach the crack sur
face as pure elements. It s assumed also. considering the trices

of corrosion on the surtace of the blade

s, that sulphur and ¢hl

rine are present in form of sulphate rsp. chloride which in water
solution strongly ncrease the corrosivity of the droplets m th
first arca of steam condensation (2. 3, 4). The very great ditfer
ence in the level of contamination offers a logical support for the
following explanation of the difference i the process of stable
crack propagation and the resulting difference in the morpholo

gy of the surface of cracks

Figure 20: Fracture surfice by a notch toughness of 35 ) Fable 1: Results of the analysis of crack surfaces
Stika 20: Pretomna povesina pri zarezni Zilavosti 35 Fabela 1: Rezultat analize povrsine prelor
Blade Mode of crack Element, m
No. propagation Cl Na Ca S S 1S
435  without fan sty $7.7 iRd 55 6 12 302 W79
136 with fat. sty 6 017 32 124 119 0

Chloride 1ons break the passive L on the surd n th
blade, cause a rapid local process of corrosion and 1
formed because the cathodic arca is much greater than the anod
ic area. On the bottom of the pittings the condition for the
ation of cracks are Presents an agEressive solution. st 1l
tp, great passive lateral surface as well as brttle steel charged
hvdrogen produced at the tip by the corrosion process throu
the |I\‘”n\‘lllj_' electrochemical reactions M > M = { ined

Figure 21; Fracture surliace by a notch toughness of 221
~

Slika 21: Prelomma poveSina pri zarezn Zilavosti 22

during the formation of the voids. Below atoughness of 60 J the
surface shows a guasi brittle propagation with frequent arcas of
propagation through martensite platelets lying in the plane of
the fracture and rare ductile details (fig. 19). By a notch tough-
ness of 34 1 in a similar transcrystalline matrix intergranular
facets are found (fig. 20) and by a notch toughness of 24 J the
intergranular brittle propagation predominated (fig. 21). It
seems thus that the dimimution of toughness below a level of ap

pr. 35 1 is connected to an increasing part of intergranular bt

tle crack propagation. The micromorphology ol fracture tough
ness and of notch toughness specimens of the same steel was Figure 22: Microstructure by a notch tough
virtually wdentical, Slika 22: Mikrostruktura pei zarczm Zilavost 1100
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Figure 23: Microstructure by a noteh toughness of 351
R )

Shika 23: Makrostruktura per zarezm Zilavosti 35 )

M'Cl+H.O=MOH + CI + H". Metal ehloride produces through
hvdrolvsis metal hydroxide as deposit on the crack surface and
tons of hydrogen and chloride. The Tormation of acid in the pitts
lowers the pH value. preduces hydrogen ions which promote the
hydrogen induced stress cracking (HISC), In references 2, 3 and
d the brittle cracking of martensitic stamless steel in the presence
ol a corrosion process which generates hydrogen ions in cathod-
e areas is confirmed. Typical features of this type of cracking are
1on branched cracks. which were found in all the blades cracked
im the finst grove of the root, while in case of stress cormosion
cracking the cracks are branched. Hydrogen in interstitial solu
Don segregates 1o arcas ol wenstle stress concentration. lowers the
duculity and the fracture wughness of the steel and causes a

mixed trans and intergranular brittle fracture

4. Microstructure and notch toughness

The examination in optical microscope did not show signil
cant ditferences m microstructure of the steel. while the obser
vation in SEM was more instructive. In all cases the microstruc
ture consisted o tempered mostly acicular martensite. By
observation in SEM it was possibly to connect partly the mi
crostructure. especially the size and distribution of tempered car-
bide particles, to the notch wughness, By high notch toughness
the carbide particles are coarse and the habitus of martensite

poorly marked (fig. 22), By intermediate toughness level the par-
ticles of carbide are smaller, frequently aligned along grain
boundaries and along martensite platetels. and the habitus of
martensite s well marked (fig. 23). By a very low notch tough
ness of 2000 the microstructure is similar. A careful evaluation in
dicates that the difference in noteh toughness and the increasing
part ol mtergranular fracture can not be explained only in terms
of microstructure. The tempering temperature required for o high
limit of elasticity for this type of steel is in the range of reversible
miergranulir segregation of some elements. especially phospho
rus (3). It seems thus that the intergranular fracture by low tough-
ness s partly due also to the brittleness produced by intergranu-
lar segregation. This conclusion is confirmed by the fact that
frequently intergranular facets are pertectly smooth (fig. 21).
thus typical for intergranular brittleness produced by reversible

intergranular segregation (5).

Conclusions

In the paper the results of the investigation of the cracks and

fractures surtace of wrbine blades are presented

On the base of the cracks macro and micromorphology three

mechanisms of stable crack propagation were established:
mixed inter and teansgranular propagation by HISC and
transgranular propagation by corrosion fatigue, and
transgranular propagation by fatigue.

In the First two cases cracks started on corrosion pits as small
as 0.05 mm. Brutal fracture in turbine and in laboratory oceurred
by mixed brittle trans and intergranular propagation. On the ini
tal part of the in turbine rupture of the blades without crack the
fracture was ductile, in the second area the propagation was brit-
tle trans- and intergranular while the lracture of precracked
blades was completely brittle. The lowering of the notch tough
ness of the steel below appr. 35 1 is characterised by an increas
g part of intergranular fracture with a smooth surface suggest
ing that the steel brittleness was connected to the microstructure

as well as 1o an intergranular segregation of phosphorus.
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3. SLOVENSKO KONFERENCO
O MATERIALIH IN TEHNOLOGIJAH

4.-6. oktober 1995, Portoroz

in vabijo
strokovnjake 1z industrije, inStitutov in univerz, ki delajo na teh podroéjih k aktivnemu sodelova-
nju. Konferenca je namenjena predstavitvi temeljnih in aplikativnih raziskovalnih ter razvojnih
dosezkov s podrocja tehnologije in uporabe materialov.

Obravnavana bodo naslednja podrogja:

- sinteza sodobnih kovinskih, polimernih, keramiénih in kompozitnih materialov
— razvo) modernih tehnology) proizvodnje materialoy
— matemati¢no modeliranje in racunalnigka simulacija procesov in tehnologi)
— degradacija gradiv
— sodobne termicne obdelave
karakterizacija materialov
— vakuumska tehnika in tehnologije
tanke plasti in povrsine
— tribologija
varstvo okolja

V tehniéni sekeiji bodo lahko razstavljalel predstavili najnovejse proizvode in opremo.

V okviru konference bomo organizirali razstavo, na kateri se bodo predstavila slovenska in tuja
8 I 1
podjetja, proizvajalei in uporabniki materialov, gradiv in opreme.

Delovna jezika konference sta slovenski in angleski jezik.

Vabimo vas k aktivnemu sodelovanju na podro¢jih znanstvenega programa konference.

Program bo obsegal vabljena predavanja, govorne prispevke mladih raziskovalcev in postrske
prispevke.

Zadnji rok za oddajo abstraktov je 15. maj 1995.

Dela, uvrséena v program konference, bodo natisnjena v prvi stevilki znanstvene revije Kovine,
zlitine, tehnologije v letu 1996.

Dodatne informacije: tajnistvo IMT Ljubljana. telefon: (061) 125 11 61, fax: (061) 21 37 80
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The Role of Contact Friction and Rheology in the
Deformation at Plastometric Tests of Rheologically

Complex Materials

Vpliv kontaktnega trenja in reologije pri plastometri¢nih
preizkusih reolosko kompleksnih materialov

G. G. Shlomchack®, Dnepropetrovsk Metallurgical Institute, Ukraine
l. Mamuzi¢, Metalurski fakultet, Sisak, Croatia
F. Vodopivec, Institute of metals and technologies, Ljubljana, Slovenia

The deformation anomalies of higher orders at plastometric test are studied on easily
deformable lead alloys-models of different rheological complexity by original testing
methods. It is ascertained that the development of deformation anomalies depends
upon the degree of rheological complexity of the material. Simple strain anomalies are
due to the inadequate conditions of contact friction, while those of the higher orders
results mainly from microrelief of the sample butts. Recommendations for the obtention
of homogeneity of deformation at plastometric tests are given. The tests show that the
deformation of rheologically complex metals develops according to laws basically
different of the contemporary notions of the mechanics of plastic deformation,

Key words: plastic deformation, rheology, deformation anomalies, contact friction,

homogeneous deformation

Opredeljene so deformacijske anomalije visjega reda pri plastometricnih preizkusih
svincevih spojin z razli¢no reolosko kompleksnostjo. Razvoj anomalij je odvisen od
reologije materiala. Enostavne anomalije so posledica neustreznega stiénega trenja,
anomalije visjega reda pa so predvsem odvisne od mikroreliefa sti¢ne povrsine.
Priporoc¢eni so ukrepi za doseganje homogene deformacije pri plastometric¢nih
preizkusih. Ti kaZejo, da deformacija reolosko kompleksnih materialov poteka po
zakonih, ki se razlikujejo od sodobnega razumevanja mehanizma plasticne deformacife.
Kljuéne besede: plasticna deformacija, reologija, deformacijske anomalije, kontaktno

trenje, homogena deformacija.

L. Introduction

Ihe development of new technologies of pressure shaping
depends on the knowledge of rheological properties of the plas-
teally deformed material. The dependence between the resis-
tance 10 deformation o and the deformation rate € at different
stran rates ¢ and temperatures T is & family of curves o-€. it is
specific for each steel and alloy and it is a rheological passport
of the material, The most reliable are rheological curves obtained
by compression tests on cam plastometer (fig. 1) ar constant
strain rates (1), The condition o = const is ensured by the cam
profile which is given by the logarithmic law

h

h, - Ah

with b —initial height of the eylindrical specimen 4;

Ah — absolute cogging of the specimen all over its height:
v = circumferential speed of the drum 1;

x = length of the cam profiled part 2.

€
=exp| —.X
v

I s Geoeg GEORGUEN IC SHLOMOHACK
Dnepropesnon sk Mewsllurgeoul intitute, U hraioe

Fhe ensurance of the specimen deformation homogeneity
(2), thus the elimination of barrel formation. twisting, shift,
bending and other deformation anomalies is the basic require-
ment in plastometric tests.

It s generally accepted that contact friction forces only in-
fluence the deformation of the specimen during its plastic com-
pression. The present investigations refute this point of view and
show éxpenmentally that the development of deformation anom-
alies depends 1o a great extent upon the rheological complexity
of the deformed metal.

2. Rheology of the investigated material

Non-strengthenable matenals of the first rheological class
and monotonously strengthenable materials of the second rheo-
logical class are regarded as rheological simple (3). Rheological
complex materials differ from them by presence of extrema on
the or-€ curves.

In this work steels and alloys with one maximum on o-€
curves are examined which belong to the most widespead third
rheological class (4) of metallic materials with the characteris-
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drum; 2
3 - plunger: 4 - specimen: 5 - foree-measunng clement.

Figure 1z Scheme of cam plastometer; | profiled cam;

Slika 1: Shema tlacnega (cam) plastometra: - valy, 2 - profilican
nastavek. 3 - bat. 4 - preizkusance, S - merilnik sile.

tic deformation o, at the maximum of resistance to deformation
o, 450 The smaller s the value o, within the limits of the rhe-
ological class. the higher is the degree ol the material rheologs

cal complexity. In fig. 2 rheological curves of carbon steel (a)
with a charactenstic degree of deformation o, = 0.4..0.6 (6),
high-speed alloy steel (B wath o, = 0.3..0.4 (7)., and as unigue
for it degree of theological complexity (C) a zirconum alloy (8)
are shown. The characteristic degree of deformation of the
cirkonium 2.5% Nb alloy s only a, = 0.03..0.05 and its
rheological curves could be better gualified as “curves of
unstrengthening™ than as “curves of strengthening™. The defor-
mation of such matenals occurs according to laws which are
different in principle of the modern conception of the mechan-
ics of material plastic deformation. The close study of the
development of deformation anomalies of higher order (4) of
rheologically complex materials would probably promote the
development of the theory and technology of metal pressure
shaping,

Easily detormed lead alloys-maodels of different rheological
complexity were developed for the modelling new processes of
metal pressure shaping at the Ukraiman Metallurgical Academy.
Fig. 3 shows some o-€ curves for a technically pure lead
(YD.98% Pb, curve A) and alloys with 99.9% Pb (curve B),
99.4% Pb (curve C) and 99.0% Pb (curve D) obtained by cam
plastomelric tests in compression at the temperature of 15°C and
stramn rate o=0.3 5 ', 1f pure lead is qualified as a second order
rheological monotonously strengthenable material ("A™) then,
depending on the content of additions, the alloys have a maxi-
mum on curves o-€, which shifts o a smaller deformation de-
gree, from «r, = 0,63 10, = (.23, which complicates their rhe-
ology.

It should be noted that carlier the rheological (hut not defor-
mational) complexity of lead was observed either at high tem-
peratures (9) or by static loading (10) what made it unsuitable for
the use in physical quantitative modelling of the pressure shap-
ing processes based on the similarity theory.
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Figure 2: s-5 curves of different rheological complexity: a - steel with
0.19% C; 0085 Siz 0.86% Mn: 0.0229% P; 00295 S at 900 C 16
b - high speed steel with (.88% C; 0395 Si 0.23% M 0,03% P,
0.01% S; 3.3% Cr; 6.39% W: 4.72% Mo: 2.23% V at 1H0C (7
¢ - aconium alloy with 2.5% niobium at 775°C. (8) all at the indicated
values of strinn rate in s
Slika 2: s-s krivulye 7 razhiéno stopnjo reoloske komplehsnostis a - jeklo
2 0,19% C; 0045 Si; D.86% Mn; 0.022% P an 0.029% S pn 900°C (6):
b - hitrorezno jeklo 2 0.88% C; 0.39% Si: 0.23% Mn: 0.03% P 00114
S: 3.3% Crz 6.39% W5 4.72% Mo in 2.23% Vpn HHO0C (7
¢ - cirkonigeva zlitina 2 2.3% Nb pri 775°C, 18) vse pri oznaden
deformacijski hitrosti v s-1

3. Specimens and methods of testing

After vacuum melting and chemical checking the ingots of
lead alloys of 50 mm diameter and 10 mm high were pressed in-
to rods of diameter of 5.9 mm and cut into initial blanks of
11.5..11.8 mm of lentgh. In fig. 4 press mould details used for
the calibration of specimens and the simultaneous indentation of
a regular microreliel on their butts in form of concentrical trian-
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Figure 3: Rheological curves of technic ally pure lead ST (99,985 Pb.
A curver and allovs of 99.9% (“B” curve), 99.4% (“C” curve) and
QUAKE lead (D™ curve).

Slika 3: Reoloska knivalja za tehni¢no Gisti svinee S1 (99,98 knvulja
A ) in zlitine 2 99.9% (krivulja B), 99.4% (krivulia C) in 9906 svinca
krivalia Dy

gular juis 0.3 mm high by the plungers 2 and 4 are shown. The
final dimensions of the specimen were: diameter - 6.0 mm and
height - 11.0 mm, Before the plastometric tests the specimens
were anneaded at 100°C during an hour and then aged during thir-
Iy days at room temperature

Fig. 5 shows the container for the compression tests of ¢ylin-
drical specymens. The initial adjustment of the specimen 3 and
the plungers | and 4 in the container 2 is obtained by means of a
simple centring device. Polished working surfaces of plungers
and profiled butts of the specimens are covered with layers of
viscous lubricant Litol 42 and separated by thin rubber, polyeth-
vlene or polyurethane toils. The number of lavers of lubricant en
suring the homogeneity of deformation was determined experi-

mentally. It in the process of compression the specimen becomes

Figure 4: Press mould for pressing and calibration of specimens for
> - upper die: 3 - calibrating matrix
4 - lower dic.

plastometnc tests haoxdy

Slika 4: Orodje 7o stiskanje in kalibriranje preizkusancey za
plastometnidne preizhuse: | - ohisje. 2 - zeormja matrica

3 - Kalibrucijska matrica, 4 - spodnja matrica.

>

4

Figure 5: Contamer for plastometric tests by compression: | - upper
hody: 3 - specimen; 4 - Tower die

die: 2

Slika §: Container za plastometriéne tlacne preizkuse: | -
matrica, 2 preizkusance, 4

220Mja
ohisje, 3 spodnja matnica
barrel-shaped, the number of layers is increased, if it becomes
concave then therr number is diminished

4. The influence of contact friction on the growth of
deformation

In case when the radial displacement of metal on the work-
ing surface of the plungers is hampered, the butts of the speci-
mens are formed with the contact of 1t Jateral surface and the
plunger. Fig. 6b shows a pressed pure lead specimen covered
with chalk on the initial contact area. The light circle on the butt
15 the unstrained initial surface. dark circle is a part of the con-
tact arca lifted from the lateral surface of the specimen. Also the
imtial form and the shape after a true homogeneous deformation
of the specimen during plastometric tests as a result of the prop
er lubrication of the contact area are shown in fig. 6

In fig. 7 specimens of pure lead after sagging at plastometer
with strain rate o = 0.3 s ' by identical parameters, but different

conditions of friction on the contact are shown. The specimen 2
was pressed with dry contact surfaces, and a barrel shape was ob-
tained. The specimen 3 was deformed homogencously as a result
of the optimal selection of the lubricant. The concave shape of
the specimen 4 which was obtained by increasing the number of
layers of lubricant to three with two intermediate rubber separa-
tors. In this case the friction force vector changed to the opposite
sign and the friction became active in promoting the strong radi-
al displacement of metal adjacent 1o the contact and the concave
Lateral surface of the specimen was obtained.

\

©
a b C d

Figure 6: Heterogeneous (h) and homogencous (¢} deformation of pure
lead samples S1 Ga - initial form of the sample, d - butt relief of the
sample)

Shika 6: Heterogena (h) in homogena (¢) deformacija preizkusancey iz
Cistega svinca ST (a - zacetna oblika preizkusanca, d - relief na osnovni
ploskvi valgastega preizkuianca).
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Figure 7: Strain development in pure lead samples by increase of
lubnication of butts (2-4) and lead alloys specimens from fig, 3 by
different degree of rheological complexity (A-D).

Stika 7: Razvoy deformacije v preizkusancih iz Cistega svinca pri
povedanem % mazanju sticnih ploskev (2-4) in preizkusancey iz
svincevih zlitin s slike 3 pri razlicnih stopajgah
reoloske hompleksnoss (A-D),

Evidently, by plastometric tests of rheologically simple ma-
tenals the significance of lubricant is very substantial. With
modification of the conditions of friction on the contact surfaces
it is possible to regulate the development of deformation and
achieve 11s homogeneity.

5. The role of metal rheological complexity in development
of deformation

Let us now present some results of plastometric tests of rhe-
ologically complex alloys at the same conditions (e=0.6; o=0.3
s ') without lubrication.

Fig. 7 (A-D) shows samples of the tested alloys by order of
rheological complexity: A - pure lead, B - “B™ alloy, € - “C™ al-
loy, D - D™ alloy. As in the previous series of tests the specimen
of pure lead (A) is barrel-shaped. The shape of the specimen of
alloy "B with a maximum (¢, on the rheological curve at o,
= (1.63 (see fig. 3) is also barrel shaped. Since only a deformation
below o = 0.63 was achieved the rheological complexity ol the
alloy did not come 10 evidence and the specimen was deformed
according 1o the simple strengthenable matenial of the second
class. The specimen of “D™ alloy inspite of the sagging without
lubrication assumed a quite different shape, a strongly marked
concavity of the lateral surface. The rheological curve of the al-
loy D7 (third rheological ¢lass in fig, 3) shows that if the defor-
mation is increased above the characteristic value, the resistance
10 deformation is decreased sharply from o, = 95 MPa at
=023 10 60 MPa at € = 0.6. Simple calculations show that be-
tore the deformation has embraced all the specimen volume the
triangular juts of it butts did deform to the extent of € = 0.4,.0.6.
This started a detormation with strengthening of the metal in the
bulk volume of specimen and unstrengthening of metal in layers
adjacent 1o the contact. The resistance o deformation of these
layers in the very initial stage 1s smaller and they flow in radial
dircction with higher speed than the inner layers forming the
specimen with concave lateral surface. 1t should be noted. that in

spite of the small depth of the butt relief (0.3 mm) the volume of

this unstrengthenable metal is sufficient to initiate the deforma-
tion of metal more distant from the contact,
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The deformation anomalies in the process of sagging of the
alloy “C™ (fig. 7€) is of special interest, The characterisie de-
gree of deformation of the alloy “C™ is achieved by o, =043 Up
1o this moment the adjacent to contact volumes of metal, on ac
count of the greater deformation of the butt microreliel, are
strengthened more intensively than those in the depth and the
sample becomes barrel-shaped. By further sagging the detorma-
tion of metal layers adjacent 10 the contact above e, start to un-
strengthen and in the last stage rush intensively in radial direc
tion outstripping the layers in the depth. The specimen scquires
a specific shape; concavity near the contact with the tool and bar
rel-shaping during the final stage of the process. It is concluded.
therefore, that the deformation homogeneity must be achieved
during all the test.

It is possible 1o eliminate deformation anomalies of higher
orders at plastometric tests of rheological complex alloys by
means of greater friction on the contact specimen-tool with the
deposition of chalk, Also it can be achieved by selecting the
proper specimen butts asperity.

Conclusions

1. The development of deformation anomalies at plastometne
tests depends substantially on the degree of metal rheological
complexity. Deformation anomalies are caused by inadequate
conditions of contact friction while deformation anomalies of
higher orders result from the primary deformation ol specimen
microrelief on the contact with the ool

12

. The homogeneity of deformation at plastometric tests of rhe-
ologically complex metals can be achieved by the proper
roughness of the specimen surfaces in contact with the ol
Friction at this place either prevents or promotes the radial dis-
placement of the deformed metal.

‘ae

. By plastometric tests of metals and alloys it is pecessary to
control the deformation of the specimen during the whole
process in order to reveal and elimmnate intermediate detor-
mation anomalies.
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Deformation Anomalies of Higher Order during the
Plastic Extention of Rheologically Complex Materials

Deformacijske anomalije viSje stopnje med plastiénim

raztezanjem reolosko kompleksnih materialov

G. G. Shlomchack*, Dnepropetrovsk Metallurgical Institute, Ukraine

I. Mamuzi¢, Metalurski fakultet, Sisak, Croatia

F. Vodopivec, Institute of metals and technologies, Ljubljana, Slovenia

New deformation anomalies of rheologically complex materials were discovered and
demonstrated. It was found out that in the process of axial extention during the
decrease of resistance to deformation secondary deformation heterogeneities take
place alternated with deformation homogeneities due to changes in resistance to

deformation

Key words: rheology, tensile test, deformation, heterogeneities

Odkrite so bile nove deformacijske anomalije reolosko kompleksnih materialov in
dokazane z raztrznimi preizkusi primernih kovin. Ugotovijeno je, da pri aksialnem
raztezanju med zmanjsevanjem oapora proti deformaciji prihaja do sekundarnih
deformacijskih heterogenosti in homogenosti zaradi sprememb v odpornosti materiala

proti deformaciji

Kljucne besede: reologija, raztrzni preizkus, deformacija, heterogenosti

1. Introduction

Fhe plasticity is essential for the irreversible change of form of
matenials and the obrention ol a finished product. The measure
of plasticaty s the extent of deformation energy accumulated in
the material up to the failure’ and it is generally established by
testing in conditions of stress-strained  state identity.  The

simplest of such tests is the linear tension or compression of

the specimens when the deformabiliy  and

plasticity are identic

concepis of

Kaibishev defines pood plasticity as “high stability™ against
formation of the neck “at umiaxial extention of the specimen™
and explains the possibility of using ventable stress-strain
diagrams d-€ for the estimation of the plasticity”. Beside of the
uniform  ¢longation  and  necking  the  test
parameters  of  the  sensitivity  of  the matenial 1o the
strengthening rate as well as quantitative data on the plasticity.
However to obtain  better
informations on the materials deformability by means ol real
SIress-Sirmn curves,

\llﬂv"\ some

the question remains of  how

Modem metallophysics investigates the separate and combined
mfluence of many factors on plasticity of metals and alloys,
For example. on the basis of the analysis of extensive
experimental duta M. Y, Dzugutov tried 1o explain why the
plasticity of high-alloyed steel decreases and worked out a
classification of this multiform phenomenon’,

However, the complex interrelation between various factors
and their influence upon the deformation processes makes the
problem of the predicton of the deformability unsolvable

Drs Georz GEORGUENVIC SHLOMOHACK

Doepropeooos sh Metalbarpical Imainite, Ulraing

without special appropriate  experiments, In ref. 3 the
importance  of plastometric  tests is pointed out, but no
proposed  how 1o use their
deformability forecasts,

suggestion s results  for
In literature extensive informations on rheological d-e curves
obtained by plastometric tests of various metals and alloys are
found®™. Their analysis shows that plastically  deformed
materials  can be devided into rheological simple  with
mvariable or sinctly increasing function d-€ and rheologically
complex with extreme on d-€ curves,

Rheological anomalies are well-known and explained. Initial
strain anomalies observed as necking of specimens at tensile
strain are known too, but the regulanties of their development
are not fully explored. The influence of test rate and
temperature”, as well as that of the material structure” were
investigated. however no attempls to study the dependence
between the regulurities of strain and rheological anomalies
were published so far,

This problem was solved by the experimentally discovered and
theoretically explained phenomenon of highest order strain
anomalies during the tests of theologically complex materials
by plastic stretching,

2. Theoretical analysis

In the phenomenological analysis it is necessary 10 keep in
mind the condition of identity of rheological curves d-e
obtained by stretching and by compression and the fact that in
the integral aspect these curves hold all the information on the
changes in the material during the plastic deformation.
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During the tensile tests of unstrengthenable matenial any casual
reduction of specimen cross-section leads to rupture, if it is not
compensated by strain hardening and the deformation in form
of the necking preceding the rupture. Let’s call this well known
simple strain heterogeneity “simple strain anomaly ™.

During tensile tests of strengthenable material the deformation
with decreasing cross-section is localised in one section carlier
than in others which strengthen because  of - liuations,
favourable orientation of crystalhite, cte. and ceases to deform,
while other sections of the specimen less strengthened are
involved in the flow.

Consequently in the beginning the deformation spreads within
the whole volume of the material - we observe the well-known
quasi-homogencous  strain of the specimen. According 1o
phenomenological concepts it will be called “homogencous
strain of the first order™. The following formation of the neck
on the specimen will be called “heterogencous strain of the first
order™ or “strain anomaly of the first order”,

On the base of the analysis of true d-€ diagrams and their
explanation all matenials are classitied by the degree of their
rheological complexity (Fig. 1),

The fint rheological class are  simple  unstrengthenable
materials. By stretching the specimens are deformed according
to simple heterogencous strin with formation of the neck and
rupture (Fig. 1,1).

In the second rheological order one finds simple strengthenable
materials with a strictly increasing d-e function (Fig. LI, A
typical feature of such matenals is the homogencous striain of
the first order, the formation of the neck - strain anomaly of the
first order and rupture of the specimen.

The third to fifth classes are rheological complex materials.
The third rheological class is charasterized by 4 maximum on
d-€ curves. The matenal (Fig. LI of this type is stretched
through the stage of the first order homogencous strain, then
the neck s formed. The reason is not a lack of plasticity as in
second  rheological  class, but  the  influence of  other
mechanisms. The diminution of the resistance to deformation is
reached after a limited uniform elongation of the specimen,
The process is followed by a considerable decrease of the
relative clongation due to the accelerated formation of the
neck. however, the value of relative necking is not decreased at
the same moment. This anomaly was called “heterogencous
stratin anomaly of the second order™.

For the fourth rheological class of matenals two extreme on d-€
curve and an subsequent increase of resistance 1o deformation
after the first one (Fig. LIV) are typical. As in the case of
materials of the second class, the extention of the specimen
begins with a homogencous strain of the first order and then, in
the materials of the third class. a heterogeneous strain of the
second order is observed: the neck starts o form before the
clongation €t is attained. Here the material reveals its
remarkable propeny: the specimen does not fracture. but it is
stretched homogencously in the region of the already formed
neck”. The explanation is the secondary increase of the material
resistance 10 deformation mn the neck belore €t (Fig. 1,IV).
Outside the process is similar to the homogeneous strain of the
first order, embracing only the neck region or. to be more
exact. the transition zone from the neck to the main volume of
the specimen. This strain anomaly s called according 1o the
proposed terminology as “homogencous strain of the second
order”. Many metals (copper, aluminium, lead, etc.) have the
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remarkable property to restore the plasticity i this way, The
further extension of the specimen brings the formaton of 4
localised neck on the carlier elongated neck and causes “a
heterogencous strain anomaly of the third order™.

The fifth rheological class of materials 15 characterized by
relations d-€ with three or more extrema (Fig, 1,V), During the
extension the specimen passes through stages of strain typical
for the IV rheological class, however without rupture in the
localised necks but with turther sirengthening and umtorm
elongation due to the homogeneous strain, This anomaly. 18
called “homogencous strain of the third order™, The following
stage is the formation of a new localized neck on the elongated
neck of “heterogencous strain anomaly of the tourth order”™.
and so on.

Multistage strain anomalies of the highest orders on matenals
of the fifth rheological class are not evident as it s shown
schematically in Fig. LV. The reason are anomaly smooth
changes between the different stages and thus the changes are
found only by very careful observation.

Rheolody of the | Sample
matertal - initial Stage ol stretching and tensile sifaim anomalies
classes bV form
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Figure 1: Tensile strin anomalies of materials with ditferent rheology

Slika 1: Anomalipe prnatezan detormacijn matenala

Fig. 2 shows a family of rheological curves for hot-rolled
annealed pure titanium (99.9%)° which is at 900°C typical
representative of an unstrengthenable material of the first
rheological class, deformable according to the simple strun
heterogeneity type. while at 700°C it is a typical representant
of the second rheological class. Fig. 3a shows rheological
curves for a carbon steel (043% C, 0.26% Si, 0.74% Mn,
0.022% P, 0.016% S) representing a very numerous third class
of rheologically complex materials. Fig, 3¢ shows d-€ curves
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Stika 2: Reoloske knvulie toplo valjanega in Zarjencga Ti (9994 )
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i - steel C 45 ar900°Cib

copper {9994 ) ar 600°C;

<= aluminium (9955 5 at 4307C6: d - lead C) (99985 ) w 20°C
Slika 3: Reolodke hnvalje:

- jeklo C 45 pri Q00°C: b - baker (99995 ) pri 6ANFC:

¢ - adummiy (P55 ) pri d8OCC6: d - svinee C1 (99985 ) pri 20°C.

for & technically pure aluminium (99.5%) which is a
rheologically complex matenial of the fourth class with two
extrema on the d-e curves. Copper (99.99%) is at 600°C"
rheologically complex materials of the fifth class with three of
more extremi on d-e curves (Fig. 3b).

3. Experimental investigations

The experimental investigations of strain anomalies were
performed on lead, which has the remarkable property 10
recrystallize at room temperature (Fig. 4). Processes of its
plastic deformation are similar 10 those during the hot
deformation of steels and alloys. It is therefore exceptionally
convenient for the modelling'"", The rheological properties of
lead are unique. Fig. 3d shows rheological curves of lead
(99.98% ) obtained on a cam plastometer at 18-20°C'", At strain
rate € = 0.005 s ' lead softens completely by recrystallization
and it can be thus regarded as o rheologically simple
unstrengthenable material of the first class. At the speed of
€= 0.01 o 0.1 5" 1t has complex relation d-e with two extremi
inherent to rheologically complex materials of the fourth class.
By moderate strain rates (e = 0.1 to 0.5 ') lead is a
rheologically simple strengthenable material ol the second
class, while at higher rates it is a rheologically complex
material of the third class,
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Figure 4: Recrystalbization tempensure of led.

Shika 4: Temperatuea reknstalizacie svinci,

The diversity of rheological properties of fead makes it suitable
for the study of materials deformability with various theology
at stable conditions and room temperature. Specimens 10 x 20
mim cross-section were extrded with o deformation ratio of
I8:1. After thickening of the ends by forging the specimens
were annealed an hour at 100°C. The properties were then
stabilized by aging at 30°C for 60 days and the microstructure
was controlled, Fig. 5 shows the microstructure after annealing
and ageing. No grain growth was observed during the thermal
treatment. Even slight impurities can change significantly the
lead rheology quantitatively as well as qualitatively . In order
to have a constant chemical composition the specimens were
made of the same melt.

In the analysis of the rheological properties of different metals
it was ascertained that at a temperature shehtly above the
recrystallization temperature the complexity of rheology s
revealed more evidently at low strain rates, For this reason the
experiments were performed al a temperature of 33-34°C, thus
different from the temperature by which the rheological curves
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Figure 5; Microstracture of lead

Slika 5: Makrostruktora svinea

d-€ in Fig. 3d were obtuned. Investigations were performed on
“Fritz Hekkent”™ FP-10 and FP 100/ machines at a stretching
rates of .5; 12 200 and 1500 mmpm.

It was ascertined that the character of specimen deformation
depends at a given rate on the specific theological relation
even by the de€ curve from the family of rheological curves in
Fig. 6.

F'o ensure an rate ol € 0004 ' longer
specimens were used (Fig. 6, specimen No 1) At this rate lead

deformed as materials of the lirst rheological class wath a

average stran

distinet formation of the neck. thus with a simple  stram

anomaly. Specimens No |, No 2 and No 3 were stretched with

the same pre-set relative elongation € = 404

Fhe average strain rate of specimen No 2 was 0.02 s° (Fig. 1,
IV) and a curve of the fourth rheological class was obtained
After a short deformation in the stage of stram homogeneity of
the fust  order the  deformation  continued by strain
heterogencity ol the second order and a local neck was formed
As the extension went on. deformation proceeded according to
the secondary homogeneity type. The neck elongated on
account of near-by metal volumes and the specimen acquired
the shape given in Fig. 6. No 2. Though quantitatively
rheological anomalies temax and emin deviations) of lead a
this speed are only marked, strain anomahes and differences
between them are observed guite distinetly.

Specimen No 3 200 mmpm) deformed as rheologically simple
strengthenable material of the second class in conditions of
homogeneous strain,

Specimen No 4 (1500 mmpm) passed a short stage of
homogencous deformation according o heterogencous strain
type and fractured attaining scarcely an clongation of € = 38%
104 fall of
plasticity 1s due n this case to the stram anomaly of the second

while retwning the value of . = waist, The
order. Al this strain rate theological curve of lead shows one
maximum,. which 1s a charactenstic for materials of the third
rheological class.

The repetiion of experiments confirmed the reliability of the
findings. The mvestigation of stramn anomalies of higher orders
and the regularity of their occurrence suggest a solution of
some interesting  problems and  reveal the nawre of the
formation of the strain nidus during the rolling of rheologically
complex steels',
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Figure 6: Form of lead specimens stretched af stron e of mmpa
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4. Conclusion

A phenomenon of strain anomalies of higher orders ol

rheologically matenals was determined

experimentally and explained. It reveals itselt in the process of

complex

plastic uniaxial extension, according 1o the rheological curve d
€. Sccondary strain

and  further heterogeneitics

appeudr
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alternated with secondary and following homogencities which
increase the resistance to deformation,

Considering  the  proposed  rheological  classification  of
materials the understanding of regularities of strain anomalies
cun be used for the solution of theoretical and technological
problems connected with the prediction of the development of
plastic deformations and of the ruplure of rheologically
complex materials.
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Quality of Surfaced Running Wheels
Kvaliteta navarjenih tekalnih koles

R. Kejzar*, ZRMK Ljubljana, Slovenia

L. Kosec, FNT - Montanistika (Metalurgija), Ljubljana, Slovenia

Results of tribologic testing of samples of running crane wheels as well as of crane rails
show that wear resistance of running wheels can be considerably improved by
surfacing. The wear of the wheels coated with higher-alloyed claddings is insignificant.
It Is only the wear of crane rails which becomes significant, and which increases with
the increase of hardness of the running wheel surface (it depends only on alloying of the
surfaced cladding). Hard running wheel surfaces are interesting mostly in the case of
greater stresses because they permit operation with lower friction moment, and
consequently lower heating of contact surfaces in sliding as well as in rolling friction.
Key words: wear of running crane wheels, submerged-arc surfacing, alloyed
agglomerated fluxes, tribologic testing of wear resistance of surfacings.

Rezultati triboloskega testiranja vzorcev tekalnih koles Zerjavov in tirice so pokazali, da
lahko z navarjanjem znatno izboljsamo obrabno ostojnost tekalnih koles. Obraba koles,
ki jih platiramo z mocneje legiranimi previekami, je neznatna. Pomembna postane samo
obraba tirnice, ki pa se s trdoto tekalne povrsine kolesa (odvisna je od legiranja
navarjene previeke) povecuje. Trde tekalne povrsine koles so zanimive predvsem pri
vecjih obremenitvah, ker zagotavijajo obratovanje z nizjim momentom trenja in s tem
manjse segrevanje sticnih povrsin tako pri drsnem kot tudi kotalnem trenju.

Kijuéne besede: Obraba tekalnih koles Zerjavov, navarjanje pod praskom, legirani
aglomerirani praski, triboloske preiskave obrabne odpornosti navarov.

1. Introduction

Wear mechanisms are simulated by tribologic testing, The
stite of stress of 4 material depends on the load applicd. number
of revolutions, and slip. Stresses generated m a material due 1o
the operation of a machine element exert a decisive influence on
its applicability' ",

Quality of the surfaces subject 10 wear is of extreme impor-
tance. Life of the machine element depends on the steel or alloy
applied. Its making of high-alloy steels or special alloys. which
would resultin its high weur resistance, however, would be very
expensive. Itis surfacing processes which make it possible that
solely the surfaces and edges subject to wear during operation
need to be made of special wear-resistant steels or alloys””, The
very submerged-are surfacing of wheels with alloyed wire “EPP
Cr 6" and with fused flux somewhat improves their wear resis-
tance with regard 1o that of unsurfaced wheels. An even more
distinct improvement of wear resistance of the wheels can be
achieved if running wheel surfaces are submerged-are surfaced
with alloyed agglomerated fluxes or high-efficiency alloyed
thick-coated electrodes to obtain higher-alloyed and  harder
claddings. These filler materials permit us to surface structural
unalloyed steels in one faver with high-alloved claddings™ '

2. Quality of samples for tribologic testing

Multi-fayer submerged-are surfacing of worn-out running
v, Rughos REIZAR. gk iz
ZRMEK L jana Demndev a
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wheels with wire “EPP Cr 6™ and fused flux provides guite an ac-
ceptable quality of the repaired running wheels. The running
wheels repaired in this way are even a little more wear-resistant
than the unsurfaced ones. This was proved also by tribologic test-
ing'"",

\

Surfucing of the worn-out running wheels with alloyed wire
“EPP Cr 6" can be replaced by submerged-arc surfacing with un-
alloyed wire “EPP 2" and alloyed agglomerated flux. The sur-
facing is alloyed with chromium and other selected elements
coming trom the alloyed agglomerated flux. The compositions
of one-layer and multi-layer surfacings, i.e. deposited metals, ob-
tained in submerged-arc surfucing with unalloyed wire “EPP 2
and with the new alloyed agglomerated flux “0-7 SM™ corre-
spond very well 10 those of the surfacings obtained in sub-
merged-arc surfacing with wire “EPP Cr 67 and fused flux (see
Table 1),

Testing of wear resistance of the surfacings has shown that
the alloyed agglomerated welding flux “0-7 SM™ in combination
with the unalloyed wire “EPP 27 is quite a suitable substitute to
be applicd for submerged-are surfacing of the running wheels
with alloyed wire “EPP Cr 6™ and fused flux.

For surfacing of higher-alloyed wear-resistant claddings.
high-alloyed agglomerated welding Muxes “U-Mo 1™ and “BM-
2" have been developed in addition to the alloved agglomerated
welding flux "0-7 SM"™.

Samples for tribologic testing (Fig.1) have been made of
steel C.4732. They have been automatically submerged-are sur-
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Table 1: Chemical analyses of one-layer and multi-layer
submerged-are surfacings (deposited metals) made with wires
EPP Cr 6 and fused flux and
= EPP 2 and alloyed agglomerated flux “0-7 SM™ respectively.
Tabela 11 Kemi¢ne analize enoslojnega in veéslojnega
navara (Cistega vara) z Zico
= EPP Cr 6 pod taljenim praskom in
— EPP 2 pod legiranim aglomeriranim praikom “0-7 SM™

Surfacing C Si Mo Cr Mo
(%) (%) (%) (%) (%)

EPP Cr 6/fused flux

-~ one-layer 020 024 065 453 -

— multi-layer 0,10 025 070 7,00

EPP 2/alloyed flux (-7 SM"

- one-layer 032 035 087 356 031
multi-layer 001 055 121 912 048

faced with wire "VAC 60" (712 mm (1= 140 A, U =21 V. and
‘weld. = 30em/min: g = 5 KJjem) and alloved agglomerated
fluxes “0-7 SM™, “U-Mo 1", and “BM-2" which, during surfac-
ing. heated up to the temperature of 350°C. Cooling rates of the
surfacing and of the heataffected zone correspond to those in sur-
facing of preheated running wheels carried out in practice' .

Chemical compositions and hardness values for the surfac-
ings and the heat-affected zones are given in Table 2.

Table 2: Chemical compositions and hardness values of the sam-
ples surfaced for tribologic testing (50 % overlapping of runs)

Tabela 2: Kemiéne sestave in trdote navarjenih vzorcev za tri-
boloske preiskave (50%-no prekrivanje varkov)

Surfucing C Cr Mo W V Hardness in HV
it S e o ¥ SRl Weld HAZ
(%) (%) (%) (%) (%) layer = centre
VACHN-7SM 031 53 03 - - 410 366 183
VACHU-Mol 0,55 98 23 - 09 687 S36 172

VACOIBM-2 085 51 42 50 19 707 58 163

><_ 4

® 35mm

e
‘R
S

Figure 1: Scheme of surfacing and preparation of a hard running
surface by specimens for tribologic testing (1 - first surfacing,
2 - second surfacing ).
Slika 1z SKici navarganga in priprave trde tekalne povesine pri vzorcih
za tribolodke preiskave (1 - prvi navar, 2 - drugi navar)

Quality running surfaces of the surfaced rollers are obtained
if the surfacings are broached at an angle of 45 (Fig, 1). The sam-
ples of the rail not being broached, it is the surfaced samples
which determine the gap width in tribologic testing (5 mm). The
590

running contact surfaces of the rollers surfaced and of the rail
samples have been ground and polished to Ra = about 0.3 mm
before being tested on a tribometer “Amsler”,

3. Results of tribologic testing of the surfacings
and of the rail

Parameters for tribologic testing of the running crane wheels
and of the rail have been chosen in such a manner that Hertz's
pressure in the case of our test carried out between two rollers
(Amsler) is the same as that in actual condition existing the run-
ning wheel and the crane rail'’,

Testing conditions in rolling friction are as follows:

P = 600 N/fcm, 1200 Nfem, and 2000 N/em
v =200 r.p.m. (0.42 m/s), and 400 r.p.m, (0.84 m/s)
1= 24 min

Diagrams of friction moment are given in Fig. 2.
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Figure 2: Diagrams of friction moment when testing wear resistance of
unsurtaced (1) and surfaced wheels with flux “U-Mo 1" (11.) and “BM
(LY v = 400 r.p.m. or 0.84 mys

Slika 2: Diagrami momenta trenja pri testiranju obrabne obstojnost
nenavarjenih (1) ter navarjenih Koles pod praskom “U-Mao 17 (111 in
“BM 27 (L) v = 400 obr /min. 0z, 084 m/s

Wear of the wheels surfaced with higher-alloyed claddings
is insignificant. It is only wear of the rail which becomes impor-
tant and which increases with the increased hardness of the run-
ning wheel surface (which itself depends on alloying of the
cladding surfaced). Hard running wheel surfaces are of interest
most of all with higher stresses because they make possible op-



Figure 3: Microstructure of
Pr. 10-h

b1 Pr. S - low fnction moment

a ranl secton
h 1ncnon moment: more than 10 Nm
Wbout 6 Nm

Slika 3: Mikrostrukturs preseha timice
a) Pr. 1) - visok moment trenja preko 10 Nm
b Pr. S - mx 6 Nny

CR MOment e, oko

Figure 4: Appearance of an unsurfaced running wheel section
and it microstructure

Shika 4: lzgled prescka nenavarjencga tekalnega kolesa
in njegova mikrostruktura

eration with a lower friction moment, and consequently result in
aweaker heating of the contact surfaces in shding friction as well
as i rolling friction.

Heating of the contact surfaces. which is particularly strong
with high friction moments, results, in the case of strong loads,
in a considerable deformation of the surface layers of the rail
(Fig.3) and of the running wheels (Fig.4) if they have not been

R. Kejzar, L

Kosece: Quality of Surfaced Running Wheels

Figure 3: Damaged running surtace

parts of oxudes. stickers
of metals |

funsurlaced running wheel

Slika §: Poskodovana tekalna povrding - delei oksidov, nalepr kovine
(nenavareno tekalno kolo)

Figure 6: Appearance of a surfaced (0-7 SM) running wheel section
and its microstructure
Slika 6: Izgled preseka navarjenega (0-7 SM) tekalnega kolesa in
njegova mikrostrukiura

surfaced, i.e. refined with a hard cladding. Plastic deformation is
accompanied also by crystalline modification of the surface lay
er if the latter heats above 555°C due to rolling friction'*. If heat-
ing dunng rolling, which strongly depends on friction moment,
1s very intensive, the crystalline modification zone can extend al-
s0 beyond the deformation zone (Fig.3). The deformation zone
in rails goes approximately 0.4 mm deep, while the crystalline
modification zone, in the case of high friction moments, goes
even 2 mm deep (Fig.3).
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Figure 7: Damaged running surface - parts of oxides, stickers of
metals.. (surfaced ranning wheel: (.7 SM)

Slika 7: Poskodovana tekalna poveina - deler oksidoy. nalepi kovine..
(navarpeno tekalno kolo; 0-7 SM)

A distinct deformation and oxidation of the surface due 1o in-
tensive heating of the contact surfaces dunng rolling results in
damages to the running wheel surface (Fig. 5).

Submerged-are surfacing itself with alloved agglomerated

fMux “0-7 SM™ highly improves wear resistance of the running
wheel. Deformation of the surface layer is considerably weaker,
I'he contact surface increases, due 1o wear and plastic deforma-
tion. only by 15 % (see Fig. 6). With the unsurfaced sample, the

contact surface has increased by even 30 % during testing. Also

1,

Figure 8: Appearance of a surfaced (BM-2) running wheel section and
s microstruciure.

Slika 8: 1zgled preseka navarjencga (BM-2) rekalnesa kolesi in

negova mikrostrukiura
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Figure 9: Damaged rolling surface
metalls... (surtaced rolling wheel: BM-2

parts of oxades. stickers of

Slika9: Poskodovana tekalna povisina - delei oksidov, nalepi kovine
(navarneno tekalno kolo: BM-2)

the deformation depth with the surfaced sample 15 only 80 w0 100
um (see Fig. 6). which is casy 10 understand since the surfaced
layer has martensitic-bainitic structure while with the unsurfaced
sample (Fig. 4, deformation depth 200-250 ym), the surface lay

¢r has ferntic structure

With the surfaced samples of the running wheels, deforma
tion and oxidation cause damages 1o the contact surtace. i.e. fold-
ed metal and stickers of metals and oxides (Fig. 7). These are,
however, essentially weaker than those to the unsurfaced sam
ples (¢f. Figs. Sand 7).

Even weaker deformation and lesser damages of the runnine

surface occurred with the samples which were submerged-arc

surfaced with high-alloyed welding fluxes “U-Mo | and “BM
27 (see Fig. 9). After tribologic testing. the surface layer has been
very little deformed (Fig. 8). Increase of the contact surface due
1o deformation and oxidation of the surface (Fig. 8115 insigniti

cant oo (around 5 %),

4. Conclusion
Wear resistance of running wheels can be improved by sur
facing. The very submerged-arc surfacing of the wheels with a

loyed wire “EPP Cr 6" and with fused flux somewhat improves

their wear resistance with regard o that of unsurfaced wheels
An even more distinct improvement of wear resistance of the

wheels can be achieved if running wheel surfaces are sub

merged-are surfaced with alloyed agglomerated fluxes or high

efticiency alloyed thick-coated electrodes to obtain high

loyed and harder claddings. These | rals permiat us 1
surtace structural unalloved steels in one laver with high-alloved

claddings.

Testing of wear resistance of the surfacings has shown that
the alloyed agglomerated welding flux *0-7 SM™ in combinatio
with the unalloyed wire "EPP 27 is quite a suttable substitute 1o
be applied for submerged-are surfacing of the running whee

with alloyved wire “EPP Cr 6" and fused flux



8004 A
7004 a A A R ‘aﬂ 2o
0 ,_‘-—-"'"'? b A 4 b
ey S e 5 0
L
| \ A o
q o o hegend.
16 band A BM2 (first and second surfacing)
= 5001 oand e, UMot | - " :
S 0 Dand m 0-7SM( 5 o=
-
-'.'i & Xand X ; ‘t_;rafza:e?’ spela]me
-— and rai 0-7SM
g a0H 3 i e DY
& CXo o0 o o o o
3001
2004
Rail
]

40 S0 600 700 800
Distance from surface Lum) -

0 W 20 300
Running surface
Figure 10: Hardness of sections of unsurtaced and surfaced specimens
Slika 10: Trdote na prerezu nenavarjenega in navarjenih wekalnih Koles

High wear-resistance of the claddings which were sub-
merged-are surfaced on the running wheel with alloyed-agglom-
erated flux “0-7 SM™ is resulting from surfiace hardening (600
700 HV: Fig. 10) due 1o deformation of the surface layer. The
claddings which were submerged-are surfaced with high-alloyed
agglomerated fuxes “U-Mo 1™ and “BM-2", however, are hard
(around 700 HV: Table 2) nght after surfacing: thercfore, they
practically neither deform nor harden during tribologic testing.
In the case when the wear resistant cladding was made by sub-
merged-are surfacing  with high-alloyed agglomerated flux
“BM-27, stress and heating of the running surface resulted even
n stress relieving and insignificant decrease of hardness imme-
diately upon the surface (Fig. 10, upper curve).

Wear of the wheels surfaced with higher-alloyed claddings
1s insignificant. It is only the wear of the rail which becomes im-
portant and which increases with the increased hardness of the
running wheel surface (which itselt depends on alloving of the
cladding surfaced . Hard running wheel surfaces are of interest
most of all with higher stresses because they make possible op-
cration with a lower friction moment; and consequently result in
aweaker heating of the contact surfaces in sliding fmction as well
as inrolhing friction. Wear resistance of the running crane wheels
cun be considerably improved by surfacing and by appropriate
selection of filler matertals without essentially influencing the
wear of the rl.

R. Kejzar, L. Kosee: Quality of Surfaced Running Wheels
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Universally accepted as the most versatile method of joining metals. Vacuum Brazing is a precision
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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.
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* 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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Cockcroft-Latham Fracture Criterion and Bulk Formability
of Copper Base Alloys

Cockroft-Lathamov kriterij loma in masivna preoblikovalnost
bakrovih zlitin

B. Ule*, V. Leskovsek, B. Breskvar, Institute of Metals and Technology, Ljubljana,
Slovenia

K. Kuzman, D. Svetak, Faculty for Mechanical Engineering, Ljubljana, Slovenia
F. Kofol, Kolektor, Idrija, Slovenia

The ductility of metalic materials is generally defined as the ability to deform plastically without
fracture. It 1s usually expressed as a measure of the strain at fracture in a simple tension test’,
However, the percentage elongation in a tensile test is often dominated by the uniform
elongation, which is dependent on the slope of the stress/strain curve. The end of uniform
elongation coincides with the onset of plastic instability accompanied by voids nucleation, their
growth and coalescence. It appears that the elongation value is too complex to be regarded as
a fundamental property of a material and it seems reasonable to assume that any criterion of
fracture will be based on some combination of stress and strain rather than on either of these
quantities separately. Two grades of copper base alloys used for the production of commutators
for electrical motors were tested in compressing and stretching. The bulk formability of these
alloys were projected using the Cockcroft-Latham criterion”, based on the tensile strain energy
density at fracture. This criterion emphasizes the importance of tensile stresses in fracture and
can be applied to a variety of cold working processes.

Key words: ductility, formability, fracture, Cockcroft-Latham fracture criterion, copper base alloys

Duktilnost kovinskih materialov je v splosnem definirana kot sposobnost, da se plasticno
deformirajo brez pojavljanja razpok. Obicajno jo izrazimo z lomno deformacijo pri enostavnem
nateznem preiskusu’. V odstotkih izmerjen celokupni raztezek pri nateznem preiskusu je dokaj
odvisen od enakomernega raztezka, to je od strmine krivulje napetost-deformacija. Konec
enakomernega raztezanja sovpada s pojavijanjem plasti¢ne nestabilnosti, ki jo spremija
nastajanje por, njihova rast in zdruzevanje. Zdi se, da je raztezek prevec kompleksen in ga ne
moremo smatrati kot osnovno materiaino lastnost. Zato je smiseln privzetek, po katerem bo
moral lomni Kkriterij temeljiti prej na neki kombinaciji napetosti in deformacij, kot le na eni
posamicni kolicini. Za tlacno in natezno preiskusanje smo izbrali dve bakrovi zlitini za izdelavo
kolektorjev pri elektromotorjih. Masivno preoblikovalnost teh zlitin smo opredelili s Cockcroft-
Lathamovim kriterijeny™, ki temelji na gostoti natezne deformacijske energije. Ta kriterij poudarja
pomen nateznih napetosti pri lomu in ga lahko upaorabitmo pri razliénih procesih preoblikovanja
v hladnem.

Kljuéne besede: duktilnost, preoblikovalnost, lom, Cockeroft-Lathamov kriterij loma, bakrove
Zlitine

L. Introduction

The evolution of ductile damage within the deforming body
is considerably influenced by the stress state in the material. It
was suggested by Siebel” that the cracking in metalworking is as-
sociated with induced tensile stresses, even in processes such as

forging that are predominantly compressive. The importance of

tensile stresses is indirectly confirmed by the large increase in
ductility when the matenals are deformed under hydrostatic
pressure”. Pugh and Green® demonstrated that superimposing &
hydrostatic pressure in the extrusion process greatly enhanced

* v Bors ULE, 39l ind
IMT L gutslpana, Lepa pot 11, L0001 jublsana

reductions could be achieved in ductile materials. and that even
some brittle matenials could be extruded without difficulty, In a
tensile test of a cylindrical test specimen the stresses at the min-
imum section of the neck can be calculated in different ways™ "'
and may be considered to be the sum of two parts. One part, the
equivalent stress, is equal to the current vield stress and is con-
stant across the cross-section. The other part, a hydrostatic ten-
sion, varies from zero at the periphery to a peak value at the
centerline. As stated by Cockeroft and Latham', that the use of
the criterion based on total plastic work per unit volume at the
fracture point, which would take into account only the equiva-
lent stress 1Le. the current yield stress, is not a proper solution,
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The current yield stress, unlike the peak stress, 1s not influenced
by the shape of the necked region. Consequently. the neck shape
should have no effect on the fracture strain, a conclusion which
is contrary 1o experimental facts'. Therefore Cockeroft’ and
Cockeroft and Latham ' proposed a criterion based on the tensile
strain energy density where the magnitude of the highest normad
stress is taken into account. At tensile testing this would be the
stress acting in the centerline where fracture is initiated,

As an outgrowth of experimental evidence of the nfluence
of stress state on ductile fracture. several other criteria were also
suggested for the prediction of fracture in complex stress states,
A madification of the Cockerofi-Latham criterion which in-
cludes a hydrostatic-pressure term was suggested by Brozo et
al.”, Other criteria of importance were proposed by Oyane' ',
Clift" Hoffmanner" and Osakada ', Such criteria were success:
fully applied by a number of investigators 1o o variety of cold
working operations’ !

2. Fracture criterion

With the Cockeroft and Latham tensile ductility approach.
the fracture is predicted when
L
Iﬁ(a’/o‘)dr:(' (n
"
where € 1s equivalent e, effective strain, € is equivalent strain

at fracture, o is equivalent ie. effective stress, o is the highest
tenstle stress, (471 is o non-dimensional stress-concentration

Load

— —— e — — — — ——

Load

Figure 13 The geometry at the necked region and the distribution
of axul stress .
Shika 1: Geomernja vrat in porazdefitey aksialne
mapetost o, .

factor representing the effect of the highest tensile stress. o®,
and C is a material constant. If there is no tensile stress
operating but only a compressive stress, o = O and fracture
does not oceur .

The expression (1) has the dimensions of work per unit vol-
ume (N/m™ = Nm/m* = J/m'). The reduced form

]akﬁ:(‘ 2)

is used for caleulation. The correction for necking and pro-
jections for o could be obtained by different approaches™ |
Wright and coworkens™, for instance. successtuly used the equa-
tions of Davidenkov and Spiridonova . whereas the equations of
Bridgman” were used in our experiments,

Fig. 1 illustrates the geometry at the necked region and the
distribution of axial stress by this localized deformation. In ac
cordance 10 Bridgman’, the vanation of the stresses in o mini-
mum section of a necked bar in tension is given as

o, =a(142p/R)In(1+R/2p) (3a)
"+ 2Rp -1
6,=0.,=061In i Ao {3b)
2Rp
0,=0+0, (3¢

where .. 1s the average stress on the minimum section of
the neck (load divided by minimum neck area). R s the rudius
of the minimum cross section at the neck. r' s the so called
“strained length™ (1r'= r R/R ). R is the radius of initial cross
section (R, = S mm) and p is the radius of curvature of the neck
profile. In the centerline of the necked region. where r=r" = (),
2z = 0 the stress component o, reaches the highest value
T =0

£, N

R+2p
2p

o =0+0ln 4

Considering the strain hardening, the flow curve can be ap-
proximated by several constitutive equations, The most common
are proposed by Hollomon™, Ludwik ™. Swift™ and Voce™. The
most simple one 1s the Holiomon power low relation:

o=K¢" 15)

where n is the strain-hardening exponent and K 15 the
strength coefficient of the material. Both constants could be
determined simply by the values of 0.2% offset yield strength
and fracture stress™ or by computer least-squares fits by plotting
In & against e €, where noand K are the slope and intercept
respectively, However, the strain-hardening exponent n. and the
strength coetficient., K. could be also evaluated from the tensile
test data by applying the criterion of instability at the onset of
necking, do/de = . From this. it can be shown that at necking.
where the ultimate tensile strength is measured, the strain-hard-
ening exponent is given as

E=n (13}]

Once the strain-hardening exponent is known, the strength
coefficient K in the Eq. (5) can be easily determined by means ot
ultimate tensile strength o, as

K=o

uis

(2-7!H28/|1)‘| (

From the results of Eq. (5), a relationship of 10 € can be
determined by using Eqs. (3a) and (4) and assuming that the



necking s mitated at the ultimate tensile strength . when

a, = and when € achieves n (Eq. 6). assuming also that o

mereases hinearly with equivalent sirn (Fig.2), Considering the

hatched areas on Fig. 2. the integral (2) can be separated s

follows

( |r7- de= o drF |rT o (8)

By substituting the known function & vy, € and using a trape

sowdal formula tor the second integral, we finally get

K o t O
( & 1 £ &) ()

Stress

True

u £
True Strain
Figure 2: Effective stress, @, and peak stress, o, vensus effechive
M tensile testing (schematically )
Stika™2: Ekvivalentna napetost 6 in maksimalna napetost 6
v odvisnosti od ekvivalenine deformacije pa natezanju (shematsko)

Figure 3: Cracks on commutator segments occured at cold bending

Slika 3: Razpoke. nastale na krakih kolektorja pri upogibanju v
hladnem
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3. Experimental methods

I'wa copper base alloys declared as CuAg.2 (OF) and
CuAg.2 respectively were selected for the present study. Both
alloys, commercially available as one-half inch diameter wires,
contain 0.2 wt. % Ag. This type of copper base alloys has good
creep strength at elevated wemperatures and high softening tem
perature and is used for instance for the production of commuti-
tors tor electncal motors

he experimental CuAg0.2 alloy contained .01 wi. % O and

CLO6S wt 2

% P whereas the CuAg0.2 (OF) alloy i.¢. oxygen free
alloy contaned < 0.003 wi. % O and 0.002 wi. % P, However,
the bulk workability of CuAg.2 alloy with higher oxyvgen con
tent was essentially worse than that of oxygen free alloy. As
shown on Fig. 3. & ductile damage occured at cold bending of
commutator segments from such oxygen containing CuAg.2 al
loy, On the contrary. the bulk formability of experimental oxy-
gen free alloy was excellent as it didn’t present any problems in
metalworking processes.

I'he microstructure of both alloys is shown in Fig. 4 and 3
The microstructure of oxygen containing CuAg0.2 alloy (Fig. 4)
consisted of relatively small grains with twinned arcas. whereas
the microstructure of oxygen free CuAg0.2 alloy (<0.005 % O)

{Fig. 5) is characterized by somewhat larger, equiaxed grains

50pum
—
Figure 4: Microstructure of oxygen containing CuAg0.2 alloy. showing

relatively small grains with some twinned areas

Shika 4 Mikrostruktura Kisik vsebujoce zhinine CuAg.2, Razmeroma
drobaa Krestiadng zrna s posameznimi podrodji dvoplenja

’ >
7
-
» - -
Sha it >
—— -
R 4
i
-
. “—

Figure 5: Microstructure of oxygen free CuApe(.2 alloy, showing
equiaxed grains with irregular boundaries, Some gramns contam
twinned arcas.

Slika 5: Mikrostruktura kisika proste 2hitine CoAgl). 2. Enakoosna
knstalng zma 2 wregulamimi mejami in dvojcki v posameznih zrnih
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with iregular boundaries and twinned areas. The microstructure
of both alloys is typical for the as anncaled state where only a
slight cold reduction was applied at the calibration drawing.

Tensile flow curves were obtained using an Instron machine
by pulling standard tensile specimens with gauge sections of
10 mm diameter and 100 mm length at a cross-head speed of
I mm/min. The neck profile radius was established from the
photographs of the necked region using an appropriate geomet-
rical aproximation. A discontinuous compression testing wis
carried out on a instrumented hydraulic press on specimens with
10 mm in diameter and initial height of 12 mm. In order to min-
imize the frictional constraints, tetlon was used on contact
surfaces and constant friction coefficient of 0.024 was achieved.
Cumulative height reductions reached 86 %, The strain rate at
compression testing was comparable with that at the uniform
tension and remained nearly constant over most of the strain
range. Load-displacement data obtained were fed into a com-
puter by points for stress-stran analysis. A correction factor for
the adequate compensation of friction was also incorporated into
the computer program.

4. Results

Fig. 6 are the plots of load vs. elongation at tensile test of
both experimental alloys. The values obtamned at testing are
listed in Table L The yield stress at tensile testing was deter-
mined as 0.2 % Offset Yield Stress. The yield stress measured at
compression testing is also included in the table (values in paren-
thesis). As already mentioned. the radius of the minimum cross
section of the neck R, and the radius of curvature of the neck
profile 1. of the tensile specimens were measured wo. By the
CuAg0.2 alloy (0.01 % O) the neck profile radius was 2,20 mm,
the minimum cross section radius was 285 mm, whercas at
oxygen free CuAg(h2 alloy (<0.005 % O). where more a rupture
than a fracture was observed, the neck profile radius was only
0,15 mm and the minimum cross section radius was 1.80 mm,

In Table 1T the values of Hollomon constants calculated
from the compression- and tensile tests data are hsted. The con-
stants. obtained from tensile test data were determined by vari-
ous methods of analysis, because the high percent error in €,
makes sometimes the Eg. (6) unacceptable. However, n is the
exponent of an empirical equation (5) and it s not surprising that
this equation cannot accurately describe the stress-strain curves
in the whole strain range. Man et al.™ described the tensile curves

e )
25 CuAg 0.2 alloy (001%0 , 0.005%FP)
p
20
= N
* 15 Cuhg 0.2 (OF falloy {<0005%0 , 0002 %P)
w
°v
-
5
o 4 Y S . ¥ T e R

T R R pa R YR T MR e Y R 2
Elongation €y v 100 %]
Figure 6: Load vs. elongation at tensile test of both experimental
alloys,
Slika 6: Odvisnost med obremenitvijo in raztezkom pr nateznem
preiskusanyu obeh ekspenmentalnih 2linn
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Table I: Tensile test results
Tabela I: Rezultati nateznega preizkusanja

Yieki | Tensile | Unitorm Total | Reduction
stress” | strength | elongation | elongation] in area
., o, e x 100 | e xl00] Zx 100
IMPa) | (MPay 1) (%) (%)
CuAgl.2 alloy G 323 2 Bl 6%
(10.01 % Oy 1321)
CuAgl.2 (OF) 232 158 142 27 87
alloyi<0005%01] (248)

* The values in parenthesis were obtained by compression festing

Table I1I: Comparison of Hollomon constants by various test
methods

Tabela I1: Primerjava Hollomonovih konstant dobljenih pri ra-
2li¢mh metodah preizkusanga

Strength Strin-hardening Correlation
coefficient exponent coefficaent
K n r
IMPay

Compression Test

CuAg0).2 alloy w7 0.000 0977
(0.01 % O)

CuAg0.2 (OF) alloyr 3 0,139 0,993

1< 005 % 0)

Tension test

CuAgh.2 alloy 43 0087

(0.0 % 0Oy

CuAg0.2 (OF) alloy i85 0,133

(< 0008 % 0)

‘Calculated from the true stress-trise sinn tensile est data
“Calculated from the uniform elongation /Eq. (61/
Table HI: Values of the material constants
Tabela HI: Vrednosti materialnibh konstant

", T £, , £, a | CEQIY
(MPa) [{MPa) (MPay (MPay e MIm’)

Culg0.2 alloy | 36 300009 | 435 | 1L124] 682 S48

10.01 5 O)

CuAgl.2{OF)
alloy
(<0005 % O)

288 0029 | 423 | 2040 ] 1246 14949

of copper using two equations of Hollomon type™. This kind of
analysis is based on the assumption that 4 change in deformation
mechanism occurs during the deformation.

The collection of final results is given in Table HI where
0.2 % offset yicld stress, o, average ultimate stress, o, and
fracture stress. o, with corresponding strains. €, and £, respec-
tively, the highest tensile stress o as well as the material con-
stant C are shown, The value of C, i.¢. the value of tensile stran
energy density of oxygen free CuAg0.2 alloy (<0.005 % O} 1
extremely large. This alloy with low oxygen content exhibited



more & rupture than a fracture at tensile testing resulting in
adequate small radius of curvature of the neck profile while the
tensile stress in necked region strongly increased., In spite of the
fuct that the original Bridgman® analysis and the similar analysis
of Davidenkov and Spiridonova’ give the best approximate
procedure for the calculation of stress distribution in the necked
region, nowadays, more accurate numerical solutions can be
obtained with FEM.

5. Discussion

Using the fracture critenon based on the model of Cockcroft
and Latham™', the tensile strain energy density at fracture for two
copper base alloys was calculated. The calculation utilized the
results of tensile and compression tests. When the constant cross-
head-speed is used at tensile test, the strain rate decreases slighty
during the homogenous deformation and then rises rapidly as
necking occurs. The rise in strain rate during the necking results
inan anomalous rise in flow stress and restricts the usefulness of
the data obtained by strains smaller than those prevailing during
the onset of the necking™”. Probably some discrepancies between
the tensile and the compression test results (see Table 1T) could
be explained also with Bauschinger effect and with the assump-
tion that a change in deformation mechanism occurs during
tensile deformation. Zankl™ and Schwink and Vorbrugg™ found
these Kind of stages also in the tensile curves of annealed nickel
and copper at low strains, Furthermore, Mishra at al.™ proposed
that in the range of uniform strain the Hollomon law overesti-
mates the flow stress in the initial stages and underestimates it in
the final stages, It seems therefore, that the tensile test data of
experimental copper base alloys should fit better with double-n
method which uses the two Hollomon equations, Kleemola and
Nieminen"' found out that the use of the Hollomon equation for
pure copper n an annealed state and after 40 pet deformation
gives a misleading picture of the strain-hardening properties of
the material because the strain-hardening exponent n is not equal
to the correct €, value. The same was also observed in our
CuAg0.2 experimental alloy with 0.01 % oxygen where
computer least-squares fits by plotting tensile test data had to be
used instead of Eq. (6). In opposition to tensile test data, the
compression test data are obtained from a much larger strain
range and it is therefore assumed that the use of the simple
Hollomon power faw relation is justified. The regression analy-
sis of compression test data also gives satisfactory high lincar
correlation coefTicients (0.98 and 0.99 respectively).

The data presented in Table 11 (C-values) shows that at
oxygen free CuAg0.2 alloy the integral of the maximal tensile
stress over the plastic strain path /Eq. (9)/ reaches a value of ap-
prox. 1300 MJ/m’, which is nearly three times larger than that of
CuAg0.2 alloy with 0.01 % oxygen (C approx. 550 MJ/m').
However, the reduction in area at tensile test of oxygen free
CuAg0.2 alloy is only for one quarter larger than that of CuAg0).2
alloy with 0,01 % oxygen. It seems that & considerable increase
in ductility may result by an only relatively low improvement in
the reduction-in-area value, so that such way of expressing the
ductility shows little discrimination i very ductile metals.
Namely. once the necking develops, a “negative feedback” effect
occurs, which tends to prevent the exhibition of really large
ductility values'. At the onset of necking. the stress system
changes and a component of hydrostatic tensile stress is gener-
ated which is superimposed on the axial stress. The hydrostatic
tensile stress increases as the neck becomes deeper, with the
result that the fracture is more likely 1o occur. This situation leads

B. Ule. et al.: Cockeroft-Latham Fracture Criterion. ..

10 a stabilizing effect and an ncrease in ductility causes a deep-
er neck to be formed, hence higher local stresses are developed
and a greater possibility of fracture occurs. The Cockerofi-
Latham criterion of ductile fracture is therefore a much more
reasonable criterion than the criterion based simply on reduction-
n-area value at tensile test. However, it should be noticed that at
the neck profile which is characteristic for rupture instead of
fracture, the extremely high value of tensile stress o, and high
tensile strain energy density C. are somewhat doubtful. The
equations of Bridgman® /(3a.b and ¢) and (4)/ and equations of
Davidenkoy and Spiridonova’ becomes questionable at very low
radius of curvature of the neck profile typical for the rupture and
when asymptotic continuum mechanics analyses could not be
applied for the description of stress state due to local singularity.

The excellent bulk formability of the experimental CuAg().2
oxygen free alloy with regard 1o the verification based on the
Cockeroft-Latham criterion is not surprising. This criterion has
the desirable feature for homogenous compression, in which case
the tensile stress a” is zero and no fracture limit is predicted. This
coincides well with the experimental results at homogencous
(frictionless) compression. However, following the theoretical
analysis of Kuhn et al.", it is possible to relate the C-value calcu-
lated from tensile test data /Eq. (9)/ and the principal tensile and
compressive surface strains, 1.¢. the circumferencial and axial
strains measured on the barreled equatonial free surface at fracture
in upsel test. It was also experimentally confirmed that there is a
lincar relationship between the tensile and compressive surface
strains at fracture by upsetting by rolling and by bending.
Consequently. the representation of fracture data as a plot of ten-
sile versus compressive strains at fracture became a useful form
for the analysis of the fracture in cold forming processes resulting
ina “forming imit diagram concept™. The Cockeroft-Latham ten-
sile strain energy fracture criterion is consistent with this concept'.

6. Conclusions

The Cockeroft-Latham tensile strain energy density criterion
was used for a reliable evaluation of the ability of two copper
alloys to metalworking operations. This criterion implies that the
fracture depends both on the stresses imposed and on the strains
developed and it could be described as “fracture will occur when
the plastic work of the largest tensile stress. per unit volume,
reaches a characteristic critical value™.

It was demonstrated that there is a good qualitative agree-
ment between the prediction of formability under bulk metal-
working conditions based on this criterion and the observed
behaviour in the production of commutators for electical motors.
The plastic work done per unit volume by oxygen free CuAg0.2
alloy with excellent bulk formability is nearly three times larg-
er than that done by the oxygen containing CuAg0.2 alloy
(0.01% O), while. the difference in the tensile reduction of area
of both alloys was much smaller. Consequently. the reduction-
in-area value at tensile test cannot be appreciated in general,
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Properties of Cu-based Alloys-powders for Brazing
Prepared by Water Atomization

Lastnosti prahov-zlitin na osnovi bakra izdelanih z vodno

atomizacijo

B. Sustarsic*, B. Breskvar, V. Leskovek, A. Rodic, Institute of Metals and Technologies,

Ljubljana, Slovenia

Cu based alloys-powders are currently used as solder and brazing agents in many fields of application.
Cu-Ag based alloys-powders are the most common brazing agents used in electrical engineering and
electronics. Similarly, Au-Cu based alloys-powders find many applications in electrical engineering and
electronics as well as in jewellery. Vacuum brazing of tool and high speed steels as well as hard metals
(cemented carbides) on the structural steel base with Cu-Ni or Cu-Cr base alloys-powders is also
increasingly used in many fields of application. Fluid and centrifugal atomization are the most frequent
and therefore the most important manufacturing methods for the production of Cu based alloys-powders.
Among the fluid atomization processes, gas and water atomization are the most common and the most
important ones. The stream of liquid metal is disintegrated by high pressure jets of inert gas (N.. Ar or He)
or water. Gas atomization makes it possible to produce high quality, on the surface non-oxidized
spherical powder particles. Water atomization is a simpler and cheaper powder manufacturing method.
The metal powder produced by water atomization usually has irrequiarly shaped particles which are
coated with a thin oxide film. In spite of that, the gas atomized powders could be replaced by water
alomized powders in many fields of application. We therefore investigated the applicability of water
atomization for the preparation of Cu based alloys-powders. The present article introduces the
morphological and microstructural characteristics of prepared Cu-based alloys-powders and possibilities

for their application,

Key words: powder manufacturing, powders for brazing, water atomization, properties of Cu-based

alloys-powaders

Prahovi-zlitine na osnovi bakra se uporabljajo na mnogih podrodjih kot sredstva za mehko in trdo

spajkanje. V elektrotehniki in elektroniki so najpogostejse spajke na osnovi Cu-Ag. Podobno se Zlitine na
osnovi Au-Cu uporabljajo v elektrotehniki, elektroniki in tudi Zlatarstvu. Vakuumsko spajkanje orodnih jekel
ali karbidnih trdin na osnovo iz konstrukcijskega jekla s prahovi-ziitinami na osnovi Cu-Ni ali Cu-Cr se tudi

vse bolj uveljavija v praksi. Prahovi-zlitine na osnovi Cu se najpogosteje izdelujejo s tekocinsko in
centrifugalno atomizacijo. Med postopki tekocinske atomizacije se najpogosteje uporabijata plinska in
vodna atomizacija. Curek raztaljene kovine pri teh postopkih razprsimo v hitro strjene delce prahu s
pomocjo visokotlacnih curkov inertnega plina (He, Ar ali N.) ali vode. Plinska atomizacija omogoca
izdelavo visoko kakovostnih neoksidiranih prahov kroglicéne oblike. Vodna atomizacija je enostavnejsi in
cenejsi postopek, vendar so tako izdelani kovinski prahovi obicajno povrsinsko oksidirani in imajo zato
tudi nepraviino oblikovane delce. Kljub temu bi lahko vodno atomizirani prahovi na mnogih podrodjih
zamenjall drazje plinsko atomizirane prahove. Zato smo raziskovall moZnost uporabe vodne atomizacije
za izdelavo kovinskih prahov-spajk na osnovi Cu. V pricujoéem delu so predstavijene morfologke in
mikrostrukturne znacilnosti izdetanih prahov ter posledi¢no moZnosti njihove prakticéne uporabe.

Kijuéne besede: izdelava kovinskih prahov, prahovi za trdo spajkanje, vodna atomizacija, lastnosti prahov

zlitin na osnovi Cu.

L Introduction

Metal powders are used extensively as filler material in the
brazing and soldering industries’, Powders offer the most con-
venient method of applying filler metal to parts which have to be
yomed (honded) together, although alternative filler metal forms
(wire, rod. sheet, foil, etc.) are also used. Filler metals ¢alloys)
for brazing have liquidus temperature above 450°C and below
the solidus of the base metal. and filler metals for soldering have
liquidus temperature below 450°C and below the solidus of the

* Mag. Bonvoy SUSTARSIC, dipl. ink
IMT Lpabizana, Lepspot 11 61000 Lyl jana

base metal. For brazing and soldering applications metal alloys-
powders cither as pure powder without additions or in flux-pow-
der paste form are used.

Cu based alloys-powders are currently used as brazing
agents (filler material) in many ficlds of application. Cu-Ag
based alloys-powders are the most common brazing agents used
in electrical engineering and electronics. Similarly, Au-Cu based
alloys-powders find many applications in electrical engincering
and electronics as well as in jewellery. Vacuum brazing of tool
and high speed steels (HSS) as well as hard metals (cemented
carbides) on the structural steel base with Cu-Ni or Cu-Cr as well
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as Ni-Cr base alloys-powders 1s also increasingly used in many
fields of application™".

Fluid and centrifugal atomization are the most frequent and
therefore the most important manulacturing methods for the pro-
duction of Cu based alloys-powders. Among the Huid atomiza-
tion processes, gas and water atomization are the most common
and the most important ones’ ™. The stream of liquid metal is dis-
integrated cither by high pressure (commonly 10 - 30 bars) jets
of mert gas (N, Ar or He) or by high pressure (commonly 100 -
306 bars) jets of water. Fig. | represents schematically a gas at-
omizer and the disintegration of a free falling molten metal
stream by high pressure jets of inert gas.,

Gas atomization makes it possible to produce high quality.
on the surface non-oxidized spherical powder particles. Water
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Figure 1: Schematic presentation of gas atomizer’
Slika 1: Shemancni prikiaz postopka plinske atomizacije’
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Figure 2: Schematic presentation of water atomization”

Slika 2: Shematiéni prikaz postopha vodne atomizace”
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atomization is a simpler and cheaper powder manufactunng
method. Fig. 2 shows schematically the production of metal
powder by water atonmuization.

The metal powder produced by water atomization usually
has irregularly shaped particles which are coated with i thin ox-
ide film. In spite of that, the gas atomized powders could be re-
placed by water atomized powders in many fields of apphcation.
We therefore investigated the applicability of water atomization
for the preparation of Cu based alloys-powders.

2 Experimental procedure

Most of the experiments and investigations have been done
at the Institute of Metals and Technologies, Ljubljans

Two different vacuum brazing alloys (Cu with 2% of Ni and
Cu with 1.5% of Cr) and 1wo typical Cu-Ag based brazing alloys
(L-Ag15P and L-Ag40Cd) were selected for our expenments
and investigations. For the comparison some other types of al-
loys-powders (N1 and Co-based powders for welding, HSS pow
ders, Alnico hard magnetic powders) of previous investiga-
tions " were also used. The powders of selected alloys were
prepared by water atomization (pilot atomizer Davy McKee,
tvpe D5/2) installed at IMT Ljubljana (see Fig. 3)

Figure 3: PM&RST laboratory at the IMT Ljubljna with water
atomizer in the foreground

Slika 3: PM&RST laboratoriy na IMT Lyjubljana 2 vodnum atomzenjem
v ospredju

Table 1: Chemical compositions of prepared Cu-Ag based
water atomized powders in comparison with ASTM standar
tized’ brazing alloys-powders,

Tabela 1: Kemicne sestave 2 vodno atomizacijo pripras
ljenih prahov na osnovi Cu-Ag v primerjavi 2 zhtinami stan-
dardiziranimi po ASTM standardih

J B CuP-5 L AglspP L Agd Cd
Material 1 N R o
J nominal IM1 nominal IMT]
Elements (mass v )
! =72 e -
Cu =79.85 balunce 260 19.0)
Ag 1500 14.9-15.60) 50 0
P 5.00 606,20
n ‘ 210 21.0
Cd 180 200
| ' -
Other clements | O Smn ‘ not determned | 0,1 5max ot determned
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Fable 2: Process parameters of water atomization for the
preparation of Cu-2%Ni and Cu-Ag based alloys-powders,

Fabela 2: Procesnt parametn postopka vodne atomizacije za
pripravo kovinskih prahov Cu-2%Ni in Cu-Ag.

Pn 1 ( N Cu-Ag Remark
1 S fion 1o
re of . n 23020 Sy pyromet
XTid + N1 NSO+ PrPiRb 13
I 203 3045 q
M ) 4558 567
Wl N1}
I 125 108 1.2 103 03 ty
i 50 el
! i i namfold
W g l' N 3 LIS &
ot r Y hSr | wicr
Phe imtial chemical compositions (ingots for melting) as
well as the final chemical compositions of prepared powders

vere determined and controlled by classical chemical analysis
No significant difference between imitial and final COMPOosIons
Was Ohser

( \g

ved. In Table 1 the chemical compositions of selected
brazing allovs are presented
Fhe process parameters of water atomization are water pres

sure, tundish nozzle diameter, apex angle and diameter of water

jets. superheanng of the melt, ete. The main influent powder par-
neke size parameter of these 1s water pressure’” and water velog
respectively, Inthe first stage of our expeniments the process

darameters of water atomization were established and optimized

rto getan optimal mean particle size and optimal particle
hstribution. For brazing. first of all the powder fractions be
ween 45 and 125 pm are commonly used, In Table 2 the man
ntrolied process parameters of water atomization during our

cxperiments are presented

All prepared

wlogical properties

POWY

vere then sieved and their main mor
particie shape, particle size distribution.
wan particle diameter. apparent density and flowability) were
determaned. Besides the chemical composition of the .IHH} these

are the

properies main applicability entena of metal

3 Results and discussion

All prepared powders were examined by optical and scan

(SEM)

istructures which strongly depend on the particle size and the

mng clectiron microscopy The micrographs show mi
cooling rate. Fig. 4 und S show the typical microstructure ol pre
Some inte
noticed. Fig. 6 shows the SEM micrograph of

pared powden mal porosity of powder particles was

waler atonmzed

Cu-29N1 alloy-powder with nearly spherical particles. Fig. 7
; Agl5-P
hased alloy-powder, Panticularly Cu-Ag based alloys-powders

shows

intemnal porosity of & water atomized Cu-Ae (|

¢ amount of powder particles with internal porosity.

Alcatel

of powders were also performed I'he

The standard sieving analvsis, as well as the Silas

aser granulometry

powders have a regular and partially irregular particle shape. The
mean particle diameter of prepared powders strongly depends on
the water pressure used. The portion of irregularly shaped parti
cles raises with increasing water pressure (increased collision be-
tween droplets of molten metal as well as partially solidified par
ticles during atomization).

Ihe relatively  high portion of

ularly shaped particles confirms the sometimes forgotten
fact” that water atomization can also produce nearly spherical
powders, which is a condition for high apparent density and good

flowability of powders.

}@@4 }‘:1:-'

Figure 4: Cellubar soldificanon of Cu-2%6 N1 alloy

vder particle

Stika 42 Celicna strpevalna mikrostruktours deleas Cu-2% Ni prabu

A
6pum
A

Figure 5: Cellular sohidificatnion of Cu-Ae (|
particle

Ag 15-P) alloy-powdes

Slika

chéna strjevalna mikrosteukiugs o

(L Agl3-P)

The mean particle diameter of prepared Cu-2%Ni powders
is approximately SO pm at atomizing pressure |20 bars with a rel
atively regular particle shape and narrow particle size distribu
Lion

{standdard deviation o Ihe mean particle diameter of

the prepared Cu- L5%Cr powders is approximately 535 um at at

omizing pressure LSO bars with a agher amount of rregulardy
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Figure 6: Particle shape of prepared Cu-2% Naallov-powder
f prey |
Slika 6: Oblika delcey pripravljenih Cu-2% Ni prahoy

Figure 7: Internal porosity of nearly sphencal Cu-Ag alloy-powder

particles.

Stika 7: Nowranga poroznost deleey Cu-Ag prahoy

shaped particles thigh melting point Cr oxide formation ) i com
parison with Cu-Ni powders but a relatively narrow particle size
2.1) is obtained

distribution (o Fhe preparation of Cu-Ag

based powders was performed at considerably higher atomizing
pressures (180 10 220 bars ) in order 1o get a higher amount of par
ticle size fractions below 125 pm, The mean particle diameter of
the prepared Cu-Ag powders is approximatedy 70 gm at 180 bars
and approximately 45 pm at the atomizing pressure 215 bars with
a higher amount of irregularly shaped particles ancreased coll
sion) in companson with Cu-Ni powders and a relatively narrow
particle size distribution (e = 2.25) is also obtained. Two intor
mative atomizing experiments for the preparation of Au-Cu

based alloys-powders (alloy with 38 mass % of Au - 14 cara

gold and alloy with 75 mass % of Au - I8 carat gold) were also
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Figure 8: SEM micrograph of Au-Cu water atomized po |
iregularly shaped (rear drop and higame \ e
Shika 8: REM posnetek vodno stonziranega prahu na o
¢ delcr nepravilne (v Edknaste m Kaplpcaste ) oblhik

performed. The mean particle diameter of the prepared Au

powders is approximately 335 pm at atomizing pressure 1[40 bars
with a relatively high amount of irregularty shaped particles (see
Fig. 8.

Unfortunately our pilot water atomizer s oo large (15

kg/batch) tor the preparation of small quantities of the very ex
pensive Au-Cu based alloys-powders which are normally used
practice. For these types of alloys-powders a small atomizer wil

the capacity of up to 0,5 kg/batch max. 1s suitable, We o

decided to give up further experimental work until we purchiss
a small gas/water atomizer suitable for the preparation of these

alloys-powders

For other constant Process parameters of atomizatio the re
Ltnionship between water pressure and the mean particle
shows a good, from the hterature well Known exponental
correlation (D, =k . Py, for all prepared powders. The cor
stants K amd n depend on the alloy composition, the geometry o
the atomizer and other process parameters of atomization. For
the Cu-Ag based alloy ¢l

AgI5-P type) the constants are
OO0 and n |

mated as K 1196 for the tundish ne

L0 mim and the other process parameters of atomization given in

Table 2. Fig. 9 shows the expenmental correlation: mean parti

v 2004
~

100

ive velikost

" ! 100 15 2 75
water pressure |b
T »L oce o]

Figure 9: Mean particle size vs, water pressure for Cu-Az by

oy powder and Co-base d welding-a
Stika 9: Povpretna velikost deleey v odvisnosts od thaki viud

prahove ma osnovi Cu-Ag in prahove zi savaranje ma osnovi
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cle size vs, water pressure for the Cu-Ag brazing alloy-powder
and the Co-based welding-alloy powder. The influence of chem-
ical composition s evident,

All prepared powders have the bimodal particle size distrib-
ution with two maxima at approximately 40 to 60 pm and ap-
proximately 100 1o 180 pm virtually independent of the applied
water pressure and other parameters of water atomization. This
confirms the statement'’ that the disintegration of the molten
metal stream during water atomization is carried out in two steps
(the so-called primary and secondary disintegration). Fig. 10
presents the sieving analysis of Cu-Al powders with noticeable
bimaodal particle size distribution and the influence of chemical
composition. Fig. 11 shows the bimaodal particle size distribution
of prepared Co-based water atomized powders determined by
laser granulometry”. Bimodal particle size distribution with two
maxima is clearly evident,

In the Wasthoffs apparatus the oxygen content of prepared
powders was determined. The prepared water atomized powders
have a relatively high oxvgen content in spite of the fact that for
pure metals (Cu, Ag, Ni and Au) Gibbs free entalphy for the re-
action Me+H-O=MeO+H., is positive™" and therefore theoreti-
cal possibility for oxidation of pure metals with water steam is
refatively low. Obviously, the alloying elements and impurities
with higher affinity to oxygen (Cr, Mn, Cd. Zn, P, etc.) have an
important influence on thin oxide film formation on the surface
of powder particles as well as other factors which can increase
oxygen content (discussed later in the anticle). Fig. 12 shows that
from the theoretical point of view., for some pure metals as well
as alloys smaller oxygen contents in water atomized powders
could be expected, and vice versa, In spite of that a rough esti-
mation of oxygen content in water atomized powders is possible
from this diagrammatic presentation. The diagram is based on
lterature” us well as our own experimental data.

25 E—
Water pressure [ | !‘ | |
— 275 bars {]
£ | BB Thain | 1 i
w o === 100 bars A VARY |
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Velrhost delcev {um)

Figure 11: Bimodal particle size distribution of Co based welding

alloy-powders performed by laser granulometry.

Shika 11 Dvogrba velikostna porazdelitey delcev prahov za navarjanje

Gibbsove prosto emtalpda §kJ/mel)
Gibbs free entclphy [kJ/mol)

na osnovi Co dobljena 7 laserskim granulometrom.
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Figure 10: Sieving analysis nstograms of Cu-Al water
atomized powders.

Stika 10: Histograni segalnih analiz Cu-Al vodno stomiziranih prahov,

The plot oxygen content vs. panticle size fractions exhibits,
for most powders, the minimum oxygen content for particle frac-
tions between 60 and 90 pm. The explanation of this phenome-
non is in the combination of the effects of the particle size and
the cooling rate (specific surface arca - degree of oxidation) of
particles during water atomization'. Exceptionally, powders with
a high degree of particle shape irregularity exhibit a direct pro-
portional increasing degree of oxidation with increased specific
surface area of the powder’. Fig. 13 shows the plot oxygen con-
tent vs. particle size tractions of difterent prepared powders with

-200 fre-C LFen0re T Fe 80Mn_
* . '
-400 Ni~Cr-B-i 4 Fe-455 |
| W R
o 500 000 1500 2000 2500 3000 3500

Average oxygen content {(ppm O)
Powpredng vsebnost kisika {ppm Oz)

Figure 12: Gibbs free entalphy for the reaction Me+H . O=MceO+H. vs.
axygen content for different water atomized alloys-powders
Shika 12: Gibbsove proste entalpije za reakene MesH.O=McO+H,
v odvisnosti od vsehnost Kisika 2a razlicne vodno
wormizirane prahove-zhitine.
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Figure 13: Oxygen content of prepared powders.
Stika 13: Vsebnost Kisika v azdelanih prahovih,
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the minimum oxygen content for particle size fractions between
60 and 90 pm.

Ihe average oxygen content of prepared Cu-2%Ni powders
15 0.23 mass % O.. for Cu-1,5%Cr powders 0,15 mass % of O
and for Cu-Ag powders 0,15 mass % of O,. Our opinion is that
a considerable reduction of these values is possible by an addi
tional optimization of water atomization (melting time reduc-
tion, superheating temperature as low as possible. inert gas blow-
g or protective melting,
water/powder particle interconnecting time, etc.). For example.

slag  used during reduced
the average oxygen content 0,075 mass % for Cu-Ag alloy-pow-
der was already obtained during our experiments,

The relatively high oxygen content found in prepared Cu
based alloys-powders requires the consideration in what forms
the oxygen can be found in powder particles. It is usually found
mn metal particles in the following forms: dissolved oxygen, sur-
face oxides, surface adsorbed molecular oxygen and discrete ox-
wdes. The N1 and Cu-based powders can contain several thousand
ppm of dissolved oxygen if not adequately deoxidised prior at-
omization”, The free energy for the reaction of Ni and Cu with
water steam is positive, which suggests that the amount of sur
face oxides present in the Cu-Ni based powders is insigmificant.
The ongin of discrete oxides is usually slag and refractory parti-
cles. The surface adsorbed molecular oxygen, which results from
powder handling after the atomization. must not be neglected. ei-
ther. In our future experiments. it would therefore be necessary
to determine precisely the individual contribution of the above
mentioned oxides to the total oxygen content of Cu-Ni powders.

I'he tlowability and the apparent density of powders were
determined with the Hall's apparatus’. The flowability raised
with increased sphericity of powders. The fractions between 45
pum and 125 pm of all prepared powders have relatively good
flowability but the particle size fraction below 45 um has no
flowability. except Cu-2%N1and Cu-Ag powders prepared at the
lowest (120 bars) water pressure. Fig. 14 shows the correlation:
Howability of prepared powders vs. particle size fractions. The
powder fractions between 63 pm and 125 pm have the best
flowability. The prepared Cu-2%Ni powders have the best
flowability in comparison with other prepared powders, This is
in accordance with the highest amount of regular (spherical)
powder particles obtained for this type of alloy.
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Figure 14: Flowability of prepared powders,

Slika 14: Tekoctnost izdelanih prahov.

Fig. 15 shows the correlation: apparent density of prepared
powders vs. particle size fractions. The highest apparent as well
as tap densities are obtained for the finest fractions of powders.
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In accordance with high amounts of internal particle porosity of
prepared L Agl5-P alloy-powders a relatively poor apparent as

well as tap density of these powders is obtaned
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Figure 15: Apparent densitics of prepared powders

Slika 15: Nasipne gostote izdelanih prahoy

The determined morphological properties of prepared al-
loys-powders show that water atomized powders could be usetul
for different brazing apphcations, where relatively high oxygen
content is not harmful (vacuum brazing, brazing in reductive at
mosphere, brazing with alloy additions of deoxidizers or fluxes
that produce light low melting point protective slags). Therefore
we also made some brazing expeniments Vacuum brazing
of high speed steel (circular saw segments and paper knifes) on
the structural steel base with a Ni-Cr based alloy (Nicrobraz Wal
Colmonoy type 30 and LM filler metals) as well as with the pre
pared Cu based brazing alloy-powder gives high strength, non
porous and other defect free, well ditfusion bonded joints. Fig.

16 shows a high temperature vacuum brazed high speed steel

(circular saw segments) on the structural steel base with simul
tancous heat treatment pertormed at IMT Ljubljana. Fig. 17
shows the microstructure of a high temperature vacuum brazed
tool steel/structural steel joint produced at IMT Ljubljana with &
Cu-based brazing powder.

Vacuum brazing of sharp edged WC-Co particles on the steel
plate also gives good results, Fig, 18 shows vacuum brazing of

sharp edged WC-Co particles on a steel plate (grinding wheel

!I?' Ny

| !

5 b 8 9 20 1 2 3

Figure 16: Vacuum brazing of high speed steel
segments) on the structural steel base

LCITCUIAT SaW

Slika 16: Scgment krozne Zage 12 orodnega jekla vakuumske spajkan
na osnovo 12 konstrukenskesa wekla
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Figure 17: Microstructu
1 vctural steel jomt

Slika 17: Mikrostruktur

of hugh temperature brazed 100

Kuumsh S spoja orodoesa mn

red Cu-2%Ni brazing alloy-powder performed al

Ag based alloyvs-powders also give oo

brazing results and the above mentioned brazing alloys are al
produced on the
lectrical engineering industry (ISKRA Autoelekinka

Nova Gorica, Metalflex Tolmin. etc.). Fig. 19 shows industrial

level of small scale production for

Movenman ¢

gcuum brazing of heating elements on the steel plate carrier per-
ormed at IMT Ljubljana. Fig. 20 shows electrical components
ndustrially brazed with water atomized Cu-Ag based alloys-

wowders

4 Conclusions

The preparation of Cu based brazing alloys-powders by wa

ter atomization was investigated. The main morphological prop
ties of prepared powders were then determined. The deter
mined morphologic:

yroperties of prepared allovs-powders, as
I preg :

v that water atomized

vell as practical brazing experiments show

sstully used in many brazing applica

s could be succe

tions. espectally where refatnvely high oxygen content in walter

Figure 18: Vacuum brazing of WC-Co particles on the

Slika 18: Vakuumske

seet ‘l?.ll.‘

keleey Karbudne trdine

pajkanjc ostr

na jekleno osnovo

Properties of Cu-based Alloys-powders tor Brazing Prepared by

Figure 19: Vacuum brizing of boiler heating elements on the steel
plide carmier

Slika 19: Vakuumsko spagkange grelnih elementov na jekleno nostlno
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Figure 20: Electrical components for automotive apphicatio

industrially beazed with water atomized Cu-Ag based alloys-powid
manufactured at IMT Ljubljana

Slika 20: Elektncm sestavm deh za aviomobilsko mdustripo spaghan
vodno atomieziranim Cu-Ag prahom izdelanem na IMT Lyubljan:

atomized powders is not harmful. However, practical brazing ex
periments supported by metallographical and mechanical inves
tigations of cach individual brazing application are always nec
essary in order to confirm the usability of the selected water

atomized Cu based alloy-powder
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An important fact that has to be considered is the yield of us-
able metal powder (fraction +45 -125pm up to +45 -75pm) for
brazing applications. Water and gas atomization give approxi-
mately the same but relatively poor powder yield (=25+35%).
Centrifugal atomization gives a better yield (= 405) but seems
10 present some practical difficulties in engineering and reliabil-
ity'". Therefore, from this point of view. it can be concluded that
water atomized powders for brazing are comparable with gas at-
omized powders.
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Use of a Mathematical Model GPRO to Describe
Complex Gas - Metal Reactions

Uporaba matemati¢nega modela GPRO pri opisovanju
kompleksnih reakcij med plinsko in kovinsko fazo

B. Korousic*, Institute for Materials and Technologies, Ljubljana, Slovenia

The knowledge of the thermodynamics in complexe systems consists of gases and
metal shoud 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 reliable database. This 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
use of the program in the field of typically metallurgical applications which have been

traditionally assigned to specialists.

Key words: Equilibrium reactions, active gas-atmospheres, decarburisation of non-

oriented electrical steels

Poznavanje termodinamicnit odnosov v kompleksnih sistemih plin - kovina ima lahko
izreden pomen za kontrolo industrijskih procesov. Gibbsov model o minimizaciji energije
je implementiran v programsko opremo GPRO, ki mu sluZi kot osnova moc¢na baza
verificiranih termodinamicnih podatkov. Programska oprema omogoéa izracunavanja
ravnoteznih sestav v zelo kompleksnih kemijskih in metalurskih sistemih. Navedeni
primeri v tem clanku ilustrirajo enostavnost izracunavanj in nacin uporabe programa na
podrocju metalurskih aplikacij, ki jih ve¢inoma izvajajo strokovnjaki na tem podrodju.
Klju¢ne besede: RavnoteZne reakcije, aktivne plinske atmosfere, razoglji¢enje

neorientirane elektro plocevine.

Introduction

The application of thermodynamics to a system gas/solid en-
ables to calculate the composition at equilibrium and the direc-
tion and extent of change which can take place under specified
conditions. In this paper an attempt is made to demonstrate the
use of a personal computer software program as an elegant and
sensitive method for numerous metallurgical applications espe-
cually for analysis of gas-metal systems.

It is expected. that user of this method will be in good posi-
tion 10 go more deeply into leamming thermodynamic correla-
Hons.

Principles of the Gibbs method

In the fields of heat treatment of metals as annealling, car-
bunizing, steel decarbunzing, nitrocarburizing and many other
operations, the metallurgist is concerned not with pure gases but
with mixtures of various components (gases and solids) which
form the atmosphere in the fumace.

Description of used method for the complex equilibrium
conditions

Several excellent software programs for gencral studing and
calculating of equilibria reactions by high temperatures have

* ool dr. Blakenko KOROLUSH
IMT Lyjublpma, Lepe poa 11, 1000 Ljubljana

been developed in the last two decades (e.g. SOLGASMIX.
THERMOCALC, FACT, CHEMSAGE ...)"".

However, most of them are designed and written in complex
form requiring very strong computer units, few others are in-
tented simply as a tool to be applied for the purposes of solving
real problems,

Therefore, it seemed worthwhile to develop a program
which will take some midway path between these two com-
puter program designs. The new software program, called
GPRO is based on the method of free energy minimization and
extended to systems containing numerous gaseous and con-
densed phases mainly in accordance with SOLGASMIX-prin-
ciples™™.

Thermodynamical approaches to the Gibbs-method

The advantage of Gibbs method energy minmmization is
based on his simplicity for description of chemical reactions in
complex systems and its ability to facilitate determination of the
effect of a change in the external influences on the equilibrium
state. In the GPRO software program the user needs only 1o spec-
ity the type, the components present in the system and the con-
ditions (for example: temperature and chemical composition of
the system) for the calculation

The program will perform automatically the equilibrium
thermodynamic computions typically associated with complex
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chemical equilibria from a defined database.
With the aid of the GPRO-program. a user is able to perform
maost of the following operations:
= The energy lor pre-heating the initial misture from the initial
temperature T, 1o the reaction temperature T,
The heat of reaction,
The computation of the complex chemical equilibria in
gaseous mixtures and setivity of solid compounds,
~ Displaying and printing data of compounds and solutions at
any temperatures and compositions.

Associated databases for the thermodynamic equilibrium
computations

From muny excellent standard treatises on thermodynamics
itis known, that without reliable thermodynamic data most of the
cquations are meflective and numerical answers  will be
wrong. GPRO software program is based on use of both formula
Tor calculations of the standard Gibbs energies of the formation
of the phase:

1. i the form:

AG = 7‘ +B+CT+ DT « ET' + FlinT

()
2 over the enthalpy AH entropy A, and heat capacity
Ty
: ara R e W BUC o {4 S
AG=AH,, +| € (T)dT-TS, -T[ 5 (by

CAM=A+BTI+CT + DT’

Both methods used from the database involve a search for a
minimum value of the free energy G of a system and give equiv-
alent results. However the second method considering the en-
thalpy H. entropy S and heat capacity Cp has more advantages
by combining heat and equilibrium calculation, Typical example
is the determination of the adiabatic flame temperature, where
enthalpy of reaction serves as the criterion of the heat balance.

Exploiting the GPRO-program for heat and standard free
enthalpy calculations

Traditionally the concept of heat enthalpy and standard free
enthalpy as a state function are introduced by considering the be-
haviour and properties of many chemical and metallurgical re-
actions,

Since the equilibrium state has been oblained, the heat gen-
eration or the total heat of process can be computed. using the
thermadynamical functions (E.g. the energy necessary for pre-
heating the initial mixture from the iitial emperature T to the
reaction temperature T, H - H . (taking into the account the tran-
sition values within the actual temperature interval T - T, added
to the heat of reaction - H), gives the H, - total total heat of the
svsiem.

Example No.t
Statement of the problem

A muxture of Fe, (0.), Si0, present in the molar ration
221 Lis adiabatically heated from 298 K 10 1173 K. Calculate
H, - Hy, and G tor the reaction:
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2 Fe)+(0,)+(8i0,) = (Fe, 8i0, ) (i
where:
<> = solid, () = gas

Compare the obtained results with results from literature for
the Gibbs free energy of the fayalite formation™:

AG, = -5555(M +135.23T1.mol ' )(900...1478K ) (2)

AG = -505263+ 101, 32T{L.mol ' )(1378...1508K | (3)

Since the end temperature s higher then 1773 K all transs-
tion and latent heats of the reactants and products must be con-
sidered:

L Fea— B)=1033K.aH__ =5024(J.mol”').
2. Fe(B—y)=1183K.AH,  =921(J.mol ).
. Fely—=0)=16T4K.AH__ =879(L.moil ™' |.
4. Fe(T,)=1809K.AH = 13860(J.mol '),

5. Fe.SiO, (T, = 1493K ). AH, = 9210{J.mol"")

Solution :

Fig. 1 shows a plot of G, versus T for the reaction (1), There
is i change of the entalpy due 1o melting Fe.Si0, wt T = 1402 K
and calculated values for G, over Cp - expression und from i
formels (2) and (3).

Fe+C+ 3°%Si
1.00
080
asof

040FN

Qg

0.10
008
0.06

004

002

om llxllmll lAAAJmA |.AAéon0. A -m
Temperature (°C)

Figure 1: Plot of thermodynamical data for Fe.Si0), as a function of
temperature calculated with GPRO-program. (Model) and (Lit) using
dara from Richandson and Jeftes®

Slika 1: Diagram termodinamiénih podatkov zis Fe.Si0), kot funkcija
temperature izeadunano s programom GPRO
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Exploiting the GPRO-program for complex equilibria
calculations

In this chapter, some examples of work performed in our lab-
oratory on the apphication of the computer-based model GPRO
will be reviewed. The accuracy of the gaseous atmosphere con-
trol in steel decarbunizing furnaces has been remarkably im-
proved owing to the application of computer control systems and
the development of new measuring techniques (for example:
oxygen and/or carbon sensors).

Gaseous active atmospheres

There is relatively hittle emphasis in the literature about use
of the thermodynamical models on the ficld of active atmos-
pheres. Such mixtures containing both gaseous and condensed
components (for example: Fe + C + O + H + N are extremly
complicated for the numerical calculations). Detailed experi-
mental studies are difficult and also thermodynamical results are
mostly presented in the graphical form, which are very useful in
research work but of hittle effectivness in searching solutions for
4 current practical operation.

To obtain equilibrium compositions in the real gaseous mix-
tures by high temperatures, taking into account both energy and
material balances, development of new approaches are strongly
required.

-~

Exampie No. 2

Statement of the problem

The use of gaseous atmosphere with a well-defined oxygen
potential for decarburisation of low carbon ron-silicon steels in
the continuous fumace can be simulated by use of thermody-
namical model.

WorM;  w* ' w0* w0 w0t %’
coyco w° Wt vt wt w0’ r
7 R AT 7

| Y N - 1+—1— Loak
-2 | | ! ! 1 l - e
| "0 200 <00 600 800 1000 1200 100 1500 100 2000 2200 | | .,
Temperature (*C) 0
el WAL . 43 -
CO,/CO W™ 0v? 9" oM -

S A A A .S X . N 3
Pg, (Bar) ™6™ 6% 6% 6Y6" 6™ 0* wW* o7
ot -
WO, G 0 G W W e
Figure 2: Equilibrium behavior of different oxide phases during the
decarbunization of Fe-C-Si alloys in active gas atmosphere
(CO+CO,+H, + HO+ N,
Slika 2: Ravnotezni odnosi ruzhicnih oksidnth faz, ki nastajajo med
razogljCengem jekel Fe-C-Si v aktivni plinski mesanici
(CO+CO + H o+ HO 4 N

Equilibrium calculations and practical measurements show
that solubility and carbon activity in Fe-C-Si steels depend on the
gaseous atmosphere, temperature and steel composition,

The thermodynamic analysis permiat on the base of thermo-
dynamical data to predict the equilibrium carbon contents in
electrical steels (Fig. 2).

Concluding Remarks

One of the widely known methods for chemical and metal-
lurgical equilibrium calculations by the high temperatures is
Gibbs energy minimization method. Based upon these principles
and mimplementing some algorithms from computer program
SOLGASMIX, the new user-friendly computer program called
GPRO was developed.

GPRO-software program is designed as a system which can
perform equilibria thermodynamic computations in systems con-
taining gaseous and stoichiometric and/or non-stoichiometric
condensed phases.

The computer program lists options as menu and the user is
slowly directed through the program. choosing one option at a
time. Before using the level of the main menu, user must create
the relevant thermodynamic data file which contains the reliable
thermodynamic data as heat capacity, enthalpy. entropy with re-
spect to a chosen references state,

In this paper some typical examples are presented to illus-
trate the simplicity of the computation in the complex chemical
and metallurgical systems at high temperatures for typical in-
dustrial applications,
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Protection of Carbon/Carbon Composites against

Oxidation

Zascita kompozitov tipa ogljik/ogljik pred oksidacijo

Borchardt G.,” Institut fir Allgemaine Metallurgie, Technische Universitat Clausthal,

Deutschland

R. Turk, S. Javori¢, V. Nardin, Oddelek za metalurgijo in materiale, FNT, Univerza

v Ljubljani, Slovenia

A mayor problem of carbon/carbon composites is use in oxidative environments.
Protective coating in this study consists of SiC outer and B4C inner coating and offer
efficient protective of composites against oxidation. Because of cracks and erosion of
microstructure as a result of oxidation oxidized samples have lower mechanical

properties.

Key words: carbon/carbon composites, oxidation, protective coatings, mechanical

properties of oxidized composites.

Najvecji problem kompozitov tipa ogljik/ogliik je njihova uporaba v oksidativnih
atmosterah. Ugotavljali smo ucinkovitost vecplastne zascite grafita pred oksidacijo,
sestavijene iz zunanje SiC in notranje B4C plasti. Rezultati kaZejo, da je taksna zaséita
ucinkovita v temperaturnem intervalu 600-1000°C. Zaradi razpok in erozije strukture
grafita, ki so posledica oksidacije, so mehanske lastnosti oksidiranih kompozitov slabse.
Kljucne besede: kompoziti tipa ogljik/ogljik, oksidacija, zaséitne plasti, mehanske

lastnosti oksidiranih kompozitov.

L Introduction

Carbon fibers and carbon/carbon (C/C) composites are at-
tractive materials because of strength-to-weight properties supe-
nor to those of any other matenials,

Potential uses range from those in airerafl, automndustry 1o
medical and sport applications (boat making, fishing rod...).

C/C composites consist of carbon fibers set in & graphite ma-
trin. Mechanical properties of C/C composites depend on fibers.,
which exhibit high Young s modulus E (E = 250-500 GPa) com-
pared to the graphite matrix (Ey = 30 GPa),

Strong bonding between the matrix and the fibers results in
high shear strength while weak bonding increases the toughness,
so that crack propagation in the matrix can be arrested at the fiber
surtace.

High tensile strength is a consequence of very strong cova-
lent bonds between carbon atoms and high anizotropic crys-
talline fibers.-

2. Protection of C/C Composites against Oxidation

The most obvious advantage of using C/C composites in
serospace application is their high refative strength compared
with low weight.

A mayor problem is using such materials in oxidizing envi-
ronments (hot flowing gases). Carbon rapidly reacts with oxygen
at temperatures as low as 300°C, forming gascous products (CO.
*Prof dr GUNTHER BORCHARDT

Inst fur Allgemeise Metallurgs
Tebo, Uniserciedt Maustal, Deutss hiland

CO,). Gasifications leads 10 a rapid degradation of the compo-
site, This oxidation process results in the crosion of the structure
and in the degradation ol the mechanical properties which the
material oniginally posessed.

Many protective coatings are being considered 1o prevent
contact between oxygen and carbon. Most of these coatings rely
on oxide films formed during oxidation as oxygen diffusion bar-
riers.

2.1, Proteciive Coarings

The most important 1934 ULS. patent’ in work on protection
against oxidation for C/C composites describes a coating system
for graphite materials composed of a SiC and vitreous overlay
coatings.

Work on oxidation protection for C/C composites started in
1970°s, The coating system was very similar to that in the 1934
patent and was composed ol a SiC conversion layer and silicate
glaze overlay.

Any coating material used to protect the composite from ox-
idation must prevent the invard diffusion of oxygen. and has low
volatility to prevent erosion. Coating issues associated with oxi-
dation protection are coating erosion, spallation and oxygen per-
meation of the intact coating system,

Erosion resistance requires the use of outer coatings that
have low vapor pressures. The high thermal expansion coeffi-
cient is a strong negative factor because the large differences in
thermal expansion behavior often results intension-induced
coating cracks.
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In the presence of an oxide film on the surface, the oxyvgen
has to diffuse through it 1o reach the substrate/oxide surface.
Oxide film acts as a diffusion barrier, The oxidation of a sub-
strate involves five steps, shown schematically in Figure 1:°

0

rotective film /

Figure 1: The oxadation of & protected graphite

Slika 1z Oksidacipn zadcitenega gralita

L. gas phase diffusion across the boundary layer;

2. oxygen diffusion through cracks: if the oxide film is cracked,
toxygen diffuse through it 1o the substrate/oxide film inter-
face);

3. condensed phase diffusion (if the oxide film is nonporous);

4. reaction at the interface substrate/oxide:

5. counter diffusion of gas products back 10 atmosphere.

Oxides have usualy higher thermal expansion coefficients
than corresponding carbides. For this reason it is advantageous
10 start with & nonoxide outer coating that converts 1o an appro-
priate oxide upon exposure. Such deposition reduce diferences
between thermal expansion behaviour of coating and substrate.

Studies have shown the utility of borate glasses for protect-
ing C/C composites from oxidation, Current coating system for

protecting C/C composites are composed of an outer coating of

SiC and an inner B,C coating. Due to oxidation SiC s convert-
ed 10 Si0, which acts as primary oxvgen barrier.”

Oxidation of the inner B,C coating through cracks in the SiC
outer coating produces a borate glass B.O,. Above the melting
point of B.O, it flows 1o il cracks present in the inner and out-
er coatings,

3. Mechanical Properties of Oxidized C/C Composites

Oxidation of the graphite leads to pitting. degradation and
porosity of C/C composites. Gasification appeared to lead pro-
gressively to the formation of pores in the matrix, followed by
propagation of longitudinal channels along the fiber axes.

Cracks, which appears under loading, leads 10 a loss in
strength of the composite. One of the most oxidized and loaded
fibers rupture and this leads to crack initiation and propagation

of transversional cracks because of shear stresses.” Strength of

oxidized composites is reduced because of cracks and mi-
CTOSIruCture erosion,

Bending strains for oxidized C/C composites are much low-
er than that for unoxidized ones.
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4. Experimental Procedure

Graphite EK 986 used in this study were supplied by
Ringsdorf, Germany. The average density was 1.85 g/em and
open porosity 8% . Graphite samples were cut in approximately
cube form, side 0.7 +- 0.01 mm.

Multilayer coating was composed of an outer coating of SiC’
and of an inner B,C coating.

SiC and B,C coatings various thicknesses were deposited by
Physical Vapor Deposition (PVD) process with High Frequency
(HF) Sputtering.

Samples were sputtered in vacoum at 2-3 x 107 mbar, fre-
quency 10 MHz and voltage 1KV, 80 min of sputtering was sut
ficient to deposit a B,C film of 0.30 um and 75 min to deposit 4
SiC film of 0.70 pm on the surface of the samples. Some graphite
samples were only B,C coated.

Measurements of the oxidation Kinetics of all graphite sam-
ples were carmied out in a vertically open-ended furnace in stag-
nant air, between 600 and 1200°C,

Mass changes of the specimens were measured by Thermo
Gravimetry Analyses (TGA) using an automatic “SARTO
TIOUS M 25 D-V" thermobalance (sensitivity «-0.001 mg)
which was connected with computer.

All Kinetics data were collected and approximated with
Computer operated data on line acquisition system. Samples
were cooled down in air and were observed using Scanning
Electron Microscope (SEM), Jeal JSM - 35,

C/C composites materials BB 7655 used in this study were
made from SCHUNK. Germany. Samples were preprotected
with Si, which was deposed o the graphite  matrix
("Kapillarziliziert™)."

Samples with average dimensions 20 x 20 x 1.7 mm, the av-
crage density 1,64 gfem’ and the average porosity 8.2 were ox-
idized between 4007 and 800°C.

Oxidized samples were cooled down in ar and tensioned by
GLEEBLE 1500 (DUFFERS SCIENTIFIC) at room tempera-
ture in air at a rate of 0,1 mm/sec

5. Results and Discussion
5.1 Oxidation behaviowr of uncoated graphite

Oxidation of the graphite appeared to occur at specitfic active
sites, leading to pitting, degradation and porosity at the surface.

Figure 2 shows the relative weight loss for oxidized samples
per unit of calculated geometric area (dm/A, ) as a function of
time at 600°C and 1000°C,

Due to the presence of porosity, the effective surface area
over which reaction can occur is possibly 10 to 100 umes high
er than the geometric area. This is consistent with the high poros-
ity of the C/C composites.

Oxidation process of graphite results in the erosion of the
structure (Figure 3). Because of higher erosion the oxidation rate
for uncoated graphite samples (Figure 2.b-A) at 1000°C is high-
er than rate at 600°C (Figure 2.a-A).

The low temperature rate - limiting step is probably a surfuce
reaction - desorption of oxidation products (CO, CO.) from the
carbon network.

At higher temperatures the release of the oxidation products
becomes easier and leaves defects in the carbon network. The
rate is then probably controlled by oxygen diffusion into pores.



Borchardt G, et al

Figure 2: Relati umt of ulat WNCIFIC Arei
A fu I ) ne al 6N and 1000°C(h)
\ INcouted grapiit
phi ved with SiCand B.C protective coating

HYANe reometrnone
a) and 1T000°C(h)

Slika 2: Relativina izgubsa mase na enoto iz

wi GIN)

arulit

Jasciien

s S1C in B,C zaséino plastjo

With continued oxidation the porosity and active surface area in

reased resulting in the increase in the oxidation rite

Anamportant question 1s whether oxidation of C/C compos-

ites proceeds more ong the carbon fiber axes or in the

ss well erystallized matrix of the composite
Bes f the higher incid ol reactive edge sites. amor-
ous carbons tend 10 be more susceptile to gasification than

ling

graphite

Oxidanion of the graphite occured simultaneously at specific
HVE SHES (vacancies, pores). Bumn off of oxidation |‘r|ufl.tls
cads progresively 1o formation of pores in the matrix (Figure
4.a), followed by the propa
he 1 xes (Figure 4.b). Facile oxygen diffusion along such

channels allowed a rapid excavation of material and growth of

ion of longitudinal channels along

L

ween the fiber bundles

Gasitication also occured rapidly at the exposed ends of the
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5.2 Oxidation behaviour of coated graphit
grd
n the erature range 600°C-1000°C samples covered
with SiC and B.C coating (Figure 2.a.b-C) showed better oxi
ation resistance and reduction in the oxidation rate compared
uncovered graphite samples (Figure 2.ab-A).
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Oxade films formed durmge oxdation

ving graphite and reduce

between oxveen and under
specHiic active sites and presence of porosity over whi wid

ton can oceur (Figure 5)
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Above the melting point of B.O | (450°C ) it flows 1o fill ther-
mal expansion mismatch cracks in the outher SiC coating and in
the matrix (Figure 6.¢) providing a diffusion barrier in the com-
posite. B.O s segregated in clusters at the active sites on the
graphite surface where oxidation normally oceured and blocks
this active sites,

The use of borate coating is limited by the volatility of the bo-
rate. Volatization of the coating leaves the underlying material
exposed. Rapid oxidation and a 250% volume increase at the con-
version of B,C to B.O, are essential features of these coatings.

Alter removal from the furnace we noticed that B,C plus SiC
coating resignate from graphite matnix and crack (Figure 7).
Hydrolysis of B.O. produces orthoboric acid and o 125% volume
NCTENSe:

B.O,+HO=2B0, +HO=8,0,+HBO

Heating releases water and produces a mixture of boric ox-
ide and metaboric acid. Under dry conditions the complete con-
version H.BO, back to B.O, completed at about 4507

3.3 Mechanical properties of oxidized CIC compozites
Because of cracks and erosion of microstructure of C/C com-
posites oxidized samples have lower mechanical properties.
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Figure 8: Bending forces and breaking stresses (up 1o Y0 MPa) for less
oxidized C/C composites as for well oxidized samples (minimal
bending forces and stresses ).
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Figure 8 shows that bending forces (up 10 3300 Nj and stresses
(up 1o 90 MPa) for less oxidized C/C composites (at 0.036%
mass loss) are much higher than those for well oxidized samples
(mnimal bending lorces and stresses).

Relationship between breaking force (F) and mass loss (C)
can be represented as following equation:
F=a+bisquChy,
where coellicients are a = 58.2238 and b= - 7.1752,

6. Conclusions

L. The main problem for C/C composites is use of such materi-
als in oxidizing environments thot flowing gases). Carbon
rapidly reacts with oxygen at temperatures as low as S00°C,
forming gaseous products (CO, COL). Gasilications leads to a
rapid degradation of the composite.

2. Muny protective coatings are being considered 1o prevent oxy -
gen from reaching carbon. Most of these coatings rely on ox-
ide films formed during oxidation as oxygen diffusion barri-
ers. Coatings with less permeability for oxygen and
temperature expansion coefficient similar to those of substrat
shows efficient protection of oxidation, so layers could be me-
chanically stable during cooling and heating processes,

v

- Graphite samples in approximately cube form, side (0.74-0.01
mm were covered with multilaver protective coating, which
was composed of an outer coating of SiC and of an inner B,C
coating,

4. SiC and B,C coatings of various thicknesses were deposited
by Physical Vapor Deposition (PVD) process with High
Frequency (HF) Sputtering,

Measurements of the oxidation kinetics of all graphite samples
were carmied out in o vertically open - ended furnace in stag-
nant air, between 600 and 1200°C.,

. Comparison between uncovered graphite and graphite, cov-
ered with SiC and B.C protective coating shows reduction in
the oxidation rate resulting from protective coating.

n

6.

=

After removal from the fumace we noticed that B,C plus SiC
coating resignate from graphite matrix, Because of cracks and
erosion of microstructure shows oxidized C/C composites
lower mechanical properties. Bending forces (up 1o 3300 N)
and stresses (up 1o 90 MPa) are much higher for less oxidized
C/C composites (at 0.036% mass loss) than those for well ox-
ihzed samples (minimal bending forces and stresses ).
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Influence of the Scaling upon the Heating Process of
Steel Slabs in a Pusher-type Furnace

Utjecaj ogorine na proces zagrijavanja c¢eli¢nih slabova u peci

potisnog tipa

M. Kundak, J. Crnko, Metalurski fakultet Sisak, Croatia

In the frame of this paper an existing and a proposed more optimal temperature regime
for heating of steel slabs in a pusher-type furnace is analysed. The influence of steel
oxidation upon the heating process and its influence upon the optimal temperature

regime calculation is also investigated.

Key words: pusher-type furnace, scaling, heating of steel.

U okviru ovog rada analiziran je postojeci i predioZeni optimalniji temperaturni rezim
zagrijavanja celicnih slabova u peci potisnog tipa. Takoder je istrazen utjecaj oksidacije
celika na proces zagrijavanja i njezin utjecaj pri proracunu optimalnog temperaturnog

rezima.

Kljucne besede: pec potisnog tipa, zagrijavanje, oksidacija.

L. Introduction

The intensity of oxidation of the heated steel generally de-
pends on the affinity of the basic material. re. of iron and alloy
ing elements towards oxygen, on gas composition above the
heated steel. on the temperature of fumace space and the time of
exposure 1o high temperatures. Oxidation doesn’™t depend solely
on the presence of free oxvgen in the furnace atmosphere.
Aqueous vapour. carbon and sulphuric dioxide also appear as re-
actunts. Results achieved regarding the influence of these factors
on steel scaling revealed differences, the cause of which has not
been explained adequately so far. Quantinive values regarding
the extent of the scaling achieved during the investigation stated
m references, are given as medium values of several repeated in-
vestigations. Such data can be useful for determining the influ-
ence scale has on steel heating. espectally due to the changes in
scale composition throughout the depth of the scale layer, as stat-
ed in references, the layer may sigmificantly influence the coefl-
ficient of heat conductivity. However. it should be taken into
consideration that iron oxidation in the course of steel heating al-
so introduces heat into the process. Yet, exploitation of such heat
is insignificant. as the oxygene necessary for iron oxadation is
brought from the fumace surroundings, i.c. with the air required
for fuel combustion, therefor a corresponding quantity of nitro-
gen s present, which is heated 1o the temperature of waste gas-
es. A part of the heat produced by iron oxidation is lost by this
heating, Formation of scale diminishes utilization of heat from
waste gases inside the furnace. as the heat source on the steel sur-
face decreases the possibility of heat transfer from the waste gas
to steel, and due to the low coefficient of conductivity, heat con-
ductivity is hmited as well. The latter indicates the importance of
defining the thickness of the scale layer on the surface of the
heated steel semiproduct. The thickness of the scale layer in re-
lation 10 the one obtamed by calculation from referential data
may be checked by means of plant investigations in actual

* Do & Mo KUNDAK
Metalufhy fahultet Sesah. Alejs sarodmh herom 3, 33105 Seak. Croatia

process conditions of given steel heating. This paper also pre-
sents the research results regarding the influence of scale layer
thickness on the time required for the low carbon steel heating in
a pusher-type furmace of a nominal capacity of 67 t/h.

2. A pusher-type furnace and the research results

To study the influence scaling has on the rate of charge heat-
g, in other words the temperature regime of the furnace, a tem-
perature profile of the wall and of the upper surface of the charge
lengthways of the pusher-type furnace is determined by an opti-
cal pyrometre and presented by a diagram in Fig. 1. The length
of the furnace from the slab charging line up to the front wall 1s
26.5 m. and the furnace length covered with slabs 1s 24.4 m. The
inside width of the fumace is 4.6 m. A schematic presentation of
the furnace profile and of its main dimensions is given in refer-

%0 + O wemrare
B < &8 cicuizter

b.‘.. \
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Figure 1: Temperature profile of the wall and of the upper charge
surface along a pusher-type fumace
Slika 1: Temperaturni profil zida 1 gornje povrsine uloska po duzim
pect potisnog tipas
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ence L. Inthe course of determining the temperature profile slabs
of the St 12 (per DIN) quality. with dimensions  of
A30x 19053800 mm and mass of 25080 kg were heated. The fur-
nace capacity was 31,4 t/h. To be able to estimate the value of
the determined temperature regime., due 1o low fumace produc-
tivity, a numenical method was used to obtain an optimal tem-
perature regime in such conditions. The numerical method” starts
by dividing the calculation into several sections within which
vanables may be considered constant with regard to temperature,
While the material was passing along the section length. the
charge was considered motionless and its heating was calculat-
ed as such as i a hearth furnace of the same temperature. the
temperature flow of the flue gas was determined on the basis of
the section heat equilibrium.,

According to this, a preheating and heating zone was divid-
ed nto live sections, the soaking zone itself consisted one of the
sections. The calculation presumes that heating effects from be-
low were equal 1o those from above in the heating and preheat-
ing zone which was confirmed during determination of the tem-
perature regime. The calculation starts with the required final
temperature of the material and is successively carried out for
each section up 1o the beginning of the preheating zone. The ini-
tal temperature was always the final temperature of the materi-
al of the preceding section, The caleulation was considered to be
completed when the obtained nitial temperature of the material
in the first preheating zone section was app. 20°C. I, however,
the mitial temperature of the material differed considerably from
the one stated, the calculation would be repeated. Table 1 pre-
sents values for some caleulited variables and the results of the
temperature regime calculation for a 31.4 th productivity of the
pusher-type furnace. The wall temperature and the charge tem-
perature along the furnace during heating were obtained by cal-
culating on optimal temperature regime that is presented in a di-
agram form in Fig. 1.

Table 1: Some variables and the results of the pusher-type
furnace temperature regime calculation

Sumiber  Lemghol ) h i N, T ‘ 0 0. AL, "

ol Jsun =

wilve () C WimK Wk Wyiek © \C ¢ C

1 et 1W0 MO 2 KX 0T 071 1S 128 4 1
2 o6 4SO WK 202 15 07T a7l I 12w IS 13
1 s 00 207 274 101 0T o 1T 2w 37 12641
1 b 130 282 X au 05 Al oM st N 1w
< Wb 12N Jus FY OSSO a2 TI3 O Tl nd 973
h 0 i i Si3 0 0T 08 oS 38 3 15 oS

Due to the eftect of the furnace atmosphere an oxide film
(scale). consisting of the Fe,0),, Fe,0, and FeO bound more or
less tightly onto the ron base. is formed on the white hot steel
surface, On the basis of the accepted steel scale composition:
consisting of 3% Fe.0,. 10 % Fe., 0, and 85 % FeO'"* and den-
sity ranging from 5200 kg/m’. 5100 kg/m' for Fe304 and 5900
kg/m"", a comespoding scaling density of 3783 kg/m' is deter-
mined. The density and the scale composition enable the caleu-
Tation of the percentage of steel bum ofl in regard to the heated
charge. Fig. 2 shows diagrams of the dependence of the scale
layer thickness in regard 1o the percentage of sieel burn off and
slabs thickness heated both sidedly in a pusher-tvpe furnace,

The amount of bum off steel per unit of steel charge surtace
may be calculated according to the temperature and duration of
detainment at that temperature, as stated in reference 6, 7, 8
when fuels of higher heating values (coke-oven gas, natural gas
620

thickness of the scale layer, mm
w
T

burned stesl %

Figure 2: Dependence of the scale layer thickness in regard 10
percentage of steel burmed off and the slabs thickness during heating
from both sides
Shika 2: Odvisnost debljine sloja ogorine od postotka Selika koy odgon
1 debljine dvostrano zagrijavanog ulodka
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Figure 3: Scale heat conductivity and low-carbon steed in regard 1o
temperature

Slika 3: Toplinska vodljivost za ogorinu 1 niskougljiini Celik u
ovisnosti od tempernitiure

and heavy tuel oil) are used the generated flue gases have a sim-
ilar effect upon the formation of scale. The quantity of the steel
bum oft per unit of the heated charge surface 1s presented mn the
references quoted in a form of a table and diagram in regard to
various air factors during fuel combustion, i.e. from 0.6 to 1.1
Fig. 3 shows diagrams regarding the dependence of scale
heat conductivity and low-carbon steel to temperature”. From the
derermined relation it can be seen that the scale heat conductiv-
ity is more than ten times lower than that of low-carbon steel.
therefor it acts as an isolating layer on the heated steel charge sur-
face. Based on thas data a specific heat resistance. depending on
the thickness of the scale fayer formed during 190 mm thick slabs
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Figure 4: Specific heat resistance of low-carbon steel covered with a
scale layer in regard to scale thickness and temperature for 190 mm
thick stabs
Slika 4: Speciticni toplinski otpor mskougljcnog celika sa slopem
ogorine u ovisnosts od debljine ogonine i empersture zi ulozak
deblyine 190 mm

were heated and their temperature, as this is the most common
charge ol a pusher-type fumace (over 70% ), was determing and
is presented in a form of a diagram in Fig. 4.

However. for the operating conditions investigated., first av-
erage temperatures of the charge surfaces in single sections of
the furnace were defined from the diagram presented in Figure
1. the calculated optimal temperature regime was determined on

the basis of data from Table 1 regarding for the emperature of

the charge surface at the end of a single section an average tem-
perature of two neighbouring sections was taken. On the basis of
these temperatures and the time of charge detention in single sec-
tions along the furnace the parametres regarding scale, as well as
the extra time required for charge heating due to scale, were cal-
culated. Natural gas used as fuel (Hu 37300 k3/m'). the air fac-
1or was 1.1, data and methods stated in reference 8 were used for
the calculation. The results of calculation regarding the scaling
of the steel St 12 are presented in Table 2.

Table 2: Calculation results in regard 1o steel scaling during
charge heating in & pusher-type furnace

Length For operating conditions For caleulated conditions
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Measurements of the scale layer thickness were carried out
in the working plant, atter the charge was pushed out of the fur-
nace and adequately cooled. data on thickness of the scale layer
formed n different working conditions of the furnace with re-
gard 1o the delays in the working of the fumace due 1o war cir-
cumstances in the country were obtained, Table 3 shows the re-

sults of the measurements of scale layer thickness on slabs with
dimensions of 430x 190x3800 mm, steel grade St 12, during con-
tinuous and discontinuous fumace operation when the slabs were
kept too long in the furnace”.

Table 3: Results of measurements of the scale layer thick-
ness on the surface of steel St 12 during continuous and discon-
tinuous operation of a pusher-type furmace

Working Contanuoes Drscontinuous working of the fumace
conditions working

of the of the Heating 16h 12h -
furmace furmace Blind firing Bh 12h &0 h
Layer

thickmess 1.0 mm 48mm TOmm 100 mm

Slabs were Kept in the furnace for 264 min. The calculated
optimal temperature regime not only improved the heat flow of
the slabs in the initial period. but also shortened the period of slab
detention at higher temperatures and reduced scale loss. the
growth of the fumace floor and the heat energy consumption,

3. Discussion of the results

In addition to disadvantages that scaling causes such as are
reduction of charge mass and defects in products. scale also be-
haves as an isolatng layer on the heating surface of a charge.
therefor more energy is required for its heating as the heating ca-
pacity of a pusher-type furnace decreases. Figure 1 shows data
aquired from a pusher-type fumace during operation regarding
the temperature regime and the calculated optimal tlemperature
regime at a productivity of 31.4 ¢h in a diagram form. The n-
fluence of the scale layer thickness upon the heating of a charge
could be studied and necessary corrections in the optimal tem-
perature regime calculation could be apphied from these data,
Generally, on the basis of the scale layer thickness. slabs thick-
ness and heating procedures (one or both sidedly), a percentage
of steel burn ol can be predicted. From the diagram in Fig, 2
may be seen that for the scale layer of thickness 2 mm, which
does not ditfer with slab thicknesses in a corresponding furnace
atmosphere, the steel burn off at the charge thickness of 350 mm
1s 0,45 % and at the charge thickness of 90 mm is 1.75 %. As
such the percentages of steel bum off increase or decrease in re-
gard to increase or decrease of charge thickness, the specific heat
resistance also increases or decreases, From the expounded it
may be noted that the oxidation atmosphere of the furnace space
contributes a great deal to a formation of scale on the charge sur-
face, and the increase of specific heat resistance was larger when
thinner charges were heated,

To what degree scale behaves as an isolating layer can be
seen from the diagram in Fig. 3. The cocfficient of scale heat
conductivity, in regard 10 the temperature level. is more than ten
times lower than that of steel. In Fig. 4 specific steel heat resis-
tance for different scale layer thicknesses of & 190 mm thick
charge heated in a pusher-type furnace is presented in a diagram.
As the specific heat resistance increases in regard to temperature,
it is necessary to correct the calculated heating time of the
charge. From the diagram in Fig. 4 it is also possible 1o define
parametres for the charge of various dimensions when the at-
mosphere remains unchanged inside the furnace, as already evi-
dent in the diagram in Fig, 2, increase or decrease of the specil-
ic heat resistance parameter presented in diagram, Fig. 4 for the
percentage of increase or the decrease of the steel burn oft for the
same scale layer thickness,

Table 2 presents quantitics of scale determined by calcula-
tion following the method referred to in reference 8 during op-
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eration and a caleulated optimal temperature regime of a pusher-
type furnace. It has been noted that scaling is greater in the tem-
perature regime achieved during operation than that at the cal-
culated optimal one. which can be explained by the higher
surface temperature of the charge in the first temperature regime,
From the data (A1) in Table 3 it may be ascertained that deten-
tion at certain temperature sections should be altered, i.e. in a
manner that the corresponding temperatures of flue gas and of
the walls inside the fumace are higher in the 5" and 6" section in
regard to calculated optimal temperature regime, due to the iso-
lating behavior of the scale. However, the temperature regime
determined during operation in fact corresponds to the optimal
temperature regime of the furnace with a heating capacity of 40
t/h. That increase of capacity would not have an essential influ-
ence upon the quantity of scale, as formation due 1o detention at
higher temperatures (which is shortened due to capacity in-
crease) has a significantly greater influence.

Research carried out in a pusher-type fumace has shown that
in the operating conditions, with a heat regime obtained by con-
tinuous work, a larger quantity of scale is formed in compare
with the quantity of scale determined through calculation (Table
3). The difference is: (1 - 0,745) 100/0,745 = 34.23 %. The in-
crease of steel burn off may be explained due to a greater oxida-
tion atmosphere inside the fumace due to the air sucking through
the openings on the furnace. This was confirmed by additional
investigations, Particular attention should be payed to the for-
mation of scale during discontinuous work after longer periods
of delay in operation brought about by war circumstances. Five-
day operation of the rolling mill train with 12 hours (one and a
half) shifts was followed by 64 h delay. which led 10 a formation
of 10 mm thick scale layer on the slabs surface. By normalising
of conditions the continuous work was obtained. The result of
abnormal conditions was a mass loss of the charge and an in-
creased consumption of energy. because the time necessary for
the charge to be heated was more than twice as long as usually.
It was noticed that scale formed when the charge was kept in the
fumace for over 60 hours, consisted of many layers of probably
different composition and microstructure. This might be worth
while to investigate in the future due to the influence on heat con-
ductivity and due to great loss of the charge weight.

Research carried out lit the harm that scale makes as an iso-
lating layer on the slab surface, during its heating. A correction
of calculated heating time is necessary in the case of determina-
tion of proper heating conditions (regime) or by actual heating
proces analysis. They can be useful as a ground for further stud-
ies of scaling influence on the quantity of air necessary for the
start of fuel combustion, or the amount of 02 in waste flue gasses
at the end of the furnace.

4. Conclusion

The scale on the surface of a charge behaves as an isolating
layer, which enlarged the heating time and increased energy con-
sumption. This is much apparent in the case of thinner charges
heating in an oxidating atmosphere. The heating is slower due to
the influence of scale, By the determining of an optimal temper-
ature regime is necessary 1o consider the influence of scale
formed. Inaccuracy by the calculation of a temperature regime,
due to the increase in specific heat resistance is higher than in the
case if no scale is present. A case of a pusher-type furmace with
190 mm thick steel charge heated and with a correction applicd
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in the course of optimal temperature regime calculation, con-
tributing to a better quality of the heated charge is described

In particular, the influence of a thicker scale layer, formed
due to larger stoppage of the rolling mill, the span of the heating
time and energy consumption is described. During longer stop-
pages in a rolling mill multi-layered scale is noticed on a charge
surface. A long time a blind fired fumace probably has an influ-
ence on scale formation and on its heat conductivity, and also on
other parametres connected to charge heating. These investiza-
tions may also be useful as a ground for turther studies of scale
influence on quantity of air required at the beginning of opera-
tion and for the determination of fuel to air rate for the automat-
ic regulation of the burners of the pusher-1ype furnace.

List of simbols

¢, — specific heat of sieel. Wy/(kg K)

h - heat transfer coefficient, W/im" K)

k ~ thermal conductivity of steel, W/im K)

Ny, = Biot number,

At - extention of heating time., %

AQ,, - the highest temperature difference in slabs, °C
7 — coefficient for thick-wall bodies

0, — temperature of flue gas, °C

0, - average temperature of slabs, °C

O, ~ temperature of slabs surface, °C

0, — medium temperature of slabs surface, °C

0, — temperature of furnace walls, °C

5. References

' J. Cmko: The of the Heat Energy Consumption upon the
Working Intensity and the Frequency of the [solation
Maintenance of a Pusher-type Furnace, Kovine =litine
tehnologije, 26, 1992, 4, 239-23],

M. Kundak, Z. Acs: Analiza toplinskog rezima u valjaonicama
traka, gredica i besavnih cijevi, 1 dio, Meralurgija (Sisak), 16,
1977, 1, 9-13,

E. I. Kazancev: Promislennie peci, lzdatel 'stvo Merallurgija.
Moskva, 1975.

W. Lehnent: Warmetechnische Grundlagen fir Industriofen.
Bergakademie Freiberg, 1979,

"

.

-

K. RaZnjevié: Termodinamicke tablice. lzdavad "Veselin
Maslesa™, Sarajevo, 1989,

>

M. Causevié: Obrada metala valjanjem. lzdavaé “Veselin
Maslesa”, Sarajevo. 1983,

" M. Kundak: Optimalizacija zagrijavanja materijala u kruznoj
peci teSke pruge VBC-a, Elaborat za Valjaonicu besavnih ci-
Jevi Zeljezare Sisak izraden w Institutu za metalureiju Sixak,
Sisak, 1982,

W. Heiligenstaedt: Warmetechmsche  Rechnungen  fiir
Industrieofen, Verlag Stahleisen M.B.H.. Dusseldorf, 1966
B. Kocijan¢ic: Analiza utjecaja potrosnje zemnog pling 1
stvaranje oksidnog sloja za razlicite varjante rada VIG-a.
Interni izvjestaj Holdinga Zeljezare Sisak. Sisak. 1993,

0%



Letno kazalo — Index

KOVINE ZLITINE TEHNOLOGILJE, 28, 1994, 1-4

1. Kronolosko kazalo

Kosec Ladistav: Kompoziti ............. KZT 28 (1994) 1-2, 19-24
Malavasic Tatiana: Smen razvoja na podro¢ju polimemih ma-
OV s e e S s KZT 28 (1994) 1-2, 25-30
Marincek Milos: Temeljne mehanske lastnost konstrukcijskih
U AR AU R e e KZT 28 (1994) 1-2, 31-38

Milat Ognjen, Gustaaf Van Tendeloo. Jef Van Landuyt, Severin
Amelinckv: Characterization of Materials by High-Resolution
Electron MICTOSCOPY ..ovvcvnnnmreneees KZT 28 (1994) 1-2, 39-44
Vodopivec Franc: Jeklo po letn 2000 .....ooccinceiinins
.......................................................... KZT 28 (1994) 1-2, 45-52
Segel JoZe. F. Gresovnik: Metalurske raziskave za podporo
¢ (R e S R KZT 28 (1994) 1-2, 53-55
Vizintin 1., E. Tomsic, F. Uranc. F. Gresovnik, J. Segel:
Primerjalno preizkulanje obrabne obstojnosti orodnih jekel
.......................................................... KZT 28 (1994) 1-2, 57-68
Velej Marjan, F. Kosel: Reologija in premiki Konstrukeijskih el-
ementov 1z zlitin z oblikovaim SPOMINOM ...
T S ceeerennees RZT 28 (1994) 1-2, 69-71
Torkar MatjaZ, B. Sustarsic, 1. Zvokelj: Vodna atomizacija in
zgoscevanje Ni-superzlitine ... KZT 28 (1994) 1-2, 73-78
Smole; A, M. Gnamus, S. Vehovar: Razvo) superplasticne zlitine
VA1 (L6 BN A N KZT 28 (1994) 1-2, 79-83
Sustarsic Borivoj. M. Torkar, M, Jenko, B. Breskvar, V. Le-
skoviek, A, Rodic. F, Vodopivec: Procesi atomizacije kovinskih
gradiv in konsolidactja kovinskih prahov (4. del) ...
.......................................................... KZT 28 (1994) 1-2, 85-90

Dretnih D., M. lglar, A. Paulin: Predelava sekundamih surovin
z majhnim delezem plemenitih Kovin i

KeiZar Rajko: Platiranje konstrukeijskih jekel 2 navarjanjem ...
......................................................... KZT 28 (1994) 1-2, 95-100
Bratina Janez, A. Rozman: Optimalna raba energentov v oblocni
PEE vovrvennnnsnsansnssesesasannsnesemasesessnens KZT 28 (1994) 1-2, 101-104
Godee M., M. Jenko, F Vodopivee, M. AmbroZic, \. Mandrino,
L Kosee, M. Lovrecic SaraZin: Dolo¢anje teksture z metodo jed-
BRI By e G et rvmiades KZT 28 (1994) 1-2, 105-109
Medved 1., A. Rosina, J. Hievski: Raziskave elekiniéne prevod-
nosti Zlinder pri postopku EPZ ........ccomummcmmmmmicnmsssssmsines
..................................................... KZT 28 (1994) 1-2, 111-113
Vehovar Leopold, I Zakrajsek, . Mlakar: Raziskava korozijske
odpormosti visokolegiranih jeklenih litin s silicijem v mocno ok-
sidacijskih midijih o

[ERT—————————— A o L2 A B R B Y
Bricelj Evika, V. Marinkovie, F_ Vodopivec : Nastajanje izloCkov
T | N A e N A

...................................................... KZT 28 (1994) 1-2, 121-123
Steiner D.. M. Jenko. F._ Vodopivee, L. Kosee: Rast rekristal-
wziranih zrn v razogljicenem jeklu z 1.8 % Si in 0,025% Sb ...
....................................................... KZT 28 (1994) 1-2, 125-129
Krizman Alojz, 1. AnZel, L. Gusel: Vpliv parametrov pn kon-
tinuimem litju na mehanske lastnosti zlitine Cu-Cr-Zr e
....................................................... KZT 28 1994) 1-2, 131-134

Gliha V., D. Toplak: Primerjava lastnosti toplotno vplivanega
podrocja veévarkovnega zvara na jeklu Nionicral 70 pri dveh ra-
zlicnih vnostih toplote ..o KZT 28 (1994) 1-2, 135-140
Rak Inoslav, M. Kocak, S. Yao, K. Seifert. H. Lampe: Lomno-
zilavostne  lastnosti  toplotno  vplivanega  podrofja  mikro-
legiranega jekla tipa StE 355Ti za zahtevne Konstrukcije ...
...................................................... KZT 28 (1994) 1-2, 141-146
Saje B.,S. Kobe-Besenicar, Z. SamardZija. D. Kolar, A E. Platts,
1. R. Harris: Mikrostruktura in magnetne lastnosti zlitin v siste-
mu-Sm-PesTal it KZT 28 (1994) 1-2, 147-151
Jenko Monika, F. Vodopivee, M. Godec, D. Steiner, B, Pracek,
L. Kosee: AES karakterizacija povrSinske segregacije antimona
v neorientirani elektro ploCeving ...,

Segel JoZe, A. Vucko, L. Ranc: Vodenje tehnolokih procesov v
jeklami s pompéjo mreze osebnih ratunalnikov o
...................................................... KZT 28 (1994) 1-2, 159-162

Sarler BoZidar, A. Kosir: Modeliranje prenosa toplote in snovi
pri kontinuiranem ulivanju - modela ACRONI Jesenice in IM-

POL Slovenska Bistrica ............. KZT 28 (1994) 1-2, 163-167
Stok B., B. Bukovec, B. Korousic: Matemati¢no modeliranje ter-
micnih stanj pri strjevanju ............ KZT 28 (1994) 1-2, 169-174
Dremik D, R. Ozimic, M., Girth: Uporaba Kisika v proizvodnji
AN b e g e KZT 28 (1994) 1-2, 175-177
Dobersek M, A. Osojnik, 1. Kosovine: Vpliv Cu’ in cinka na pre-
oblikovalne lastnosti belega Z1ata ..o
............... KZT 28 (1994) 1-2, 179-182

Vojvodic Gvardiancic Jelena, B. Ule. S. AZman: Razvoj in uva-
janje visokotrdnih drobnozmatih  mikrolegiranih  jekel za
uporabo v procesni industriji in gradbeniSivu oo
KZT 28 (1994) 1-2, 183-187
Breie Borivoj: Orientacijski izradun za sestavo nosilnega endo
plina in phinske atmosfere za nIKOWIRANIE oo
. q rermmnrsnnnsieeenees KZT 28 (1994) 1-2, 189-193
Horvar S., L. Kosee, V. Gontarev, D. Kmetid: Prenos ogljika v
rezi med dvemi jekll . KZT 28 (1994) 1-2, 195-197
Rodic JoZe, K. Habijan, 1. Dolenc, A. Rodi¢, D. Sikosek, I. Kos,
K. Zalesnik: Specialni dodajni materiali in elektrode .................
...................................................... KZT 28 (1994) 1-2, 199-202

Rodic Joze, K. Habijan, J. Dolenc, A, Jagodic, A. Rodic:
Kobaltove zlitine v lesni indUustraji ...

Plimon G., L. Kosec, F. Mlakar: Utrujenost valjev za valjanje
KOVIN ¥ VTOCEM oo KZT 28 (1994) 1-2, 209-212
Bizjak M_., L. Kosec. A. Smolej; Mikrostruktura zlitin aluminija z
veliko koncentracijo Zeleza izdelanih po postopku hitrega strje-
T e RS R G KZT 28 (1994) 1-2, 213-217
Gontarev V., 1. Lamut, M. Pirnat, M. Purg: Vpliv kakovosti ka-
transke smole za fizikalne lastnosti anod ..
...................................................... KZT 28 (1994) 1-2, 219-221
Vasevska Trajanka: Vpliv wplotne predelave in specificne de-
formacije na preoblikovalno trdnost zlitine AIMg3 pri predelavi
N IAANCHE STADIU  ciiismsssrasssasmnanrsssassressnnpssastovesrasassassashisinsasators vessa
o KZT 28 (1994) 1-2, 223-226

623




Letno kazalo - Index

Spruk S.. L. Koller M. Jenko, A. Rodic, L. Kosee; Mikrostruktura
laserskib zvarov kovin in zlitin za eleKironiko .o,
SR KZT 28 (1994) 1-2, 227-230
( )h«l M. 8. Rozman, A. Osojnik: Pasivini |)0\lup1.k saniranja
Kislih izeednih voda ..o, KZT 28 (1994) 1-2. 231-235
Kosir A B. Sarler: Modeliranje strjevanja pri Kontinuiranem
ulivanju 2 dvono reciproéno robno integralsko metodo ...
KZT 28 (1994) 1.2, 237-243
Salamun tgor, A. Stritar, B. Sarler. Spremljanje parametrov kon-
tnuiranega ulivanja na osebnem racunalniku -
...................................................... KZT 28 (1994) 1-2, 245-250
Ursicc Vito, 1. Swurina, S. Sememic, M. Tonkovic-Prijanovic:
Razvoj in preiskava domacih kompleksnih cepiv za sivo litino z
lamelastim grafitom .........ccoceuennee KZT 28 (1994) 1-2, 251-255
Kolenko Toma?. M. Hodoscek. T Sustar, B. Glogovac: Uvajanje
programske opreme za procesno vodenje na potisno pec ...
...................................................... KZT 28 (1994) 1-2, 257-262
Glogovae Braninur, T, Kolenko, B. Sicherl, F. Paviin: Celotna
toplotna prestopnost ni viozek pri ogrevanju plosé v potisni peci

...................................................... KZT 28 (1994) 1-2, 263-265
Znidarsic Andrej. M. Drofenik: Nova generacija Mn-Zn feritov
za mocnostne aphikacije ... KZT 28 (1994) 1-2, 267-270

Sobal A, Elersek, H Mikuz, F. Goléman, R, Grabner: Rezultati
poskusne monolitne obzidave vmesnih ponove pri kontinuirnem
ulivanju jekla .........ccoruerecrrrenrereins KZT 28 (1994) 1-2,271-274
Elersek A, 1. Soba, H. MikuZ: Ognjevzdrzni oblikovanci iz bet-
0Nt Z MIZKO VSEDNOSTO COMENIA oo ccsiieteiie e tessnenenes
-2, 275-277
Valant MatjaZ, D. Suvorov: Mikrovalovni materiali 2 visoko
dieleKtricnosto e, KZT 28 (1994) 1-2, 279-282

Rozman M., M. Drofenik: Hidrotermalna sinteza feritov ...
...................................................... KZT 28 (1994) 1-2, 283-286
Zupandic N, D. Kolar, D). Susmik, Z. Samardzija: Mehanizem
tvorbe Kalcijevega sulfoaluminata 3Ca0.3A1203.CaSOM4 in vpliv
Fe203 na njegov nastanek ........... KZT 28 (1994) 1-2, 287-290
Kuicer Danjela. M. Hrovat, 1. Hole, D. Kolar., D. Susnik;
Sinteza Katodnega matenala za visokotemperaturne gorivne
o R P KZT 28 {1994) 1-2, 291-294
Stadler Zmago: Brezazbestni tormi Kompozitl ..o
KZT 28 (1994) 1-2, 295-297
Sventuer Kosmos A, Z. Samavdzija, D. Susnik, D. Kolar: Razvo)
n znacilnosti grobozmate korundne keramike ..o
...................................................... KZT 28 (1994) 1-2, 299-301

Zerjal B.: Mehanske in morfoloike lastnosti meSanic termoplas-
ticnega poliuretana § SUEn-skrlonitnll «....coooovecverrereeresiesrnininns
...................................................... KZT 28 (1994) 1-2, 303-305
Susteric 7. Dinami¢ne lastnosti mesanic clastomer/polietilen ..
...................................................... KZT 28 (1994) 1-2, 307-309
Dimiteievski Higa, T Malavasic: Vpliv dodatkov poliuretanskih
ionomerov na vulkanizacijo matrik naravnega in akrilonitrilne-
ga kaveuka ter vplivi matrike aknlonitrilnega vulkanizata na “in
situ” poliadicije poliuretanskih I0NOMEroV .........oo.oovvevenenn
...................................................... KZT 28 (1994) 1-2, 311-315
Marinovic Tatjana: Uporaba koagentov pri peroksidnem prem-
rezevanju etilen-propilen-dienskega KavCuka o
...... KZT 28 (1994) 1-2, 317-319
Leskovseh N, L. Tusar, M_Tusar, J. Zupan: Uporaba nevronskih
mrez in statisticnih metod pri razvoju premaznih sredstey ...
....... KZT 28 (1994) 1.2, 321-325

Stropnik €. Polimerne asimetricne porozne membrane ...
~ KZT 28 (1994 1-2, 327-33]

Germid L. Priprava membran s fazno inverzijo na osnovi dituz-
1SKil Procesov .ooveviienniinnn KZT 28 11994) 1-2.333-337
Anzlovar A L Anzwr. T Malavasic': Prepletene polimerne mreze
12 poliurctanov In PolaKrilatoy ...

................................... KZT 28 (1994) 1-2, 339-343
Leben Stanko, A. Sebenik: Kopolimerizacija substituiranih
BNV s rreoysesiiabrmsa KZT 28 (1994) 1-2, 345-348
Opresnik M., A. Sebenik: Radikalska fotopolimenzacja stirena
in akrilatov z disulfadnime miCIaton)i o
...................................................... KZT 28 (1994) 1-2, 349-353

Semen F.. M. Huskié, A. Sebenik Polimenzacija metil metakn-
lata s PVC-ksantantnim nml\rmmu.uurp.m

Cvelbar R., I. Emri: Analiza prcdhudnegu pojava prmerjenju
lezenja viskoelastiénih matenialoy .........coooceririernirrniiinin
KZT 28 (1994) 1-2. 359-362
Zagar Ema, M. Zigon. T. Malavasic. Reakeje razlhiémh dizo-
cianatov z bisthidroksimetilipropionsko Kislino ..........coooo.....
...................................................... KZT 28 (1994) 1-2, 363-366

Ulcnik M., B. Zerjal, I. Ban' Termogravimetrija - metoda 7
opredeljevanje lastnosti mesanic polimerov ...

...................................................... KZT 28 (1994) 1-2, 367-370
Verko N., C. Stropnik - Kemijska modifikacija polimernih mem-
bran iz polisulfona ... KZT 28 (1994) |-2, 371-373

Bezjak A, C. Stropnik: Imobilizacija tripsina na povrsino mem-
brane iz celuloznega acetata

...................................................... KZT 28 (1994) 1-2, 375-377
Kastelic M., M. Zigon, T. Malavasic: Sinteza in Karakterizacija
poliestrskih zamrezeval ............... KZT 28 (1994) 1-2. 379-382
Fajdiza B., Z. Susteric Ojacevalni ucinek sa) na kavéukove
ot G s s e e KZT 28 (1994) 1-2, 383-386
Kadivee I N. Tréek, Z. Susteric: Ugotavljanje uéinkovitosti pep-
tizatorja pri masticiranju naravnega kavéuka 7 gelsko propust
nostno kromatografijo ... KZT 28 (1994) -2, 387390

Rozman B., T. Marinovic, T. Malavasic: Obstonost mesanice ni-
trilnega in polisulfidnega kavéuka v opilih o
...................................................... KZT ’Kll‘)‘)-l)l 2. WI W‘

Lapanje Helena, I. Anfur, T. Malavasic - Sinteza poliaknilainih
disperzij z razlicnimi Koli¢inami zamreZevala .o,
...................................................... KZT 28 (1994) |

Mirceva A, T. Malavasic: Sintezi in karnk!cruuaju blokiramh

poliurctanskih vodnil SISTCMOV ..o
KZT 28 (1994) 1-2, 399.402

Keber Zlatko, I Emri: Napetostna korozija modificiranega poli-

BRI Se s dadsass soyscn (eespsaneasnmitscosbierys KZT 28 (1994) 1-2, 403-406
Metlikovic P, | Emri: Analiza procesa lezenja viskoelasticnih
materialov pod vplivom strizne obremenitve .o
...................................................... KZT 28 (1994) -2, 4074089
Paviek V.. I. Emri: Vpliv Kohi¢ine difundirane viage na
mehanske lastnosti polimeroy ... KZT 28 (1994) 1-2. 411413
Gspan P.: Zatewne temperature za reakeije v tankoplastnih siste-
mih Me/SnTe in Me/PbTe ... KZT 28 (1994) 1-2. 415418

Demsar A, J. Linday. K. Nemes. S, Cencié. M. Lukad, B. Orel
Dielectric Laser and Ar Coatings for 294 um ..o,
...................................................... KZT 28 (1994) 1-2, 419-421




Breceli o AL Pregeli. K. Zupan: Optimizacija sinteze magne-
todiclektrika na osnovi karbonilnega zeleza 4

...................................................... KZT ’Xclw-h -2 4’1—4"\
Pregely Andrej. M Mozend, A. Pawldin: Vakuumski helijev Krio-
stat za doseganje superprevodnosti mikrovalovaega resonatorja
KZT 28 (1994) 1-2. 427430
Pozun K. B. Paradiz: Tankoplastni polimerni Kapacitivni senzor
relativie VIaZnosti ..o KZT 28 (1994) 1-2, 431432
Belic LS. Jeric: Kemizem nastanka modificirane taline pri
MoMa metalizaciji o KZT 28 (1994) 1-2. 433-436
Macek M., F. Svegl, B. Orel: Fe203 Sol-gel Derived Optical
Coatings for Electrochromic Device ..o,

Crnjak Orel Z.: Electrochemical and Optical Properties of CeO2
and Mixed CeO2/SnO2 COMINES wruveiiiiisamiasiisinsiisiimiassssessessiamses
...................................................... KZT 28 (1994) 1-2, 441-443
Lavrendic-Stangar U.. B. Ovrel: Electrochromism of Mixed
Phpsphotungstic Acid - Tianium Oxide Xerogel Thin Solid
B KZT 28 (1994) 1-2, 445-449
Nemanie V.o Vakuumska ploskovna izolacija - Kovinska alter-
nativa ekolosko oporecnim izolacijskim penam .............occceevene
...................................................... KZT 28 (1994) 1-2, 451-455
Panjan Peter, B. Navinsek. A. Cvelbar: Kontrola ¢istosti povrsin
kovin med 1onskim jedkanjem ... KZT 28 (1994) 1-2. 457-459
Mozetic M. M. Kveder. A, Zalar: Rekombinacija atomoy vodi-
ka na povriini polikristalinskega bakra ..o
...................................................... KZT 28 {1994) 1-2, 461-463

Koller L., M. Jenko, S Spruk, D. Railic: Studij lastosti po-
Zlacenega Kontaktnega mateniala Palladec 21 v odvisnosti o
obrabe in atmosfere v hermeticnem oKrove ..,
...................................................... KZT 28 (1994) 1-2, 465-468

Mozetic M., K. Pozun, B. ParadiZ, A. Paulin: Interakcija
kisikove plazme s polimeni .......... KZT 28 (1994) 1-2, 469-470
Zupanc-MeZnar Lea: Razvoj in optimizacija postopka izdelave
2 A L (TR e
...................................................... KZT 28 (1994) 1-2,. 471-473
Tasevski M., K. PoZun, A, Demsar: Uporaba naparjenih Kovin za
polprepustna zrcala za aviomobilsko smerno svetilko ...
...................................................... KZT 28 (1994) 1-2, 475-478
Zupan K., F. Brecelj, E. Perman, J. Macek: Uporaba EGA
metode za spremljanje sol-gel sinteze za pripravo #2-Fe203 ..
...................................................... KZT 28 (1994) 1-2. 479482
Musil Vogho, G. Radompic: Smeni razvoja novih matenalov na
pmllag polimernih meSanic in ZItn e

........................................................ KZT 28 (1994) 3, 493-495

fupnhnu Ksenja, V. Musil, T. Malavasic; Raziskave meSanic
polietmi termoplasticnn poliuretan/kKopolimer stiren-akrilonitnl
.......................................................... KZT 28 (1994) 3. 496-498
Vizintin Nada. M. Kovadevie: Vpliv posameznih komponent v
surovinah na lastnosti mas in izdetkov v Keramicni industriji ...
KZT 28 (1994) 3. 499-501
Bn Ze Borivos: Ratun fizikalno-kemijskih Koli¢in nitnnidov Fe2-
IN zatemperaturnt 298 m 843K L KZT 28 (1994) 3. 502-505
Emes dgor. N W. Tschoegl: Determination of Mechanical
Spectra from Experimental RESponses o
.......................................................... KZT 28 (1994) 3. 506-511
Runove Frane: Computer-Aided Modeling and Simulation of
Fabrication Steps in Semiconductor Processes o

KZT 28 (1994) 3, 512-515

Letno Kazalo — Index

Kejlar Rajho. B. Kegzar: Dodajni materiali na osnovi izbranih
sintetiénih repromatenalov z dodatkom alkalijskih oksidov ...
.......................................................... KZT 28 (1994) 3, 516-519
Kosec Bojan, T. Kolenko, F Paviin: Temperaturno polje v valjih
pri Kontinuimem ligu alumingevih trakoy
.......................................................... KZT 28 (1994) 3. 520-522
Leskoviek Vaojieh, A. Paulin, T. Kolenko: Razvoj indukcijsko
segrevane laboratorijske peci za toplotno obdelavo v zvrtindeni
PISH i imsssisisssnsenisneeers KZT 28 (1994) 3, 525-531
Cajner Franjo: Prilog istraZivanju svojstava popustenog marten-
Zita | popustenog bainita .................. KZT 28 (1994) 3. 533-538
Grozdanic Viadimir: General Solution of Heating  and/or
Cooling of Metallurgical Furnace Wall by Means of Jacobi #3
Fanction i S KZT 28 (1994) 3. 539-541
Kaker Henrik: Napake na valjih za hladno valjanje ..o,
KZT 28 (1994) 3. 543-547
Legat Frane: Razvoj jekel za ladijske verige .o,
.......................................................... KZT 28 (1994) 3. 549-551
Klinar Milan: Pregled. uporaba, primerjava in lastnosti v ogn-
Juodpornih materialov. ki se uporabljajo za obzidavo livnih
ponove v Jeklami Bela oo KZT 28 (1994) 3, 553-556
Jenko Monika, F. Vodopivee,. M, Godee, D. Steiner-Petrovic, H.
Viefhaus. M. Lucas. M. Milun: Surface Activated Recry-
stallization of Antimony Alloyed Non-Onented Electrical Steel
) L e s e KZT 28 (1994) 4. 561-565
Kobe-Besenicar S., B. Saje, G. Drazic, © Use of the HDDR
Process in Preparation of Zirconia Doped Nd-Dy-Fe-B High
Coercivity Powder ... KZT 28 (1994) 4, 567-570
Vodopivee Franc, B. Ule. L. Vehovar, J. Zvokeli, V. Verbic:
Macro and Micromorphology of Service Cracking and Fracture
OFTurtine BIades . .cococsinseiisssrasrs KZT 28 (1994) 4, 571-577
Schlomehack G. G-, I Mamuzic, F. Vodopivee: Deformation
Anomalies of Higher Order during the Plastic Extention of
Rheologically Complex Materials ... KZT 28 (1994) 4, 579-587
Schiomchack G, G, 1. Mamuzid, F. Vodopivee: The Role of
Contact  Friction and Rheology in the Deformation at
Plastometric Tests of Rheologically Complex Materials ............
.......................................................... KZT 28 (1994) 4, 583-587
Kejtar Rajko, L. Kosec: Quality of Surfaced Running Wheels .
.......................................................... KZT 28 (1994) 4. 589-593
Ule Boris, V. Leskoviek, B. Breskvar, K. Kuzman, D. Svetak,
F. Kofol: Cockrolt - Latham Fracture Cnterion and Bulk
Formability of Copper Base Alloys KZT 28 (1994) 4, 595-6(0
Sustarsic 8., B. Breskvar, V. Leskoviek, A. Rodic: Properties of
Cu-based Alloys - powders for Brazing Prepared by Water
Atomization ... CKZT 28 (1994) 4, 601-608
Korousic BlaZenko: Use of a Mathematical Model GPRO 1o
Describe Complexe Gas - Metal Reactions o,
.................................................. KZT 28 (1994) 4, 609-61 |
Borchardr G, R. Twrk, S. Javoric: Protection of Carbon/Carbon
Composites against OXidalion ..o

Kundak M., J. Cruke: Influence of the Scaling upon the Heating
Process of Steel Slabs in a Pushe-type Fumnace ..
........................................................... KZT 28 (1994) 4, 619-622

625



Letno Kazalo — Index

2. Avtorsko kazalo

Anzlovar A, L Anzar. T. Malavasic: Prepletene polimerne mreze
iz poliuretanov in poliakrilatov ... KZT 28 (1994) 1-2, 339-343
Belic L. 1, S. Jeric: Kemizem nastanka modificirane taline pri
MoMn metalizaciji c.cooooooeceveeennnnnn, KZT 28 (1994) 1-2, 433-436
Bezjak A., C. Stropnik: Imobilizacija tripsina na povrSino mem-
brane iz celuloznega ACetati .o
-2, 375-3717

Bizjak M_, L. Kosec, A. Smolej: Mikrostruktura zlitin aluminija z
veliko koncentracijo Zeleza izdelanih po postopku hitrega strje-
vanja KZT 28 (1994) 1-2, 213-217
Borchardt G, R. Twrk, S. Javoric: Protection of Carbon/Carbon
Composites against Oxidation ......... KZT 28 (1994) 4, 613-617

Bratina Janez, A. Rozman: Optimalna raba energentov v oblocni
o S A DN N e N KZT 28 (1994) 1-2, 101-104
Brecelj F., A Pregelj, K. Zupan: Optimizacija sinteze magne-
todiclektrika na osnovi karbonilnega 2124 .......ovvvveecvcrnennn.
« KZT 28 (1994) 1-2, 423-425
BreZe Borivoj: Orientacijski izratun za sestavo nosilnega endo
plina in plinske atmosfere za MKOWIranie ..o
...................................................... KZT 28 (1994) 1-2, 189-193
BreZe Borivoj: Ratun fizikalno-kemijskih Kolicin nitridov Fe.-
3N za temperaturt 298 in 843 K .o

Bricelj Evika, V. Marinkovic, F. Vodopivee: Nastajanje izlotkov
med deformacijo ... KZT 28(1994) 1-2. 121-123
Cajner Franjo: Prilog istrazivanju  svojstava  popustenog
martenzita i popustenog bainita ... KZT 28 (1994) 3, 533-538
Crnjak Orel Z.: Electrochemical and Optical Properties of Ce0),
and Mixed CeO/SnO, COMINES ©oivieiemrieeeeereeeeeosrceesorerssseseses
-2, 441-443
Cvelbar R., . Empi: Analiza predhodnega pojava pri merjenju
lezenja viskoelastiénih matenialov ...

Demsar A, J. Lindav. K. Nemes, S. Cencic. M. Lukad, B. Orel:
Dielectric Laser and Ar Coatings for 2,94 um oo,
...................................................... KZT 28 (1994) 1-2, 419421
Dimirrievski Hija, T. Malavasic': Vpliv dodatkov poliuretanskih
ionomerov na vulkanizacijo matrik naravnega in akrilonitrilne-
ga kaveuka ter vplivi matrike akrilonitrilnega vulkanizata na “in
situ” pohiadicige poliuretanskih 1000OMEroV ..o,
...................................................... KZT 28 (1994) 1-2, 311-315
Dobersek M., A. Osojnik, 1. Kosovine: Vpliv Cu” in cinka na pre-
oblikovalne lastnosti belega zIata ...
-2, 179-182
Dretnik D, M Telar, A. Paulin: Predelava sekundamih surovin
z majhnim delezem plemenitih KOVin ..o,
...................................................... KZT 28 (1994) 1-2, 091-094

Dreetnik D, R. Ozinie, M., Girgh: Uporaba Kisika v proizvodnii
BN IRCRN Y e s Coneoos vomseics reerpiabmdoss i s KZT 28 (1994) 1-2, 175-177
Elersek A, J. Soba, H. Mikuz: Ognjevzdrini oblikovanci iz bet-
ona 2 NizKo vsebnostio COmMENTa .....c..oooevviiniirisicnsseeee e
-2,275-277
Emri Igor, N. W. Tschoegl: Determination of Mechanical
Spectra from Experimental Responses
.......................................................... KZT 28 (1994) 3. 506-51 |

Fajdiga B., 7. Susteric: Ojacevalni ucinek sa) na Kavléukove

1 1] 2 SN KZT 28 (1994) 1-2, 383-3%6
Germic L.: Priprava membran s fazno inverzijo na osnovi difuz-
D SK iR DIOCESON trseeamssesnr ot tatstiases KZT 28 (1994) 1.2, 333-337

Gliha V., D. Toplak: Primerjava lastnosti toplotno vplivanega
podrocja vevarkovnega zvara na jeklu Nionicral 70 pri dveh ra-
zliénih vnostih toplote ................. KZT 28 (1994) 1-2. 135-140
Glogovac Branimir, T. Kolenko, B. Sicherl, F. Pavlin: Celotna
toplotna prestopnost na vioZek pri ogrevanju plosé v potisni peci
....................................................... KZT 28 (1994) 1-2, 263-265
Godec M., M. Jenko, F. Vodopivec, M, Ambrozic, . Mandrino,
L. Kosec, M. Lovrecic Sarazin: DoloCanje teksture 2z metodo jed-
Kalnih g s KZT 28 (1994) 1-2, 105-109

Gontarev V., J. Lamut, M. Pirnar, M. Purg: Vphv kakovosti ka-
transke smole za fizikalne lastnosti anod ..
...................................................... KZT ’8(]‘)‘)4) l 2 2l‘) lll

Grozdanic Viadimir: General Solution of Heating and/or
Cooling of Metallurgical Furnace Wall by Means of Jacobi #3
B O s i e e wecatas KZT 28 (1994) 3, 539-541
Gspan P.: Zacene temperature za reakcije v tankoplastnih sis-
temih Me/SnTe in Me/PbTe ... KZT 28 (1994) 1-2, 415418
Horvat 8., L. Kosec, V. Gontarev. D. Kmetic: Prenos ogljika v
rezi med dvemi jekli ..o KZT 28 (1994) 1-2, 195-197

Jenko Monika, F. Vodopivec, M. Godec, D. Steiner, B, Pracek.
L. Kosec: AES karakterizacija povisinske segregacije antimona
v neorientiram clekiro plog‘c\'ini ................................................
« KZT 28 (1994) 1-2, 153-157
Jenko Monika, F. V mlupuu M. Godec, D. Steiner-Pegrovid,
H. Viefhaus, M. Lucas, M. Milun: Surface Activated Recry-
stallization of Antimony Alloyed Non-Oriented Electrical Steel
N e e U, KZT 28 (1994) 4, 561-363
Kadivecl,N. Tréek, Z. Susteric: Ugotavljanje uinkovitosti pep-
lizatorja pri masticiranju naravnega kaviuka z gelsko propust-
nostno Kromatograftjo .................. KZT 28 (1994) 1-2, 387-390
Kaker Henrik: Napake na valjih za hladno valjanje ...
......................................................... KZT 28 (1994) 3, 543-547

Kastelic M.. M. Zigon, T. Malavasic: Sinteza in karakterizaci )i
poliestrskih zamrezeval ............... KZT 28 (1994) 1-2. 379-3%2
Keber Zlatko, 1. Emri: Napetostna korozija modificiraneza poli-
U e e R e KZT 28 (1994) 1.2, 403-406
Kejzar Rajko: Platiranje konstrukcijskih jekel 2z navarjunjem ..
KZT 28 (1994) 1.2, 095-100
Kejzar Rajko. B. KejZar: Dodajni materiali na osnovi izbranih
sinteti¢nih mpromalcrinlnv z dodatkom alkalijskih oksidov ...
v ~ KZT 28 (1994) 3.516-519
Ke;.ur Ra]Au L. Kosec: Qu.llll\ of Surfaced Running Wheels |
.......................................................... KZT 28 {1994) 4, 589-593
Klinar Mifan: Pregled. uporaba, primerjava in lastnosts v ogn-
Juodpomih materialov, ki se uporabljajo za obzidavo livnih
ponove v Jeklami Bela ... KZT 28 (1994) 3. 553-356
Kobe-Besenicar 8., B. Saje, G. DraZic, | Use of the HDDR
Process in Preparation of Zirconia Doped Nd-Dy-Fe-B High
Coercivity POWAer .......oveeiiniinaiiaes KZT 28 (1994) 4, 567570
Kolenko Tomaz, M. Hodoscek. T. Sustar, B. Glogovac: Uvajanje
pmgramskc opreme za procesno vodenje na potisno pec ...
« KZT 28 (1994) 1-2, 257-262

Koller L., M. Jenko., §. Sprul D. Railic: Studij lasmosti po-



2latenega kontaktnega materiala Palladec 21 v odvisnosti od

obrabe in atmosfere v hermeticénem OKrove oo
...................................................... KZT 28 (1994) 1-2, 465-468
Korousic' BlaZenko: Use of a Mathematical Model GPRO 1o
Describe Cumplcxc Gas - Metal Reactions ......oooviviiniiiicnnne.

- KZT 28 (1994) 4, 609-61 |

Koye lfnyun I Kolenko  F, Paviin: lcmpcr.uumopol)c v valjh
pri kontinuimem litju aluminijevih rakov .
......................................................... KZT 28 (1994) 3, 520-522

Kosee Ladislav: Kompoziti ......... KZT 28 (1994) 1-2, 019-024
Kosir A.. B. Sarler: Modeliranje strjevanja pri Kontinuiranem
ulivanju z dvojno reciproéno robno integralsko metodo ...
...................................................... KZT 28 (1994) 1-2. 237-243
Krizman Alojz. 1. Anzel, L. Gusel; Vpliv parametrov pri kon-
tinuimem litju na mehanske lastnosti zlitine Cu-Cr-Zr oo,

Kundak M_.J. Crako: Influence of the Scaling upon the Heating
Process of Steel Stabs in a Pushe-type Fumace ....oooeeveeeevnrnn..
........................................................... KZT 28 (1994) 4, 619-622
Kuscer Danjela, M. Hrovat, J, Hole, D. Kolar, D). Susnik:
Sinteza katodnega materiala za visokotemperatume gorivne
R e NGO T AR 5 KZT 28 (1994) 1-2, 291.294
Lapanje Helena, 1. Anzur. T. Malavasic: Sinteza poliakrilatnih
disperzij z razlicnimi Koli¢inami zamreZzevala ...o.oooovovceevreeeen..
...................................................... KZT 28 (1994) 1-2, 395-398
Lavrencic-Stangar .. B. Orel: Electrochromism of Mixed
Phpsphotungstic Acid - Titanium Oxide Xerogel Thin Solid

51 e A S D KZT 28 (1994) 1-2, 445-449
Leben Stanko, A. Sebenik: Kopolimerizacija substituiranih
e T T A A A v KZT 28 (1994) 1-2, 345-348
Legat Frane: Razvoj jekel za ladijske Verige .o.oocorccnesnnnn,
.......................................................... KZT 28 (1994) 3, 549551
Leskovsek N L. Tusar, M. Tusar, J. Zupan: Uporaba nevronskih
mrez in statistiénih metod pri razvoju premaznih sredstev ...
...................................................... KZT 28 (1994) 1-2, 321-325

Leskoviek Vaojteh, A, Paulin, T. Kolenko; Razvoj indukcijsko
segrevane laboratorijske peci za toplotno obdelavo v zvrtinéeni
) A B e RN KZT 28 (1994) 3. 525-531
Madek M., F. Svegl, B. Orel; Fe,0, Sol-gel Derived Optical
Coatings for Electrochromic Device ..o crerereeceeseserssssesenns
...................................................... KZT 28 (1994) 1-2, 437-439

Malavasic Tatjana: Smeri razvoja na podrocju polimernih ma-
2y e e KZT 28 (1994) 1-2, 025-030

Marincek Milos: Temeljne mehanske lastnosti konstrukeijskih
L e e e KZT 28 (1994) 1-2. 031-038
Marinovic Tatjana: Uporaba koagentov pri peroksidnem prem-
rezevanju etilen-propilen-dienskega Kaveuka ..o
...................................................... KZT 28 (1994) 1-2,317-319

Medved J., A. Rosina, J. Hievski: Raziskave elekiriéne prevod-
nosti Zlinder pri postopku EPZ ........c.ooviviiiiieeseeeeeemeeeeesesnniens
...................................................... KZT 28 (1994) 1-2, 111-113
Metlikovid P, I Emri- Analiza procesa lezenja viskoelasticnih
materialov pod vplivom striZzne obremenitve . ...o.o.eceevevveeeoninns

AR AN - KZT 28 (1994) 1-2, 407-409
Milat Ognjen, (;mluuf\an Tendeloo, Jef Van Landuyi, Severin

Amelincky. Characterization of Materials by High-Resolution
Electron Microscopy ..., KZT 28 (1994) 1-2, 039-044

Letmno kazalo ~ Index

Mirceva A, T. Malavasic: Sinteza in karakterizacija blokiranih
poliuretanskih vodnih SISEmMOV ..o

Maozetic M., M. Kveder, A. Zalar: Rekombinacija atomov vodi-
Ka na povrsini polikristalinskega Dakea ..o
...................................................... KZT 28 (1994) 1-2, 461463

Musil Vojko, G. Radonjic': Smeni razvoja novih materialov na
podlagi polimemih meSanic in ZHtiN...........co.ovenieininieioinnns

Nemanic V. Vakuumska ploskovna izolaciju - Kovinska alter-
nativa ekolosko oporecnim 1zolacijskim penam ..o
....................................................... KZT 28 (1994) 1-2, 451-455
Obal M., S, Rozman, A. Osopnik: Pasivni postopek saniranja
Kislih izcednih voda ... KZT 28 (1994) 1-2, 231-235
Opresnik M., A, Sebenik: Radikalska fotopolimerizacija stirena
in akrilatov 2 disulfidnimi InCTOR T o
...................................................... KZT 28 (1994) 1-2, 349-353
Panjan Peter. B. Navinsek, A. Cvelbar: Kontrola ¢istosti povrsin
Kovin med ionskim jedKanjem ...

Paviek V.. I Emri: Vpliv koli¢ine difundirane vlagc na
mehanske lastnosti pohmgruv

............ K/T ’8 ( 19‘)4) l 4I l-4| 3
Plimon G, L. Kosec, F, Mlakar: Ulmjcnu.sl valjev za valjanje
KOVIN':Y YIOECM oo ominiaaisinicassin KZT 28 (1994) 1.2, 209-212
PoZun K., B, Paradiz: Tankoplastni polimerni kapacitivni senzor
relativoe vIaznosti coeceencns KZT 28 (1994) 1-2, 431-432

Pregelj Andrej, M. Mozetic. A. Pautin: Vakuumski helijev krio-
stat za doseganje superprevodnost mikrovalovnega resonatorja
........ KZT 28 (1994) 1-2, 427-430
Rak Inosiav, M. Kocak, S. Yao, K. Seifert, H. Lampe! Lomnao-
Zilavostne lastnosti toplotno vplivanega podrodja mikrolegirane-
ga jekla tipa StE 355Ti za zahtevne konstrukeije ..o.vveirininnnn.
...................................................... KZT 28 (1994) 1-2. 141-146

Rodic JoZe, K. Habijan, 1. Dolenc, A. Rodic', D, Sikosek. 1. Kos,
K. Zalesnik: Specialni dodajni materiali in elektrode ...............
...................................................... KZT 28 (1994) 1-2, 199-202
Rodic JoZe. K. Habijan, ). Dolenc, A. Jagodic, A, Rodic:
Kobaltove zBme v 1esni industriji .o cesoeeseeeesessenens

Rozman B., T. Marinovic, T. Malavasic; Obstojnost mesanice ni-
trilnega in polisulfidnega kavéuka v topilih oo,
...................................................... KZT 28 (1994) 1-2, 391-393

Rozman M., M. Drofenik: Hidrotermalna sinteza feritoy ...
...................................................... KZT 28 (1994) 1-2, 283-286

Runove Frane: Computer-Aided Modeling and Simulation of
Fabrication Steps in Semiconductor Processes .............vvrn..
.......................................................... KZT 28 (1994) 3. 512-515
Saje B..S. Kobe-Besenicar, Z. Samardzija, D. Kolar, A. E. Plaits,
1. R Harrix: Mikrostruktura in magnetne lastnosti zlitin v siste-
mSMEFe-Ta ..o i KZT 28 (1994) 1-2. 147-151
Schlomchack G. G., 1. Mamuzic, F. Vodopivee: Deformation
Anomalies of Higher Order during the Plastic Extention of
Rheologically Complex Materials ... KZT 28 (1994) 4, 583-587
Schlomchack G. G, 1. Mamuzi¢, F. Vodopivec: The Role of
Contact  Friction and Rheology in the Deformation at
Plastometric Tests of Rheologically Complex Materials ...
........................................................... KZT 28 (1994) 4, 579-582

627




Letno kazalo — Index

Smolej A M. Gramus, S.Vehovar: Razvoj superplasticne zlitine
VAL T e o s KZT 28 (1994) 1-2, 079083

Spruk S L Koller, M denko, A Rodic, L. Kosec: Mikrostrukiura
laserskih zvarov Kovin in zlitin za elektroniko oo

Stadler Zmago: Brezazbestni omi Kompozitt ..o.o....o.ooovivieennn,
...................................................... KZT 28 (1994) 1-2, 295-297
Steiner D, M. Jewko, F. Vodopivee, L. Kosec! Rast rekrista-
hiziranih zrn v razogljicenem jeklu 2 18 % Siin 0,025 % Sh ...
...................................................... KZT 28 (1994) 1-2, 125-129
Stropnik € Polimeme asimetriéne porozne membrane ............
KZT 28 (1994) |-2, 327-331

Salamin Igor, A Stritar, B Sarler: Spremljanje parametrov kon-

tnuiranega ulivanja na osebnem racunalniku -
....................................................... KZT 28 (1994) 1-2, 245-250

Sarler BoZidar, A. Kosir- Modeliranje prenosa toplote in snovi
prt kontinuiranem ulivanju - modela ACRONI Jesenice in IM-

POL Slovenska Bistrica ............... KZT 28 (1994) 1-2, 163-167
Segel doze. F. Gresovnik: Metalurske raziskave za podporo
KakOVOREs i e s KZT 28 (1994) 1-2, 053-055
Segel Joze, A Vucko, L. Rane: Vodenje tehnoloskih procesov v
jeklarmi s pompéjo mreze osebnib racunalnikov ...
...................................................... KZT 28 (1994) 1-2, 159-162
Semen F., M. Huskic, A. Sehenik: Polimerizacija metil metakri-
lata s PVC-ksantantnim makroiniciatlonem ..o,
...................................................... KZT 28 (1994) 1-2, 355-357

Sobad A Elersek, 1 Miku? F Goléman. R. Grabner: Rezultati
poskusne monolitne obzidave vmesnih ponove pri kontinuirnem

ULYANTEICRIR oreressencensasesecoisnionss KZT 28 (1994) 1-2, 271-274
Stok B, B. Bukovee, B, Korousic: Matematic¢no modeliranje ter-
micnih stanj pri strjevanju ... KZT 28 (1994) 1-2, 169-174

Sustarsic Bovivoj, M. Torkar. M. Jenko. B. Breskvar, \
Leskovsek, A, Roudic, F, Vidopivee: Procesi atomizacije kovin-
skih gradiv in konsolidacija kovinskib prahov (4. del) oo
...................................................... KZT 28 (1994) 1-2, O85-090
Sustarsic B, B. Breskvar, V. Leskoviek, A, Rodic': Properties of
Cu-based Alloys - powders for Brazing Prepared by Water
AN 2 O oo i asentnmsdass KZT 28 (1994) 4, 601-608
Susteric Z.: Dinamicne lastnosti mesanic elastomer/polietilen ..
...................................................... KZT 28 (1994) 1-2. 307-309
Sventner Kosmos A Z. Samardzija, D, Susnik, D. Kolar: Razvo)
n znadilnosti grobozmate korundne keramike oo
...................................................... KZT 28 (1994) 1-2. 299-301
Tasevski M. K. PoZun. A. Demsar: Uporaba naparjenih Kovin za
polprepustna zrcala za aviomobilsko smerno svetilko ...
...................................................... KZT 28 (1994) 1-2, 475-478
Topolovee Ksenija, V- Mugsil, 1. Malavasic: Raziskave meSanic
polietrni termoplasticni poliretan/Xopolimer stiren-akrilonitril

........................................................... KZT 28 (1994) 3. 496-498
Torkar MatjaZ. B. Sustarsic, 1. Zvokelj: Vodna atomizacija in
zgoscevanje Ni-superzhitine ... KZT 28 (1994) 1-2, 073-078
Ulcnik M., B. Zergal, 1. Ban: Termogravimetrija - metoda za
opredeljevanje lastnosti meSanic polimeroy ..o,
...................................................... KZT 28 (1994) 1-2, 367-370

628

Ule Boris. V. Leskovsek. B. Breskvar, K. Kuzman, D Sverak, F
Kofol: Cockroft - Latham  Fracture Criterion  and  Bulk
Formability of Copper Base Alloys KZT 28 (1994) 4. 395-600
Ursic Vito, 1. Surina, S Semenic. M. Tonkovic-Prijanovic

Razvoj in preiskava domacih Kompleksnih cepiv za sivo litno 2

Tamelastim grafitom ... KZT 28 (1994) 1-2, 251-255
Valanr Matjaz, D. Suvorov: Mikrovalovni materiali 2 visoko
dieleKtncnosto ..o KZT 28 (1994) 1-2, 279-282

Vasevska Trajanka: Vpliv oplotne predelave in specificne de-
lormacije na preoblikovalno trdnost zlitine AIMg3 pri predelavi
v hladnem stanju ... KZT 28 (1994) |-2, 223-226

Vehovar Leopold, I Zakrajsek, F- Mlakar: Raziskava Korozijske
odpornosti visokolegiranih jeklenih litin s silicijem v mocno ok

sidactyskih midijih KZT 28 (1994) 1-2. 115-119
Velej Marjan. F. Kosel: Reologija in premiki konstrukcijskih el-
ementov iz zlitin z oblikovnim spominom ...
...................................................... KZT 28 (1994) 1-2, 069-071

Verko N C. Stropnik: Kemijska modifikacija polimernth mem-
bran iz polisulfona ... KZT 28 (1994) 1-2, 371-373
Vizinin J., E, Tomsic, F. Uranc, F. Gresovaik. . Seeel: Pri-
merjalno preizkusanje obrabne obstojnosti orodnih jekel
...................................................... KZT 28 (1994) 1-2. O37-068
Vizintin Nada, M. Kovacevic: Vpliv posameznih komponent v
surovinah na lastnost: mas in izdelkov v keramiéni industriji ..
KZT 28 (1994) 3, 490-501

Vodopivee Franc, 8. Ule, L. Vehovar, 1. Zvokelp. V' Verbi

Macro and Micromorphology of Service Cracking and Fracture
of Turbine Blades .....ovcrnnvccninnneee. KZT 28 (1994) 4, 571-577
Vojvodic Gyardjandic Jetena. B. Ule, S. Azman: Razvoy in uva-
Janje  visokotrdnih - drobnozmatih - mikrolegiramih jekel 2
uporabo v procesni industriji in gradbemisive
...................................................... KZT 28 (1994) 1-2, 183-187

Zupan K., F. Brecelj. E. Perman, J. Muacek: Uporaby EGA
metide za spremijanje sol-gel sinteze za pripravo #2-Fe.O, ...
...................................................... KZT 28 (1994) 1-2. 479-482
Zupancic N.. D. Kolar, D. Suswik, 7. Samardfija: Mehanizem
tvorbe Kalcijevega sulfoaluminata 3CaO.3A1203.CaSO4 in
vpliv Fe203 na njegov nastanek ...
KZT 28 (1994} 1-2, 287-290
Zagar Ema, M. Zigon, T, Malavasic: Reakcije razliénih diizo-
cianatov 7z bisthidroksimetiljpropionsko Kislino oo,
...................................................... KZT 28 (1994) 1-2, 363-366

Zerjal B.: Mehanske in morfoloske lastnosti meSanic termoplas-
tiénega poliuretana s stiren-akrloniteili ..o

cornernneeeee KZT 28 (1994 -2, 303-303
Znidarsic Andrej, M. Drofenik: Nova generacija Mn-Zn feritoy
za mocnostne aplikacije .............. KZT 28 (1994) 1-2. 267-270
Zupanc-MeZnar Lea: Razvoj in optimiziacija postopha izdelave
zaslonov 2 luminoforom P-53 ...
KZT 28 (1994) 1-2. 471-473




HIGH AND

ULTRA-HIGH

VACUUM

COMPONENTS

1 CATALOGUE

416 PAGES 38 CATEGORIES  [IWIET
10 SECTIONS 4 CURRENCIES
2 INDEXES ..

. d

s

<

-

+OF

bt
-

|

=4
e

-
N Yoty

.

Head Office

Caburn-MOC Limited

The Old Dairy, The Street

Glynde, East Sussex

BN8 6SJ United Kingdom

Tel: +44 (0)273 858585
Fax: +44 {0)273 858561

Berlin

Caburn-MDC
Ostendstrasse 1
D-12459 Berlin
Germany

Tel: +49 (0} 30 6953 9840
Fax: +49 {0) 30 635 3786

Lyon Torino

Caburn-MDC SARL Caburn-MDC
Novacité-Alpha (Alberto Rava)

B.P. 2131 Str. Molinetti 41, Il Molino
F-69603 Villeurbanne Cadex 10098 Rivols, Torino

France Italy

Tel:(+33) 78 94 56 30
Fax: (¢33 )72 44 34 85

Tel +39(0) 119585134
Fax: +39(0) 11 95 66 515



Are you satisfied with the
air in your factory when
heating up the ladles?

In spite of good ladle burners, fumes
and bad odours are directly emitted into
the factory when heating up carbon
containing refractory linings
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The newly delveloped bonding system
(Major Improvement in Ladle Emission)
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solves the problems you could encoun
ter with fumes and odours

Our quality assurance system ISO 9001 |

guarantees the highest continous quality
and lining life for these new refractory

| products
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