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Vpliv varilne tehnologije in izbire dodajnega materiala na lomne
lastnosti EPP zvarnega spoja na nizko ogljicnem finozrnatem
jeklu

The Influence of Welding Technology and Welding Material
Selection on Fracture Properties of Submerged Arc Welded,
Low Carbon, Finegrained Steel Plate

I. Rak', V. Gliha?, F. Vodopivec®, M. Tavéar?

1. UvOD

Razvoj nizko oglji¢nih jekel, ki so izdelana na termo-
mehanski nacin ali kaljena in popuséana in ki so upora-
bljana v konstrukcijah z zahtevnimi obremenitvenimi po-
goji, je v veliki meri spremenil varilno tehnologijo. Zaradi
nizkega ogljika in nizke vsebnosti difuzijskega vodika v
zvaru izdelovalci jekel ne priporocajo ve¢ predgrevanja
pred varjenjem. Pri tem ni nevarnosti, da bi v TVP nasto-
pila razpokljivost v hladnem, kar je mogoce npr. preveriti
z Durenovim in Suzuki konceptom /1, 2/.

Ce navedeno prenesemo na dejanske zvarne spoje (hla-
jenje pod 50° C po vsakem varku in zacetek varjenja brez
predgrevanja), ki so zvarjeni z nizko dovedeno toploto
(10—15kJ/cm), da bi zajamcili dobro Zilavost v grobozr-
natem predelu TVP, se lahko v raztopljenem zvaru pojavi
nizka Zilavost kot posledica tvorbe podolgovatih M/A
strukturnih faz glede na kemiéno sestavo jekla in dodaj-
nega materiala. V primeru napetostnega Zarjenja pri
580°C se pojavi neugodni efekt izloGevanja FesC iz M/A
faz, ki predstavljajo prenasiéeno raztopino. Pri tem je 2i-
lavost lahko $e niZja, e je staljeni zvar obcutljiv na re-
verzibilno popuééno krhkost. V tem prispevku so obrav-
navane samo lastnosti raztaljenega dela zvarnega spoja.

Zaradi jasnega efekta vpliva zniZanega dovoda toplo-
te pri varjenju in zaradi zmanjsanja velikosti zrna in pri-
marnega ferita po kristalnih mejah je bil izbran za razi-
skavo dodajni material z 0,4% Cr in 0,2% Mo ter z dodat-
kom Ti-B. Uporabljena je bila metoda elektro varjenja
pod praskom - EPP. Zilavost zvara je bila ugotavijana z
udarnim Charpijevim kladivom. Zareze v Charpy preizku-
Sancih so bile locirane v kovini in korenski legi X simetri-
¢nega zvara pravokotno na debelino. Razlog za to je bilo
prizakovano razliéno razmesanje, predvsem s stalis¢a
Nb (NB=0,01 % v krovni legi in 0,04% v korenski legi).
Preizkusi so bili opravljeni na celotni debelini zvara po
metodi CTOD z upogibnimi preizkusanci, zarezanimi in
utrujanimi pravokotno na debelino v sredini zvara.

Lomne povrsine so bile preiskane z vrstiénim elek-
tronskim mikroskopom predvsem glede pojava in lokaci-

' TehniSka fakultata Maribor, VTO-S,
? RAI, Metalna Maribor,
* Intitut za kovinske materiale in tehnologije

1. INTRODUCTION

Development of LC steels, produced on thermome-
chanical way or by quenching and tempering and used
in constructions under sophisticated load conditions,
has largely changed the welding technology.

Because of the LC and low diffusible hydrogen con-
tent in the weld, the steel producers do not recommend
preheating before welding. There is no danger of cold
cracking appearance in HAZ what is possible to check
up with Duren and Suzuki theory for example /1, 2/
Transferring these statements into the real weldment
(interpass temperatures under 50 degrees Celsius and
no preheating before welding) welded with low heat in-
put (10-15 KJ/cm) to ensure good toughness in coarse
grain area of HAZ, can in the melted part of the weld
cause the appearance of Jow toughness values as the
result of oblongated M/A structural phase formation de-
pending on the chemical composition of steel and weld-
ing material. In the case of stress relieved heating at 580
degrees Celsius there appears the undesirable effect to
Fe;C precipitation from M/A phases representing a satu-
rated solution. The toughness values can be lowered
even more If the sensitivity of the melted part of the weld
on a reversible temper brittleness is present.

Because of the clear effects of low heat input at
welding and reduced grain size and primary ferrite on
crystal boundaries, the welding material with 04% Cr
and 0,2% Mo and Ti-B additions was chosen in these re-
searches. The SAW welding method was used. The weld
toughness was determined by Charpy V-notch impact
test. The notchess of Charpy impact specimens were lo-
cated in face and root location of double V butt type
weld, right angled on the thickness of the plate. The rea-
son was in the expected uneven dilution, first of all from
the Cb point of view (Cb= 0.01% in the face of the weld
and 0.04% in root of the weld). Further tests were carri-
ed out on the complete weld thickness by the CTOD
method on the bend type specimens notched and fati-
gued in the rightangled direction to the thickness in the
middle of the weld.

Fractured surfaces were examined with line EM, first
of all on the appearance of LBZ. Both, line EM and opti-
cal microscope were used by the examinations of mic-
rostructures in the welded joint. The presented results
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je LKP. Mikrostrukture zvara so bile preiskane z opti-
énim in vrstiénim elek. mikroskopom. Rezultati dokazu-
jejo, da staljeni del zvara kljub drobnemu zrnu in nizki
vsebnosti primarnega ferita po kristalnih mejah ni vedno
dovolj zilav. Torej ocena struktur z opti€nim mikrosko-
pom po priporocilu IIW /3/ ni vedno zadostna za analizo
in dolocitev vzrokov za dobro ali slabo Zilavost staljene-
ga zvara. Dodatne metode, kot npr. uporaba vrsticnega
mikroskopa, lahko pokaZejo dejanski vzrok za nizko ali
visoko Zilavost v staljenem zvaru v izhodnem in napeto-
stno Zarjenem stanju.

2. LASTNOSTI IN MIKROSTRUKTURA NIZKO
OGLJICNEGA EPP STALJENEGA ZVARA

Poznan je odnos med mikrostrukturo zvara in Zila-
vostjo /4/. RazmeSanje raztaljenega zvara v casu varje-
nja spreminja transformacijsko kinetiko staljenega zvara,
pri &éemer imajo lahko vkljucki znaten vpliv. Gostota, veli-
kost in porazdelitev vkijuckov narekujejo razvoj velikosti
avstenitnih zrn po strditvi. Oksidni in drugi vkljucki ter
koncentracija avstenitne trdne raztopine skupaj s hi-
trostjo ohlajevanja vplivajo na razliéne feritne morfologije
v &asu premene (v/« /5a). Puscicasti ferit se npr. pojavi
v EPP zvaru, &e je koncentracija O, visja od 450 ppm;
njegova rast iz primarnega ferita na kristalni meji v zrno
je intergranularna. Pri nizjih vsebnostih O, se pojavi ve¢
ugodnega acikularnega ferita, medtem ko nizke vsebno-
sti O, vodijo do tvorbe bainitne strukture. Poleg vsebno-
sti O, je pomembna velikost in enakomerna porazdelitev
vkljuékov. Vkljucki velikosti > 0,2 um bodo povzro€ili po-
spedeno tvorbo acikularnega ferita in zniZali vsebnost
primarnega ferita, pri ¢emer se povec¢ajo primarna den-
dritna zrna s fino porazdeljeno intergranularno strukturo
/5b/.

V &asu tvorbe primarnega in puscicastega ferita se
preostali avstenit znatno obogati s C ter se lahko trans-
formira v faze, ki vsebujejo zaostali avstenit in martenzit
ali bainit-M/A strukturne faze. Takdno strukturo ¢esto
najdemo pod izrazom ferit s sekundarno fazo. Prisotni
vkljucki so tvorci pudéitastega ferita, katerega oblika je
odvisna od hitrosti ohlajevanja /6/. Vi§je hitrosti ohlaje-
vanja pospesujejo tvorbo Widmanstattenskega ferita, ki
ga spremlja neugodna porazdelitev M/A faz. Dodatki Nb
ta fenomen Se pospesujejo, kar se kaZe v niZji Zilavosti.
Na drugi strani dodatki Ti in B izboljSajo Zilavost, ker po-
spesujejo tvorbo acikularnega ferita, ki se pojavi na
drobnih intergranularnih vkiju¢kih. Vecina elementov
vpliva na tvorbo in hitrost rasti pus¢i¢astega ferita. Do-
datki Si in Al pospesujejo tvorbo puscicastega ferita,
medtem ko jo Mn in Mo zavirata. Pretvorbo iz acikular-
nega ferita v ferit s sekundarno fazo, kot npr. M/A fazo,
pospesujeta Cr in Mo, ki tudi poviSujeta mejo plastiéno-
sti in trdnost /7/.

3. RAZISKAVA SOCELNEGA EPP STALJENEGA
ZVARA

3.1. Izbira osnovnega in dodajnega materiala

Raziskave so bile opravijene na EPP zvarnem spoju
nizkoogljiénega poboljsanega jekla Niomol 390, Lastno-
sti osnovnega in dodajnega materiala so navedene v ta-
beli 1. Navedeni dodajni material je bil izbran, da bi pou-
darili razlike pri niZjem in visjem dovodu toplote zaradi
njegove povidane zakaljivosti, kar je razvidno iz visjega
Pcm v primerjavi z osnovnim materialom.

V predhodnih raziskavah /8/, kjer je bil uporabljen
komercialni dodajni material (z 1 % Nis Pecm=0,149in je
bilo varjenje opravijeno prav tako brez predgrevanja, sO
se pojavila vidna LKP v prefomu CTOD preizkusanca v

show, that the melted part of the weld is not always
tough enough in spite of fine grained coarse and low pri-
mary ferrite on crystal boudaries. Therefore, the estima-
tion of structures with optical microscope, as it is rec-
ommended by W /3/, is not always sufficient enough
for the analyse and determination of good or bad tough-
ness in the melted part of the welded joint. Additional
methods, as line electron microscope for example, can
show the real reason for low or high toughness values in
the melted part of the welded joint in as-welded or
stress relieved conditions.

2. THE PROPERTIES AND MICROSTRUCTURE OF THE
LOW CARBON MELTED PART OF THE
SUBMERGED ARC WELDED JOINT

The relationship between microstructure and tough-
ness of the welded joint is known /4/. Dilution of the
meited part of the welded joint during welding is chang-
ing the transformation kinetic of melted weldment and
the inclusions can have a significant influence on it. Den-
sity, size and distribution of inclusions do dictate the
size development of austenitic grains after the solidifica-
tion. Oxide and other types of inclusions and concentra-
tion of austenitic solid solution together with the cooling
speed, are influencing upon different ferrite morpholo-
gies during the transformation y/a /5a/. Acicular ferrite
can appear for example in the SA welded joint, if the
concentration of oxygen is higher than 450 ppm. its
growth is intragranular from primary ferrite on crystal
boundary into the grain. At the lower oxygen concentra-
tions more favourable acicular ferrite appears, while low
oxygen concentration lead to the formation of bainite
structure.

Beside the low oxygen concentration the size and
uniform distribution of inclusions is important. The inclu-
sion sizes over 0,2um will cause an accelerated forma-
tion of acicular ferrite and reduce the content of primary
ferrite increasing at the same time the size of the den-
drite grains with fine distributed intragranular structure
/5b/.

During the formation of primary and acicular ferrite
the remained content of austenite becomes significantly
rich with carbon and can transform in phases containing
residual austenite and martensite or bainite-M/A struc-
tural phases. Such structure we can often find in the ex-
pression ferrite with the second phase. Present inclu-
sions are authors of acicular ferrite which shape de-
pends on cooling speed /6/. Higher cooling speed ac-
celerates the formation of Widmanstatt-ferrite accom-
panied by unfavourable distribution of M/A phases. The
additions of Cb accelerates this phenomena what re-
sults in the lower toughness. On the other side the addi-
tions of Ti and B improve the toughness because they
accelerate the formation of acicular ferrite, which ap-
pears on intragranular inclusions. The most of elements
have their effect on the formation and growth speed of
acicular ferrite. The additions of Si and Al accelerate the
formation of arrow-shaped ferrite, while Mn and Mo re-
tard it. The transformation from acicular ferrite to ferrite
with secondary phase, as for example M/A phase, is ac-
celerated with Cr and Mo which also increase the yield
point and strength /7/.

3. RESEARCH OF THE BUTT — SA WELDED MOLTEN
JOINT
3.1. The choice of the base and welding material

The researches were carried out on the SA welded,
low carbon, quenched and tempered steel plate Niomol
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izhodnem in napetostno Zarjenem stanju celo pri
+20°C. Preiskave na rasterskem mikroskopu so odkrile
ve¢ kot 10 % M/A strukturne faze.

Dodatek Ti-B je v tej preiskavi bil izbran z namenom
prepreciti 0z. zniZati tvorbo primarnega ferita po kristal-
nih mejah in pospesiti tvorbo acikularnega ferita v struk-
turi staljenega zvara /9/.

Vpliv grobega zrna in primarnega ferita na Zilavost
staljenega zvara je bil tako z izbiro navedenega dodajne-
ga materiala izkljuten. Namen preiskave je bil ugotoviti
vpliv M/A faz z ozirom na njihovo sestavo (visok C), veli-
kost, usmerjenost in gostoto na udarno in lomno Zila-
vost v odvisnosti od hitrosti ohlajevanja in legiranosti
staljenega zvara /10, 11/. Nadaljnji namen je bil ugotoviti
vpliv napetostnega Zarjenja na razpad M/A faz in tako na
Zilavost staljenega zvara.

Tabela 1: Lastnosti uporabljenih materialov

Lastnosti osnovnega materiala

Debelina R, R. o Zilavost CTODI,
—40°C
/mm/ /MPa/ IMPa/ 1%/ -60°° /3 /mm/
30 432 528 25 198,161,142 051
Kemi€na sestava
0,08C 030Si 111Mn 00068 0015FP 0,049Nb
0085n 0,18Ni 0.012As 0,047A! Pcm=0,1-CE=0,27-
49 0
Lastnosti Cistega dodajnega materiala
EPP- R, R, ad Zilavost  CTOD
dod.mat, /MPa/ /MPa/ /%I -80°C A/ (mm/
OP121TT 480 520-620 24 > 50, -
Fluxocord varjieno
3522 > 35, -
Zarieno
Kemitna sestava
0.05C 0,208i 12Mn  004Cr 020Mo 00058
Tidod. Pecm=0.1-CE=0237-
75 0
Kemiéna sestava dejanskega EPP zvara
0,05C 0.36Si 167Mn 070Cr 041Mo 0025V
0,031Ti  0,023AI 004Sn 004Sb 0,006B 0,007As
0008S 0.020P 0,022Nb
Pcm=02-CE=0,55-0,=227p- H, <26 -
46 7 pm mi
/100 gr

3.2. Varjenje preizkusnih plosé in priprava
preizkusancev

Uporabljeno je bilo veévarkovno varjenje na simetri-
€no pripravijenem X zvarnem Zlebu. Keramiéni vioZek je
bil uporabljen z izvedbo korenskega varka. Zvarjeni sta
bili dve preizkusni plo$éi z razliénima tehnologijama, A-
brez predgrevanja in B-s predgrevanjem.

Podatki o varjenju:

debelina plogée — 30 mm
predgrevanje  — brez (A), 150°C (B)
vnesena toplota — 15kJ/cm

Aty — 5,4s(A). 10,5s(B)
vmesna temp. — 50°C(A), 200°C(B)
pogrevanje — 200°C

390. The properties of base and welding material are gi-
ven in Table 1. Given welding material has been chosen
for the reason to point out the differences at lower and
higher heat input because of its higher quench capabili-
ty. what is obvious from higher Pcm value in comparison
with base material.

In previous researches /8/, where commercial weld-
ing material (with 1% Ni) was used, with Pcmw= 0,149 and
where welding was also carried out without preheating,
visible LBZ have appeared on fractured CTOD specimen
surfaces in as-welded and stress relieved conditions
even at + 20 degrees Celsius. Raster microscope ex-
aminations have determined more than 10% M/A struc-
tural phase. Ti-B addition in this research has been
chosen for the reason to prevent or to reduce primary
ferrite formation on crystral boundaries and to acceler-
ate the acicular ferrite formation in the structure of molt-
en weld /9/.

With such welding material selection the influence of
coarse grain in primary ferrite on molten weld toughness
was expelled. The aim of the examination was to find out
the influence of M/A phases concerning their composi-
tion (high C{, size, orientation and density on fracture
toughness of the molten weld depending on its cooling
speed and chemical composition /10.11/, Another aim
was to find the influence of stress relieving on the disin-
tegration of M/A phases in the molten weld.

Table 1: Properties of material used

Base material properties
Thickness R, A. 05 Tough- CTODI,
/mm/ /MPa/ /MPa/ /%/ ness -40°C
-8°C /A /mm/
30 432 528 25 198,161,149  0.51
Chemical composition
0.08C 030Si 1.11Mn  0.006S 0015P 0.049Nb
0,08Sn  0.18Ni 0012As 0.047Al Pcm=0,1-CE=027-
49 0
Weid metal properties
SAW A, R, O Tough- CTOD
ness
Weld Mat. /MPa/  /MPa/ /% -60°CA /mm/
OPI12ITT 480 520—620 24 > 50, -
Fiuxocord as welded —
3522 > 35, —
stress rel.
Chemical composition
0.05C 0,208i 1.2Mn  004Cr 020Mo 00058
Tiadd. Pem=0,1-CE=0,37-
75 0
Chemical composition of real weld metal
0.05C 036Si 167Mn  0,70Cr 041Mo 0.025V
0,031Ti  0.023A1 004S5n 0.04S5b (0068 0.007As

00088 0020P 0.022Nb
Pem= 0.2-CE= 0.55-0.= 227p- HD< 2,6-
46 7 pm mi
/100 g

3.2. Welding of test plates and specimen preparation

A welding technique with more passes was used on
double-V grooved steel plate. For the root weld accom-
plishment a ceramic insert was used. There were two
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Po varjenju je bila polovica vsake plosce napetostno
odzarjena pri 580°C v ¢asu 3 ur, nekaj izrezanih preizku-
Sancev pa $e pri 650°C ter s kombinirano termiéno ob-
delavo. Preizkusanci so bili izrezani iz zvarnega spoja v
izhodnem in napetostno odzarjenem stanju. Pripravljeni
s0 bili metalografski preizkusanci, zZilavostni preizkusan-
c¢i zarezani v krovni in korenski legi ter CTOD preizku-
Sanci iz celotne debeline; vsi zarezani pravokotno na po-
vrsino plosce v sredini staljenega zvara.

3.3. Udarna in lomna zilavost staljenega zvara

Udarni Charpijevi preizkusanci so bili pretezno od-
vzeti iz krovne lege zvara in preizkusani v izhodnem in
razlicno termiéno obdelanih stanjih. Namen je bil ugoto-
viti vpliv M/A strukturnih faz na udarno Zilavost. Nekaj
preizkusancev je bilo odvzetih iz korenskega dela zvara
z namenom ugotoviti vpliv Nb, ki se je izcejal iz osnovne-
ga materiala v zvar ter ugotoviti, ali je prisotna termi¢na
reverzibilna krhkost. Rezultati za udarno in lomno Zila-
vost staljenega zvara v izhodnem stanju, zvarjenega z in
brez predgrevanija, so dani v tabeli 2.

Tabela 2: Udarna Zilavost in vrednosti za CTOD

test plates prepared, welded with two different technolo-
gies; A-without preheating and B-with preheating.
Welding data:

plate thickness — 30 mm

preheating — without (A), 150°F (B)
heat input — 15 KJ/em

Alys — 545 (A), 1055 (B)
interpass temp. — 500C (A), 200° C (B)
heating after welding — 200°C

After welding each half of the plate was siress re-
lieved at 58(° C in a period of 3 hours but some speci-
mens were heated to 65(° C with combinated heat treat-
ment. Test samples were cut from the weld in as welded
and stress relieved condition . Test specimens were cut
out for metallographic examination, toughness, notched
in face and root area of the weld, and CTOD specimens
form the whole weld thickness, all notched perpendicu-
lary on the plate surface with the notch location in the
middle of the molten weld.

3.3. Notch and fracture toughness of the molten weld
metal

Table 2: Notch toughness and CTOD vailues

Stanje  Lokacija Tempera- Zilavost CTOD  Trdota Condition  Notch Tempera- Tough-  CTOD Hardness
zareze  tura/°C/ N/ immi  /HVS/ location  ture /°C/ n/er/s /mm/ - THVS/
1. 4 k 4. Z R
2 3 3 = 1. 2 3. 4. 5 6.
b R < = _ - Without  face +20 @
grevanja, korenski  +20 88 preheat., weld —20 50 = 274
varjeno  sloj as welded root +20 88
elot 20 0.148- o = L
celotna - ; A
debelina 0 0.094-c5, whole +20 0,148,
—20 0.064-0, thickness 0 0,094-5,
—20 0.064-5,
k i 7 )
e s e e Without  face +20 72
grevanja, korenski  +20 20 preheat., weid —20 24
zarjeno  sloj —20 8 heated, root +20 2
580°C 580°C weld - 20 8
celotna +20 0.0340, whole +20 0,034-5,
debelina thickness
Brez krovni —20 23 260 Without  face 20 23 260
pred- sloj preheat., weld
grevanja. heated,
Zarjeno 650°C
650°C
Preheatedface - 20 65 257
Predg. in krovni —20 65 257 as welded weld
varjeno  sloj
Preheatedface + 20 103
Predg. in Kkrovni +20 103 heated ~ weld —20 29
ar. 580°Csloj —20 29 580°C
Predg. in krovni +20 114 236 Preheatedface + 20 114
Zar 850°C sloj ~20 42 heated  weld —20 42 236
Brez krovni —20 78 &
pred-  sloj Without  face 20 78
revanja, 3
33;"gno’a celotna +20 0.420-0, g;ehea! weid
Ref /8/, debelina 0 0,062-c, welded whole +20 04205,
1% Ni —20 0.091-0. Ref. /8/, thickness 0 0.062-5.
1% Ni —20 0.091-5.
Brez krovni —20 65
pred- sloj Without face —20 65
revanja, eheat., weld
g,,,.né celotna +20 0.323-0, ‘Z’e,,,d_
580°C debelina 0 0. 103-0 580°c. whole +20 0.323-5,
Ref. /a/ —20 0.062-0. Ref /8/. thickness 2 0. m-e,
1% Ni 1% Ni —-20 0.062-5.
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Za primerjavo so dani rezultati iz reference /8/, kjer
je bil uporabljen komercialni dodajni material (1% Ni).
Varjeno je bilo z isto nizko vneseno toploto in brez pred-
grevanja kakor pri tej preiskavi. Tudi v tem primeru so se
pojavila vidna LKP na preloma vrednosti, dobljene pri
CTOD preizkusu ob pojavu “pop-in” efekta, so upora-
bljene razlicne oznake. Za nastop "pop-in” efekta po po-
Casni rasti razpoke je oznaka (ou), za nastop "pop-in”
efekta takoj za otopitvijo razpoke pa (o.). Ob&utljivost
na popuséno reverzibilno krhkost /13/ se je dologala z
Watanabe faktorjem J /14/ in z udarno Zilavostjo; rezul-
tati so dani v tabeli 3.

Tabela 3: Popusctna krhkost, dolo¢ana z udarmo Zilavostjo

Tehnologi-  Brez predgrevanja Predgrevanje na 150°C
iavarjenja
Vmesna temp. 50°C Vmesna temp. 200°C
Termiéna Lokacija T Zilavost Lokacija T Ziavost
obdelava® zareze /°ct /)] zareze c/ 1/
550°C Krovna +20 72 krovna +20 1038
lega, lega,
krovna —20 23  krovna —20 30
lega, lega,
korenska —20 10 - — -
lega
550°C+ krovna —20 55 krovna +20 108
780°C  lega lega
550°C+ krovna —20 30 krovna +20 86
710°C+ lega lega
550°C

*Pri vsaki temperaturi po 4 ure;
Watanabe faktor J= (Si+Mn) + (P+S) x 10*; v na%em primeru
jeJ=512

Za J= <200 je nizka obcéutljivost na reverzibilno popudéno
krhkost

Za J= > 400 je visoka oblutljivost na reverzibilno popuséno
krhkost

3.4. Metalografske preiskave z optiénim in vrstiénim
mikroskopom

Preiskave so bile opravljene na metalografskih obru-
sih, odvzetih iz plos¢, varjenih brez in s predgrevanjem.
Sliki 1 in 2 prikazujeta stebri¢aste dendrite z drobno in-
tragranularno strukturo in nizko vsebnostjo ferita po kri-
stalnih mejah v staljenem zvaru, zavarjenem brez pred-
grevanja. Drobna struktura, posneta z vrsti€énim mikro-

Slika 1
Brez predgrevanja.

Fig. 1
Without preheating.

Notch toughness specimens were mostly cut out
from face area and tested in as welded and different
heat treated conditions. The aim was to find out the in-
fluence of M/A structural phases on notch toughness.
Some specimens were cut out from root area with the
aim to find out the influence of Nb, segregated from the
base material to the weld and also if the reversible tem-
per embrittlement is present. The result of notch and
fracture toughness of the molten weld metal in as
welded condition and welded with and without preheat-
ing are shown in Table 2.

For comparison, the results from the reference /8/
are given, where the commercial welding material (1%
Ni) was used. Welding was carried out with the same low
heat input energy and without preheating as in this ex-
amination. In this case visible LBZ on the fractured sur-
faces of the specimen also appeared at + 20 degrees
Celsius Different designations are used for the CTOD
values at "pop-in” effect appearance. At "pop-in” effect
appearance, after the slow crack growth, the designa-
tion (6,) is used and designation (5.) at "pop-in" effect
appearance immediately after the crack tip is blunted.
The sensitivity on reversible temper embrittlement /13/
was determined with Watanabe factor J /14/ and with
notch toughness, the results are shown in Table 3.

Table 3: Temper embrittlement determined with notch-tough-
ness

Welding Without preheating Preheating 150°C

technolo-

ay Interpass temp. 50° C Interpass temp. 200° C

Heat Notch T Tough- Notch T Tough-

ness ness

treat- location #°C/ /J/ location SC/ /W

ment*

500°C face +20 72 face +20 103
weld —20 23 weld —20 30
root —-20 0 — - -
weld

550°C  face —20 55 face +20 108

750°C weld weld

550°C+ face —20 55 face +20 108

750°C+ weld weld

550°C

‘at each temperature 4 hours;
Watanabe factor J= (Si+ Mn}+ (P+ S)x 10°; in our case is
J= 512
For J= < 200 is sensibility on reversible temper embrittlement
low

For J= > 400 is sensibility on reversible temper embrittle-
ment high

3.4. Metallographic examinations with optic and line
microscope

Metalographic specimens were cut out and ex-
amined from steel plates, welded without and with pre-
heating. Fig. 1 and Fig. 2 show columnal dendrites with
fine intragranular structure and low ferrite content on
crystal boundaries in the molten weld, welded without
preheating. Fine structure taken off with a line micro-
scope in the face weld area is shown in Fig. 3; oblong
M/A phases along intragranular precipitated ferrite are
visible. Fig. 4 shows the microstructure after stress re-
lieved heating, several cementite precipitations on the
boundary between M/A phase and ferrite are perceived.
Microstructure of the molten weld, welded with preheat-
ing is shown in Fig. 5, there are less M/A phases and or-
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Ista struktura kot slika 1.
Fig. 2
The same structure as in Fig. 1

Slika 5
SEM mikrostruktura zvara, s predgrevanjem
Fig. 5§
SEM microstructure of the weld, with preheating

Slika 3
SEM mikrostruktura zvara, brez predgrevan).

Fig. 3
SEM microstructure of the weld, without preheating.

Slika 6
Ista struktura - nap. Zarjena pri 580°C

Fig. 6
The same structure - stress - relieved heated at 580°C

ientation is less distinctive. The same microstructure af-
ter stress-relieved heating is shown in Fig. 6. a strong
tendency of cementite coagulation is visible.

The examination of LBZ areas has detected a quasi
brittle fracture in the fractured area of the specimen in

Slika 4 as-welded condition - Fig. 7. The fracture area of stress
Ista struktura - nap. Zarjeno pri 580°C relieved specimen shows besides the quasi brittle frac-
Fig. 4 tures also the presence of intergranular brittleness

The same structure - stress - relieved heated at 580°C along the columnar dendrites as it is shown in Fig. 8.
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Slika 7
LKP - kvazi krhki transkristalni prelom
Fig. 7
LBZ - quasi brittle transcrystal fracture.

skopom v krovni legi, je razvidna iz slike 3; vidne so
podolgovate M/A faze vzdolZ intragranularno izloenega
ferita. Mikrostruktura po napetostnem Zarjenju je raz-
vidna iz slike 4; zaznavni so Stevilni cementitni izlocki na
meji med M/A fazo in feritom. Mikrostruktura staljenega
zvara, zavarjenega s predgrevanjem, je razvidna iz slike
§. M/A faz je manj in usmerjenost je manj izrazita. Ista
mikrostruktura po napetostnem Z2Zarjenju je razvidna iz
slike 6 vidna je tendenca moénega skepljanja cementi-
ta

Pregled povrsin LKP je odkril kvazi krhki lom v prelo-
mu preizkusanca v izhodnem stanju — slika 7. Povrsina
preloma v napetostno Zarjenem preizkusancu je poleg
kvazi krhkega preloma pokazala Se nastop intergranular-
ne krhkosti vzdolZ stebri¢astih dendritov, kot je razvidno
iz slike 8,

4. DISKUSIJA REZULTATOV

Preiskave so pokazale bistveno razliko v udarni
Charpijevi Zilavosti med osnovnim materialom in stalje-
nim zvarom. Kljub dodatkom Ti-B in ugodni vrednosti O,
(ca. 227 ppm) v zvaru, ki pospesuje tvorbo acikularnega
ferita in preprecuje tvorbo primarnega ferita, je bila do-
seZena udarna zilavost niZja od pricakovane. Lomna Zila-
vost v prisotnosti ostre utrujenostne razpoke pa je po-
kazala popolno krhkost Ze pri temperaturah pod 0°C.
Vzrok za to je varjenje brez predgrevanja in z nizko do-
vedeno toploto. Posledica tega je tvorba drobne mikro-
strukture, ki vsebuje ferit s sekundarno fazo v obliki M/A
strukturne faze namesto acikularnega ferita. Dodatki Cr,
Mo in Nb tezijo k pospesevanju tvorbe M/A faze, v kateri
vsebnost C naraste tudi nad 1% /10/. Razpotegnjene
M/A faze vzdolz intrgranularno izloéenega ferita so lah-
ko potencialni izvori zgodnjega zacetka loma in zato niz-
ke Zilavosti, Dodatek Nb in njegovo izcejanje {0,04% v
korenu in 0,01% v temenu) imata bistveni vpliv na udarno
Zilavost,

Kemiéna sestava staljenega zvara je povisala Wata-
nabe faktor J> 400, tako da je posledica pojava popus-
€ne reverzibilne krhkosti (SI. 8). Zaradi navedenega ni iz-

Slika 8
LKP - intergranularni krhki prelom.

Fig. 8
LBZ - intergranular brittle fracture.

4. RESULTS DISCUSSION

The examinations have shown the essential differ-
ences in Charpy toughness values of the base material
and the molten weld. In spite of Ti-B additions and fa-
vourable oxygen content (ca. 227 ppm) in the weld, ac-
celerating the acicular ferrite formation and prevention
of primary ferrite formation, the notch-toughness values
achieved were lower as it was expected. But the fracture
toughness in the presence of sharp fatigue crack has
shown the absolute brittleness also at temperatures un-
der 0 degree Celsius. The reason is welding without pre-
heating and with low heat input energy. The result is for-
mation of the fine microstructure containing ferrite with
secondary phase in the shape of M/A structural phase in
state of acicular ferrite. The addition of Cr, Mo and Nb
has a tendency of M/A phase formation in which the car-
bon content can rich the values greater than 1% /10/.
Oblong M/A phases along the intragranular precipitated
ferrite can be the potential sources of early fractures be-
ginning and the reason for low toughness values.

Chemical composition of the moiten weid has in-
creased the Watanabe factor J= > 400, so that it results
in the reversible temper embrittiement appearance /8/.
That is the reason why there is no toughness improve-
ment at heating above 650 degrees Celsius where the
causes for temper embrittlement are dissolving, on the
other side an intensive precipitating of Fe,C appears on
the boundary between oblong ferrite and M/A phase.
The size of Fe;C precipitates are increasing with elevat-
ed temperature under the coagulation mechanism what
Is the reason for brittle fracture at elevated temperature
/15/ (Fig. 4).

From the above we can conclude, that stress-re-
lieved heating does not have a favourable effect on molt-
en weld toughness if M/A structural phases are present
into it. M/A phases formation (s a consequence of too
high alloyment or/and too high cooling speed, so that
their presence depends on the weld material selection
and welding technology. Using the welding technology
without preheating the content of M/A structural phase
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bolj3anja Zilavosti po segrevanju nad 650°C, kjer se pov-
zroditelji za popuscéno krhkost raztapijajo, na drugi strani
pa se hkrati pojavi intenzivno izlo¢anje Fe,C na meji med
razpotegnjenim feritom in M/A fazo. Velikost izloCkov
Fe.C se povecuje s povisanjem temp. po mehanizmu
skepljanja, kar privede pri visji temp. do krhkega loma
/15/ (SI. 4).

Iz zgornjega je mogocée sklepati, da napetostno Zar-
jenje nima ugodnega ucinka na izboljSanje Zilavosti sta-
lienega zvara, ¢e so v njem prisotne M/A strukturne fa-
ze. Tvorba M/A faz je posledica previsoke nalegiranosti
ali/in previsoke hitrosti ohlajevanja, tako da je njihova
prisotnost odvisna od izbire dodajnega materiala in varil-
ne tehnologije. Pri uporabi varilne tehnologije brez pred-
grevanja je zna3ala vsebnost prisotne M/A faze okrog
38% v staljenem zvaru. Z uporabo predgrevanja se je ta
vsebnost znizala na okrog 33%.

Iz raziskave je mogoce sklepati, da je pri varjenju
brez predgrevanja in nizki dovedeni toploti za dosego vi-
soke Zzilavosti v TVP potrebno uporabiti dodajne materia-
le, ki ne bodo tvorili veéjih koli¢in razpotegnjenih M/A
faz. Navedeno lahko dosezemo z nizjimi vsebnostmi Si,
Al, Cr in Mo in z dodatki Ti-B, ki pospesujejo tvorbo
aciularnega ferita. Na drugi strani je podoben efekt mo-
goce doseti z uporabo predgrevanja in visjo dovedeno
toploto ne glede na prisotnost omenjenih legirnih ele-
mentov. Vendar je taksna varilna tehnologija uporabna
le, ¢e izberemo jeklo, ki ni ob&utljivo na rast zrna, ker
bomo v nasprotnem primeru dobili nizke vrednosti za Zi-
lavost v TVP. Omenjena moderna jekla so izdelana na
osnovi TiN in BN izlo¢evalnih efektov s vsebnostjo razto-
plienega N pod 10 ppm.

Pri varjenju preizkusnih ploS¢ se vmesna temperatu-
ra visoko dvigne in lastnosti staljenega zvara niso pri-
merljive z lastnostmi na dejanskem zvarnem spoju, ki je
narejen brez predgrevanja ali z nizkimi At*® ¢asi. Name-
sto da bi se varilo brez predgrevanja, dejansko varimo
ploéce z visokim predgrevanjem (&esto >200°C).

Taksni rezultati niso uporabni za varjenje brez pred-
grevanja na dejanskih zvarnih spojih, kjer se zaradi dol-
gih zvarov in velikih povrsin vmesna temperatura zniza
oz. pade celo na sobno. TakSen varilni postopek lahko
znatno vpliva na Zilavost izhodnih zvarnih spojev in take
na varnost celotne zavarjene konstrukcije. Torej je nave-
deno vzrok za pazljivo in temeljito izbiro verifikacije varil-
ne tehnologije, ki mora odgovarjati dejanskim pogojem
pri izvedbi varjenja v delavnici in na montazi.

5. ZAKLJUCEK

Preiskava EPP zavarjenih raztaljenih zvarov, ki so za-
varjeni brez predgrevanja in z nizko dovedeno toploto z
uporabo veé varkov na nizko ogljiénem finozrnatem je-
klu, je odkrila naslednje:

— Udarna in lomna Zilavost raztaljenega zvara je od-
}/isna od izbire dodajnega materiala in varilne tehnologi-
e.

— Pri varjenju in preizkusanju zavarjenih plo§¢ mo-
rajo biti izpolnjeni pogoji. ki bodo reprezentirali dejanske
pogoje v delavnici in na montazi.

— Varilna tehnologija brez predgrevanja in z nizko
dovedeno toploto, da bi dosegli dobre Zilavostne lastno-
sti v TVP, lahko povzroéi v raztaljenem zvaru v zrnih s
primarnim feritom po kristalnih mejah in intragranularnim
feritom s sekundarno fazo tvorbo krhkih M/A faz, ki lah-
ko znatno zniZajo Zilavost. Odloéitev, ali uporabiti pred-
grevanje ali ne, je odvisna od ekvivalenta Pcm osnovne-
ga in staljenega zvara in pri¢akovanih lastnosti.

in moiten weld was 38 %, while with using the preheating
this content was decreased to ca. 33 %.

From this examination we can conclude that for
welding without preheating and low input energy to
achieve high toughness in HAZ it is necessary to use
welding materials which will not form higher quantities of
oblongated M/A phases. We can achieve that with lower
contents of Si, Al, Cr and Mo and with additions of Ti-B,
which accelerate the acicular ferrite formation. On the
other side we can achieve a similar effect with the use of
preheating and higher heat input energy regardless to
above mentioned alloying elements. But such welding
technology is useful only if we choose steel which is not
sensible to grain growth because in the opposite case
we will get low toughness values in the HAZ. The above
mentioned modern steels are produced on the base of
TiN and BN precipitation effects with the nitrogen con-
tent under 10 ppm. During the welding of experimental
plates, the interpass temperature raise high up and the
properties of the moiten weld are not comparable with
the properties of the actual weld welded without pre-
heating or with low At8/5 time. Instead of welding with-
out preheating we actually weid them with high preheat-
ing (often > 200 degrees Celsius).

Such results are not useful for welding without pre-
heating on actual welded joints because of their long-
ness and greatness the interpass temperature de-
creases or even talls down to room temperature. Such
welding process can have a considerable effect on as
welded weldments and in this way it effects on security
of the whole welded construction. All that has been stat-
ed is the reason for a careful and profound choose of
verification of welding technology which has to respond
to actual welding conditions in the workshop and as-
sembling.

5. CONCLUSION

The examination of SA welded molten welds, welded
without preheating and with low heat input energy. with
more run technique on low carbon fine grained steel has
discovered the following:

— Notch and facture toughness of the moiten weld
depends on welding material choose and welding tech-
nology.

— During welding and testing of welded plates such
conditions has to be fulfilled that can represent the actu-
al condition in the workshop and assembling.

— Welding technology without preheating and with
low heat input energy can in the molten weld in the
grains with primary ferrite with secondary phase, cause
the formation of brittle M/A phases, which can consider-
ably decrease the toughness. Decission to use or not to
use the preheating depends on Pcm equivalent of base
metal and moiten weld and on properties expected.

— By CTOD method determinated fracture tough-
ness is otherwise conservative but gives a good insight
into the quality estimation of the welded joint.

— The LBZ appearance in the molten weld on the
fractured area of CTOD specimens has to be aiready es-
timated at room temperature with large test (Wide Plate
Tests) with fatigue crack inserted on the surface area.
Test has to be carried out at the lowest operating tem-
perature of the future construction /16/.

— Stress releaving with heating has negative conse-
quences because of the M/A structural phases pres-
ence. Cementite precipitation on the boundary between
ferrite and M/A phase additionally decrease toughness.
In the case of stress-releaved heating it is recom-
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— Lomna zilavost, dolo¢ana po metadi CTOD, je
sicer konservativna, vendar daje dober vpogled v oceno
kvalitete zvarnega spoja.

— Pojav vidnih LKP v staljenem zvaru na lomni povr-
$ini CTOD preizku$ancev Ze pri sobni temp. je potrebno
oceniti z velikimi preizkusi (Wide Plate Tests) s povrsin-
sko vgrajeno utrujenostno razpoko. Preizkus je potreb-
no opraviti pri najnizji temp. obratovanja bodoce kon-
strukcije /16/.

— Termi¢no spros¢anje zaostalih napetosti ima ne-
gativne posledice zaradi prisotnosti M/A strukturnih faz.
Izlo¢anje cementita na meji med feritom in M/A fazo %e
dodatno zniza Zilavost. V primeru uporabe napetostnega
zarjenja je priporocljivo preveriti moZnost pojava reverzi-
bilne popuséne krhkosti, ki je odvisna od koli¢ine in izcej
legirnih elementov ter neéistoc v raztaljenem zvaru.

mended to control the possibility of reversible temper
embrittlement appearance, which depends on the quan-
tity and segregations of alloying elements and impure-
ments in the molten weld.
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Kobaltove Zlitine v lesni industriji
Cobalt Base Alloys in Woodcutting Industry
J. Rodié*!
1. UVOD 1. INTRODUCTION

Vec kot dve desetletji je v praksi dobro poznan ugo-
den ucinek navarjanja rezilnega dela zob s kobaltovimi
zlitinami-steliti* za izbolj$anje rezilne sposobnosti in po-
veCanje vzdrzljivosti razliénih vrst zag v lesni industriji
(slika 1)

— |
| i )| Z=
.

Slika 1
Stelitiranje
Obloga konice zoba s posebno kobaltovo zlitino, odporno proti
obrabi, omogota bistveno podalj$anje vzdrzljivosti in rezne
sposobnosti Zag.
Stelitiranje je posebno priporotljivo pri Zaganju sveZega lesa
z mnogo3tevilnimi kremencevimi vkljuéki.
Fig. 1
Stellite Tipping
Tooth tipping with special cobalt base alloy resistant against
abrasion enables significant prolongation of lifetime and cutting
ability of saws.
Stellite tipping is especially recommended for sawing fresh,
nontreated wood with many inclusions of silicon oxides.

Postopek prostega rocnega navarjanja zob na Zagah
sé kljub poznanemu in dokazanemu zelo ugodnemu
uinku dolga leta ni Sirse uveljavil. To ugotovitev lahko v
veliki meri povezujemo s potrebo zahtevnega, zamudne-
ga in zelo strokovnega dela, s slabim materialnim izko-
ristkom drage zlitine in z zahtevnostjo brudenja zob.

V strokovnih krogih se je za postopek nanasanja ko-
baltovih zlitin na zobe zag udomacilo ime "stelitiranje”.
Ta postopek je bil dolgo skoraj izkljuéno prepudéen
uporabnikom za vzdrZevanje in obnavljanje 2ag v vsako-
dnevni praksi.

Specializirani proizvajalci 2ag so se za nekatere vrste
Zag usmerili na obloge z lotanjem trdokovinskih ploséic
na zobe. Z razvojem specializiranih polavtomatskin in

* Stellite |e prva blagovna znamka Cabot Corporation - Stoody
Deloro za kobaltove zlitine. odporne proti obrabi in povianim
temperaturam. To ime je danes za veliko skupino kobaltovih
Zlitin splogno uporabljeno in udomaceno v praksi.

*'Prof o Jose Rodit dipl in2 metslurgije, drektor podjetia MIL-PP doo . Lju-
blana 2a razyo) in prozvodno specialrh ziitin

Beneficial effects of saw teeth tipping with cobalt
base alloys - stellites* for improving cutting ability and
lifetime of saws in woodcutting industry are well known
more than two decades (Fig. 1).

Although these beneficial effects were known for
many years the stellite tipping was not extensively used
due to the disadvantages of manual welding procedure
which is time consuming and requires a lot of experi-
ence in welding and sharpening. Furthermore, this prac-
tice is associated with low yield of expensive material.
The stellite tipping was therefore applied only by users
for maintenance and resharpening of saws. Specialized
producers on the other hand introduced hard metal tip-
ping by soldering process. The new progress of stellite
tipping arrised with the development of automatic ma-
chines for welding and sharpening which were recently
introduced by three companies ALLIGATOR (France),
ISEL! (Switzerland) and VOLLMER (Germany).

Due to the increased productivity achieved by auto-
matic stellite tipping a new network of servicing centers
for maintainance of all types of band, gang and circular
saws is growing. This professional maintainance tech-
nology assures better quality and life time of saws which
has direct impact on productivity and economy of saw
mill production while at the same time the quality of cut
surfaces is improved.

The stellite tipped saws enable an uninterrupted
eight-hour sawing with cut length 80-100 km and pro-
duction over 20 m® per shift so that interruptions and
changes of saws during one shift are an exception.

This promising progress has encouraged a syste-
matic applied research. With the growing exploitation of
stellites in wood cutting technology a need for develop-
ment of special assortment of alloys devoted to this ap-
plication is emerging. The need for intensive research in
this area is also supported with results of comparative
studies which are presented in Section 7. These studies
show that cobalt base alloys have a high priority for this
application so that optimisation is expected within these
grades.

Three grades of stellites (12, 1, 6) are the most fre-
quently used in woodcutting and the most important is
grade 12 (See Tab. 1).

The grade 1 was commonly applied for hard wood for
many years, but recently the use of this grade has con-
siderably decreased due to experience.

The grade 6 has appeared in general woodcutting
technology very recently. Some saw mills applied this

* Stellite is a registered trade mark of Cabot Corporation -
Stoody Deloro for cobalt base alloys which are abrasion resis-
tant at room and elevated temperatures. This designation is
commonly used for a vide variety of cobalt base alloys.
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polno avtomatiziranih strojev za stelitiranje Zzag, ki so jih
razvile v zadnjem obdobju tri firme ALLIGATOR - Franci-
ja. ISELI - Svica in VOLLMER - Nemdéija, se je zacela si-
tuacija na podrocju stelitiranja Zag bistveno spreminjati,

Logiéna posledica visoke produktivnosti, dosezene z
razvojem avtomatskega strojnega stelitiranja, je nastaja-
nje vse Sirse mreze specializiranih servisnih centrov za
stelitiranje in ostrenje vseh vrst Zag, traénih, gaterskih in
kroZnih.

VzdrZevanje in obnova Zag v takih servisnih centrih
dosega vrhunsko in zanesljivo kakovost, kar se nepo-
sredno odraZa v izrednem povecanju produktivnosti Za-
ganja, v ekonomiki proizvodnje z zniZevanjem stroskov,
ob istoéasnem napredku kakovosti rezanih povrsin in
mocnem podaljanju Zivljenske dobe kvalitetnih zag.

Neprekinjeno osemurno Zaganje hlodovine z dolzino
poti rezanja 80— 100 km in s storilnostjo razreza nad
20 m® na izmeno, je danes za zago kar normalni normativ
in zastoji zaradi nepricakovanih menjav Zag so ob red-
nem vzdrzevanju in kvalitetni obnovi Zag ze kar izjemen
pojav.

Razumljivo je, da je ta napredek vzpodbudil tudi in-
tenzivnejse in bolj sistemati¢ne razvojne raziskave,

Dosedanja uporaba standardnih vrst stelitov Ze na-
poveduje razvoj optimirane sestave teh zlitin za potrebe
stelitiranja Zag v lesni industriji in to v nekaj namenskih
variantah glede na vrsto rezanega lesa in tehniko zaga-
nja s specificnimi parametri v proizvodniji.

Tudi primerjalne raziskave stelitiranih Zag in tistih z zob-
mi iz trdih kovin, ki jih bomo na kratko povzeli v poglavju
7. so privedle do presenetljivih spoznanj, ki mocno uve-
liavljajo pomen stelitov v nadaljnjem razvoju.

Kobaltove zlitine so se v primerjalnih raziskavah' iz-
kazale za najboljSe, zato optimiranje asortimenta dodaj-
nih materialov za stelitiranje Zag pricakujemo med njimi.

Dosedanji tipicni asortiment stelitnih zlitin za lesno
industrijo lahke omejimo na tri standardne vrste, med
katerimi dale¢ prevladuje poznana zlitina §t. 12. (Glej ta-
bela 1)

Za nekatere trde vrste lesa je bila mo€no uveljavljena
in je Se veliko uporabljana zlitina 5t. 1, vendar se prav v
zadnjem obdobju na podlagi izkudenj v praksi vioga in
pomen stelita 1 v uporabi na tem podro¢ju oéitno zelo
zmanjsuje.

Ob preusmerjanju razvoja, ki izhaja iz bogatih izku-
$enj zadnjega obdobja izgleda oéitno, da so lesarski
strokovnjaki v splosnem preve¢ pomena pripisovali sa-
mo trdoti stelitiranih zob®. Nekateri "Zagarji”, ki jim no-
tranji raziskovalni nagon preprosto ni dopuécal, da bi se
povsem prepuscali tradicionalnim pravilom pri izboru
stelitov, so uspesno z zelo vzpodbudnimi rezultati zame-
njali standardni stelit 12 s stelitom 6 in e naprej razisku-
jejo nove ideje z industrijskim preizkuSanjem vzdrzljivo-
sti razlicno stelitiranih Zag

Zelo zanimivi rezultati teh industrijskih raziskav v
kombinaciji z metalurskim razmisljanjem o sestavah,
lastnostih uporabljenih zlitin in z metalografskimi Studija-
mi Ze nakazujejo nove smeri razvoja z modifikacijami k
optimalni sestavi kobaltovih zlitin za stelitiranje Zag v
dveh ali treh variantah glede na znacilnosti vrste rezane-
ga lesa.

S pilotnimi napravami horizontalnega kontinuirnega
litjia” ** in z razvojem novih spremljajocih tehnoloskih
postopkov'” Ze poteka projekt specializacije v proizvod-
nji kobaltovih zlitin za specificne potrebe v lesni industri-
ji. Razvojne raziskave potekajo v tesni povezavi s proiz-
vajalci strojev za stelitiranje zag, s proizvajalci 2ag in s
servisnimi centri za stelitiranje in ostrenje zag. V tem
razvoju zelimo zajeti in upostevati cimvec prakticnih iz-

grade which was not commonly used purely for research
interest. The encouraging results confirmed opinion of
some researchers’ that the hardness itself should not be
considered as the only decisive property of stellites for
cutting ability. The research along these lines which is
out of traditional practice is in progress. However, those
saw mills which tried grade 6 instead of grade 12 prefer
the former one for standard use.

These observations in woodcutting practice in com-
bination with metallurgical knowledge of chemical com-
position and material properties with respect to metal-
lographic studies of microstructures should provide opt-
imal assortment of stellites for cutting of various woods,

The applied research project in the area described
above is being undertaken in pilot plant for horizontal
continuous casting (HCC) *® and subsequent ther-
momechanical treatment™. This research is performed in
cooperation with producers of stellite tipping machines.,
producers of saws and with service centers for stellite
tipping and sharpening. It is expected that this foint re-
search programme which considers expertises gained in
industry related to woodcutting will resuit in metaliurgi-
cal development of products for stellite tipping.

YY1y

Slika 2
Trakowi 2ag, zvarjeni in napeti
A - surovo ozobljeni trak, B - Razperjanje in brusenje zob
C - Nakrenje vrhov zob in brusenje, D - Stelitiranje in brusenje
zob

Fig. 2
Saw bands. welded and tensioned
A - Saw band with raw teeth, B - Setting and grinding of teeth,
C - Swagging of tooth tips and grinding. D - Stellite tipping and
grinding of teeth



2678 25119911 4

J Rodic Kobaloye 28tine v lesni industrijl

129

kusenj, zbranih v zadnjih letih in le-te usmeriti v metalur-
ki razvoj zlitine za specificne namene in potrebe.

Poleg razvoja asortimenta za optimalni izbor vrste
uporabljenih zlitin je pomemben tudi razvoj samih po-
stopkov stelitiranja in posebnih oblik preseka HKL-palic,
dodajnih materialov za stelitiranje zob. Ti proizvodi so
poznani pod imenom FORM-STELITI in so se doslej iz-
delovali samo po tehnologiji metalurgije prahov (PM).
Danes se kot pomembna dopolnitev asortimenta Ze uve-
ljavija tudi uporaba HCC-FORM-STELITOV.

2. VRSTE ZAG, OBLIKE IN GEOMETRIA ZOB

Pri stelitiranju enakovredno obravnavamo vse tri 0s-
novne vrste Zag, traéne, gaterske in krozne.

Na sliki 2 je shematicno prikazano surovo ozobljenje
trakov, razperjanje ali nakréevanje zob pri klasiénih in
stelitiranje zob pri modernih tracnih zagah.

Slika 3 prikazuje geometrijo stelitiranega zoba z vse-
mi koti, ki so pomembni za ostrenje z ravnim in posev-
nim brusenjem,

b

/ ’ X X

Slika 3
Geometrija zoba Zage
X - Cepilni kot, V - Prosti kot.
Fig. 3
Geometry of saw tooth
X - Rake angle, V - Clearance angle.

3. RAZVOJ STELITIRANJA ZAG

Pri tem moramo omeniti dva bistevno razliéna pristo-
pa k stelitiranju Zag. Od tega je odvisna seveda tudi kon-
strukcija in nacin delovanja strojev za stelitiranje.

Postopek I.: Navarjanje zob s TIG postopkom ali s
plazmo

Pri postopku stelitiranja z dodajanjem kobaltove zliti-
ne na zob z navarjanjem preko tekoce faze uporabljamo
okrogle HCC palice tankih presekov. Daleé¢ najvec se
uporablja palice standardne dimenzije @03.2 mm. Po-
dajaini mehanizem stroja podaja palico za taljenje nad
kokilo.

Pri tem postopku avtomat stroja obda zob Zage z ba-
kreno kokilo (slika 4), ki ima doloéeno obliko zoba in
stelit se po TIG postopku ali s plazmo natali v kokilo na
vrh zoba. Po strditvi je vrh zoba s stelitom ustrezno obli-
kovan in stelit trdno zvarjen z osnovo zoba.

Uvedba plazma gorilcev pri teh strojih omogoca po-
vecanje storilnosti stelitiranja in tudi uporabo nekoliko

Besides the development of optimal assortment of
applied alloys the development of welding procedures in
stellite tipping and application of special shapes of cross
section for adding the material in welding is also import-
ant. These so called FORMSTELLITES are mainly pro-
duced by powder technology but recently HCC is con-
sidered as an alternative technology.

2. SAW TYPES, FORMS AND TOOTH GEOMETRY

Stellite tipping is equally treated with all three gen-
eral types of saws: band saws, gang saws and circular
saws.

Figure 2 represents schematically a saw band with
raw teeth, setting and swagging of teeth with conven-
tional saws and stellite tipping of teeth. The geometry of
stellite tipped tooth with all important angels for sharp-
ening with straight and bevel grinding is shown in Fig. 3.

3. DEVELOPMENT OF STELLITE TIPPING

Two essentially different procedures have been intro-
duced in the approach to stellite tipping of saw teeth.
The construction and operational characteristics of stel-
lite tipping machines are adjusted to special require-
ments of the process.

Procedure |.: Stellite tipping with TIG or plasma weld-
ing

For stellite tipping with welding through liquid phase
HCC rods of small sections are usually used where
2032mm is the most commonly applied dimension.
The stellite tipping machine automatically supplies the
rod to the appropriate position above the mould for
melting.

Slika 4"
Skica naprave, ki kot kalup daje zahtevano obliko konice zoba
pri stelitiranju.

Fig. 4"
Schematic drawing of a jig which performs the moulding action
to give the tip the desired geometry.
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debelejsih palic, kar se pomembno pozna pri ceni dodaj-
nih materialov oziroma pri stroskih stelitiranja v celoti.

Slika 5 prikazuje stelitiran zob in brudenje’.

l

Slika 5%
Stelitiranje in brudenje zob
A - Oblika stelitiranega zoba, B - BruSenje cepilnega kota.
C - Stranske ploskve se brusijo samo na novo stelitiranem zo-
bu,
D - Veckratno prebrusenje cepilnega in prostega kota

Fig. 5
Stellite tipping and sharpening of teeth
A - Form of stellite tipped tooth, B - Grinding of rake angle.
C - Side clearance surfaces are ground only after stellite tip-
ping,
D - Repeated sharpening of rake and clearance angle.

Postopek Il.: Uporovno navarjanje stelitnih delcev
na zobe

Po drugem osnovnem postopku stelitiranja Zag z vec
variantami se dodajni material-stelit dolo¢ene oblike v
avtomatu uporovno segreje, na sti€¢is¢u z osnovnim ma-
terialom Zage natali in vtisne toéno v ustrezen poloZaj na
zobu Zage. Za ta postopek privarjanja so Zze ponudili tr-
zi$éu tudi precizne ulitke stelitov, ali pa oblikovance iz
stelitnega prahu, vsestransko oblikovane. S tem naj bi
posnemali izkusnje iz uporabe trdokovinskih ploscic, ki
se lotajo na zobe Zag.

Uporaba teh predoblikovanih ko$ékov se po zacetnih
korakih razvoja v stelitiranju Zag ni veljavila po pricako-
vanjih in danes Ze prevladuje mnenje, da ta prvotno zelo
obetajo¢a pot v nadaljnjem razvoju stelitiranja Zag nima
perspektive,

Veé uporabljajo palice z razliénimi oblikami preseka,
ki jih avtomat reze ravno ali posevno med postopkom
stelitiranja pri podajanju palice. Avtomat lahko delCek
prej odreze, pa ga nato privari ali pa konec palice privari
in jo nato avtomatsko odreze.

Razvoj dodaijnih stelitov v obliki palic razliénih dimen-
zij s posebnimi oblikami preseka je odvisen od sistema
dodajanja palic za stelitiranje zob pri avtomatskem ali ro-
¢nem podajanju na stroju.

Najprej se je razvil postopek z uporabo palic okro-
glega preseka, ki jih avtomatsko ali roéno krmiljeni stroj
za stelitiranje podaja z vrha ali od strani pred cepilno
ploskev zoba kot kaze slika 6.

In this procedure the blocks of cooper are moved to
embrace the saw tooth in order to form a mould for the
desired geometry. The mould is then filled up by either
TIG or plasma melting. After the solidification a preform
of the tooth which is welded to the base is obtained
(Fig. 4).

The introduction of plasma welding enabled the im-
provement of productivity and the application of stellite
rods of larger section which are considerably cheaper
so that plasma welding is reducing the overall produc-
tion cost of stellite tipping.

Figure § illustrates stellite tipping and sharpening of saw
teeth.

Procedure |l.: Resistance welding in stellite tipping

In resistance welding approach the adding material
in the form of stellite tip Is heated up in automatic ma-
chine to melt both materials at the interface between tip
and saw base. The machine is then pressing the tip to
the exact position on the tooth. For tips used in this ap-
proach precision cast stellite pieces or pieces of
pressed powder stellites were introduced by analogy
with hard metal tipping.

Slika 6
Elektricno uporovno navarjanje stelitnih delcev na vrh zoba
A - Vertikaino podajanje okroglih stelitnih palic. B - Vertikalno
podaganje stelitnih palic trapeznega preseka, C - Horizontalno
podajanje okroglih stelitnih palic. D - Horizontalno podajanje
stelitnih palic paralelo gramskega preseka.

Fig. 6
, Electric resistance welding of stellite tips
A - Vertical adding of round stellite rods, B - Vertical adding of
form-stellite rods with trapeze section, C - Horizontal adding of
round steliite rods, D - Horizontal adding of form-steliite rods
with parallelogram section,
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* 1. varianta: Vertikalno podajanje palic

Pri tem naéinu stelitiranja Zag s podajanjem palic
okroglega preseka od vrha pred zob Zage je povsem ra-
zumljivo v fazi brudenja prislo do ideje za uporabo palic
kvadratnih ali pravokotnih in konéno trapeznih presekov,
tako da ima zob Ze takoj po stelitiranju nastavljeno ravno
cepilno ploskev in predoblikovani stranski ploskvi s pro-
stim kotom. Palico se odreze posevno pod kotom, ki
ustreza prostemu kotu zoba. Na ta nacin se doseze velik
prihranek brusenja zob.

* 2. varianta: Horizontalno podajanje palic

Za drugo varianto postopka stelitiranja z uporov-
nim navarjanjem se uporablja dodajanje palic stelitov od
strani. Namesto okroglih palic vec¢jega preseka
(slika 7°') imajo precejs$njo prednost palice s presekom
paralelograma (slika 8”).

Nekaj nevSéecnosti pri postopku uporovnega navarja-
nja form stelitov povzroajo ostanki iztisnjenega mate-
riala. Odstranjevanje teh brad je lahko neprijetna ovira
normalnega postopka.

Po stelitiranju se morajo konice zob popuscéati, kar
se z modernimi stroji opravi v toku samega postopka
stelitiranja. 1zkusnje kaZejo, da med vsemi form-steliti po
koli¢ini dale¢ previaduje uporaba tistih s trapeznim pre-
sekom

Uporaba form-stelitov je kljub visji ceni upravic¢ena,
ker omogoca

A

Slika 79
Uporovno navarjanje zob z okroglim stelitom
A - po stelitiranju, B - po konénem brusenju
Fig. 7%
Stellite tipping with electric resistance welding of round stellite
rod
A - after stellite tipping, B - after final sharpening.

B

Slika 8%
Uporovno navarjen zob s form-stelitom paralelogramskega pre-
seka
A - po stelitiranju; B - po konénem brudenju.
Fig. 8%

Stellite tipping with electric resistance welding of form-stellite
rod with parallelogram section
A - after stellite tipping. B - after final sharpening

The application of these preformed tips was expect-
ed to be successful but very recently more economic
procedures are proposed in which rods of various di-
mensions and cross-sections are automatically supplied
and cut at appropriate angles during the process. There
are two alternatives: The piece of rod for tooth tip is cut
off first and then welded or the end of rod is welded first
and then cut off.

The development of steliite rods in various sections
and forms depends on adding system of the stellite tip-
ping machine.

At the beggining round section rods were supplied
either from the top or side to the face of the tooth as
shown in Fig. 6.

* Alternative 1: Vertical supply of rods

In this alternative of stellite tipping the round section
rod is supplied from the top and cut at clearance angle.
To reduce the waste of material and grinding costs
square and rectangular sections were introduced but fi-
nally trapeze form sections were accepted as standard.
After stellite tipping with trapeze-form rods all main
angles of the tooth are close to the final sharpening
geometry. Side clearance surfaces are ground only after
stellite tipping while repeated sharpening is performed
only for rake and clearance angles.

* Alternative 2: Horizontal supply of rods

In this alternative of stellite tipping with resistance
welding rods of larger sections are supplied from the
side and cut at side clearance angle. Initially round rods
(Fig. 7) were used but later parallelogram sections were
introduced to reduce the waste of material and grinding
costs (Fig. 8).

The difficulties can arrise in resistance welding
where the material which is pressed to the side needs to
be removed.

After stellite tipping the teeth must be tempered.
Modern machines include this in automatic procedure.

Production practice shows that number of various
forms is reducing towards a limited number of standard
forms and that trapeze section forms are preferred.

Although the stellite forms are expensive their appli-
cation is justified by subsequent costs such as reduced
consumption of stellites, up to 60 % shorter sharpening
times and lower consumption of abrasive tools.

4. PRODUCTION TECHNOLOGY FOR ADDITIVE MATE-
RIALS IN STELLITE TIPPING

Stellite rods can be produced by two different tech-
nologies:

— Horizontal Continuous Casting (HCC), (Fig. 9);
— Powder Metallurgy (PM).

Almost all round section rods are produced by HCC
while form stellites on the other hand were until now
produced only by PM.

The first samples of form stellites produced in pilot
plant MILPP represent a new technology and are now
tested by users. The initial results show that this tech-
nology will be introduced in practice as complementary
rather then competitive to the existing PM technology.
The PM form stellites can not be replaced by HCC for
special applications and chemical compositions but for
common stellite tipping at lower price level and larger
quantities an additional market can be opened for the
HCC form stellites.
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— manj5o porabo stelitov

— do 80 % krajsi ¢as brudenja, ker sta prosti in cepilni
kot zoba ze podana in

— manj$o porabo brusnih plos¢.

4. TEHNOLOGIJA IZDELAVE DODAJNIH MATERIALOV
ZA STELITIRANJE ZOB

Za proizvodnjo stelitnih palic sta v uporabi dve osno-
vni tehnologiji:

— horizontalno kontinuirno litje (HCC),
— metalurgija prahov (PM).

Skoraj vse okrogle palice za stelitiranje so izdelane
po HCC tehnologiji (slika 9).

Za proizvodnjo form-stelitov v glavnem prevladuje
metalurgija prahov.

Prvi vzorci HKL-formstelitov iz pilotne proizvodnje
MIL-PP predstavljajo novost in so Ze na preizkusanju v
uporabi. Po prvih izkusnjah pricakujemo, da se bo upo-
raba HKL-formstelitov v praksi uveljavila bolj kot po-
membna dopolnitev in ne toliko kot konkurenéna akter-
nativa dosedanjega asortimetna formstelitov, izdelanih
po tehnologiji metalurgije prahov. Cenejsi HKL-formsteli-
ti bodo omogodili Sirso uporabo te tehnologije stelitira-
nja, PM-formsteliti pa bodo 3e naprej nepogresljivi za
specialna podrocja uporabe.

5. ASORTIMENT ZLITIN ZA STELITIRANJE ZAG

Ker gre pri stelitiranju za tipiéno interdisciplinarno
podroc¢je med metalurgijo, lesarstvom. strojnistvom in
kemijo (korozijo) je prav, ¢e na kratko predstavimo sicer
poznane vrste in specifitne lastnosti kobaltovih zlitin
pod skupnim imenom “steliti”. Tudi nekaj primerov mi-
krostruktur stelitov iz HKL in PM tehnologije zanimivo
prikazuje znacilnosti teh posebnih zlitin in obeh postop-
kov.

Skupina stelitov obsega zlitine s precej Sirokim ob-
mocjem variacij kemijske sestave. Skupna znacilnost
vseh stelitov je osnovna sestavina, kobalt, Dodatki dru-
gih kovin v razliénih kombinacijah vplivajo na znacilne
mehanske lastnosti, in s tem tudi neposredno na obstoj-
nost proti obrabi ter na odpornost proti koroziji, ki je pri
rezanju svezega lesa izredno pomembna.

Zilavost stelitov, ¢eprav slaba, je mnogo boljsa od iz-
redno krhkih WC-trdin.

Lastnosti stelitov so dobro obstojne tudi pri povisa-
nih temperaturah.

Steliti se odlikujejo z nizkimi koeficienti trenja.

Tabela 1: Kemijska sestava in trdota preizkusanih zlitin

5
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Slika 9
Shema postopka horizontainega kontinuirnega litja (HKL)
tankih palic.

Fig. 9
Scheme of the proces for horizontal continuous casting (HCC)
of thin rods.

5. ASSORTMENT OF ALLOYS FOR STELLITE TIPPING

Since development of stellite tipping requires inter-
disciplinary cooperation between metallurgists. mechan-
ical and chemical (corrosion) engineers and woodcut-
ting experts it is appropriate to recall well known pro-
perties, chemical compositions (Tab. 1} and hardness of
typical grades for this application. Some typical micros-
tructures of stellites produced by HCC and PM technol-
ogies are also presented for comparison.

All stellites are cobalt based. They form a group of al-
loys with a wide variety of chemical compositions which
determine their mechanical properties, cutting ability,
abrasive resistance and corrosion which is recently con-
sidered as decisive especially for cutting fresh wood.

Although the toughness of stellites is low it is always
much higher then toughness of tungsten carbide grades
of hard metals.

Many properties of stellites remain almost un-
changed even at elevated temperatures.

The friction caused by stellites is much lower then
friction produced by tungsten carbide grades of hard
metals.

6. METALLOGRAPHY OF HCC- AND PM- STELLITES"

At MIL-PP a modification of standard grade 12 was
introduced with designation MILIT 12 W. A metallogra-

Table 1: Chemical composition and hardness of tested alloys

Co % Ni % Cr% W% Si% B % Fe % C% HRC

I. Stiri zlitine primerjane v raziskovainem projektu

FORINTEK CANADA CORP."
I. Four alloys compared in research project by

FORINTEK CANADA CORP."
STELLITE 12 59 - 29 9 - - - 18 47-51
STELLITE 20 45 — 33 18 — — — 25 55-59
DELORO 50 — 77 10 — 4 15 4 04 49-52
DELORO 60 - 70 15 - 45 3 45 05 59-62
Il. Druge zlitine, uporabljane za rezanje lesa
Il. Other alloys. applied in wood cutting
STELLITE 1 54 - 30 12 - - — 25 51-58
STELLITE 6 65 — 28 4 - - — 1.1 39-43
(STELLITE F) 39 22 25 12 — — — ) AT 40-45
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6. METALOGRAFIJA HKL- IN PM-STELITOV'

MIL-PP je za stelitiranje Zag razvil specialno HKL va-
rianto stelita pod imenom MILIT 12 W s posebno kemij-
sko sestavo. Za ilustracijo prikazujemo nekaj metalo-
grafskih posnetkov HKL-palice @03,2 mm v surovem li-
tem stanju.

Sliki 10 A in B prikazujeta znacilno povrino HKL pa-
lice, posnete z rasterskim elektronskim mikroskopom
(REM). Vidi se sled koraka, katere globina znasa popre-
éno 0,1 mm.

Slika 10
Povréina HKL-palice @03.2 mm - Kobaltove zlitine MILIT 12W
(A - REM 20x. B - REM 100x)

Fig. 10
Surface of HCC-rod &03.2mm - Co base alloy grade MILIT
12W (A - SEM 20x, B - SEM 100x).

Slika 11
Znatilna strjevalna mikrostruktura HKL palice @032 mm -
MILIT 12 W - v litem stanju
[A-preéno 200x; B-vzdolzno na sredini preseka 200x)

Fig. 11
solidificatton  microstructure of
@032mm - MILIT 12 W - as cast
A - transverse 200x, B - longitudinal in the middle of section
200x).

Characteristic HCC-rod

Naslednji dve sliki 11 A in B kaZeta mikrostrukturo
Istega vzorca na preénem in vzdolznem preseku. Znaéil-
Na strievalna mikrostruktura dendritnega tipa s primarni-
mi in sekundarnimi vejami je izredno fina, kar Je posebna
prednost HKL-tehnologije.

~ Nov specialni postopek termomehanske konsolidaci-
je HCC palic'?, ki ga razvija MIL-PP v okviru posebnega
Projekta specializacije proizvodnega programa kobalto-
vih zlitin za stelitiranje 2ag v lesni industriji, obeta Se do-
datne kakovostne prednosti

Za razliko od tipiéne mikrostrukture HKL vzorcev vi-
dimo na naslednjin slikah 12 A, B in C mikrostrukturo
PM-vzorca paralelogramskega preseka, ki je bil izdelan
PO tehnologiji metalurgije prahov. O¢itna je znacilna po-
razdelitey karbidov v matrixu,

Slika 13 prikazuje znacilnosti porazdelitve elementov
mMed osnovo in karbidi PM form-stelita

Slika 12
Znacilna mikrostruktura paralelogramskega formstelita izdela-
nega po tehnologiji metalurgije prahov
(A - pov. 200x. B - pov. 500x, C - REM 2000x. D - REM 5000x, E
- pov. 200x ob ostrem kotu paralelograma)
Fig. 12
Characteristic microstructure of parallelogram formstellite pro-
duced with powder metallurgy
{A - magn. 200x, B - magn. 500x, C - SEM 2000x, D - SEM
5000x, E - magn. 200x at the sharp angle of parallelogram)

phic illustration of HCC stellite ©@03.2mm in as cast
condition made by scanning electron and optical micro-
scope is presented in figures 10 and 11, respectively.

The depth of witness mark on the surface of HCC
rods is usually 0.1 mm. The solidified microstructure of
dendritic type with primary and secondary branches is
very fine which is characteristic for HCC technology.

A new thermomechanical consolidation of HCC rods
is being developed by MIL-PP and is expected to enable
improved quality of stellites for tipping of saws.

A typical microstructure of PM form stellite with par-
allelogram cross-section is presented in Fig. 12 with
optical and SEM photographs where characteristic dis-
tribution of carbides in the matrix is evident

In Fig. 13 presence of chemical elements in the ma-
trix and car- bides of PM form stellite is presented,

7. COMPARATIVE RESEARCH' ©

The research and development center FORINTEK
CANADA CORP. published resuits of a comprehensive
research which had a decisive influence on further de-
velopment of stellite tipping for woodcutting.
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Slika 13

Elektronska slika in prisotnost elementov v osnovi in karbidih
PM form-stelita.

Fig. 13

Electron picture and distribution of elements in the matrix and
carbides of PM form-steliite.

7. PRIMERJALNE RAZISKAVE'?

V laboratorijih raziskovalno-razvojnega centra FO-
RINTEK CANADA CORP. so opravili obsezne raziska-
ve", ki so odlocilno vplivale na nadaljnji razvoj stelitiranja
Zag v lesni industriji.

V prvi seriji poskusov so primerjali §tiri zlitine odpor-
ne proti obrabi pri Zaganju svezega lesa. (Tabela 1)

Na sliki 14 je prikazan nacin merjenja otopitve rezal-
nega roba s fotomikroskopijo''.

Glede na otopitev rezalnega roba je dal najboljse re-
zultate nanos zlitine stellite 12 (slika 15").

Otopitev zob po 35 km reza, kar ustreza priblizno 4
uram Zaganja, je bila pri jeklenih zobeh kar dvanajstkrat
vecja kot pri stelitiranih z zlitino stellite 12. Se pomemb-
nejSa je ugotovitev, da so jekleni zobje dosegli Ze po
1 km reza ali 6 minutah tako stopnjo otopitve kot steliti-
rani zobje po 35 km reza ali 4 urah Zaganja

Krivulja obrabe pri jeklu za Zzage kaZe, da so stan-
dardni zobje 2age Ze po eni uri rezanja moéno obrablje-
ni. Zaradi zmanjsevanja zastojev je Zal kar obicajno, da
se s tako otopelimi zobmi Zaganje nadaljuje. Posledica
tega je slaba kvaliteta povréine rezanega lesa, neenako-
merna debelina in neto¢nost reza ter seveda moéno po-
vecana poraba energije.

Obe zlitini na osnovi niklja DELORO 50 in 60 po ugo-
tovljenih rezultatin ne moreta konkurirati zlitini stellite 12

Zlitine stellite 20 Ze zaradi slabih rezultatov uporabe
na Zzagi z meritvami v laboratoriju sploh niso preizkusali

Cepilni kot
Rake angle

Prosti kot
Clearance angle

Slika 14"
Meritev otopitve na zcbu Zage
Fig. 14"
Measurement of culting edge retreat on saw tooth
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Slika 15"
Otopitev konvencionalnih in obloZenih zob na Zagah
Fig. 15"

Dulling of conventional and tipped saw teeth

In the first set of experiments four grades of abra-
sion resistant alloys for cutting fresh wood were tested
(Tab. 1).

In Fig. 14 a method for measuring dulling of cutting
edge with photomicroscopy is presented’

The best results with respect to dulling of tooth cut-
ting edge were obtained by tipping of stellite grade 12
(Fig. 15)

The dulling of teeth after cut length of 35 km. which
corresponds to approximately 4 hours of sawing. was
measured for saw steel and stellite 12. The value of cut-
ting edge retreat for saw steel was found to be twelve
times higher than for stellite 12. Even more important is
the observation that the measured dulling of steliite 12
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OTOPITEV JEKLENEGA Z0BA
DULLING OF STEEL TEETH

OTOPITEV TRDOKOVINSKEGA ZOBA
DULLING OF CARBIDE Saw TEETH

Slika 16"
Otopitev jeklenih in trdokovinskih zobWC - volframov karbid, Co - osnova, V - prazen prostor, ki je bil prej zapolnjen s kobaltom.
Fig. 16"
Dulling of saw steel teeth and carbide tips WC - tungsten carbide. Co - matrix, V - emply space, formerly occupied by cobalt.

Zanimiva je ugotovitev. da je obstojnost Zage v veliki
meri odvisna tudi od sposobnosti zlitine na zobeh za
kvalitetno brusenje.

Zakljucek te serije raziskav je bilo priporoéilo upora-
be zlitine stellite 12 za stelitiranje vseh vrst 2ag. ne samo
zato, ker je ta zlitina pokazala najboljSe rezne sposobno-
sti, najbolj5o obrabno in korozijsko obstojnost, ampak
tudi zaradi najboljSega obna$anja pri brusenju. Pri bru-
senju te Zlitine je doseZena najboljsa zadetna ostrina
zob, kar pomembno vpliva na celotno izdrzljivost Zage.

V drugi seriji posebnih laboratorijskih poskusov z na-
tanénimi meritvami so primerjali obrabo rezalnega roba
zZlitine stellite 12 z dvema vrstama karbidnih trdin in s
standardnim jeklom za Z2age. Raziskave so opravili za tri
tipicne vrste lesa. Pri teh poizkusih je bila dolZina reza
80 km, kar ustreza normalno Zaganju 7-8 obratovalnih ur.

Slika 16" shematicno prikazuje znaéilnosti otopitve
na rezalnem robu jeklenega oziroma trdokovinskega zo-
ba Obraba oziroma otopitev stelitiranih zob je po meha-
nizmu podobna jeklenim zobem.

Stelitirani zobje so pokazali v primerjavi z obema kar-
bidnima trdinama (volframov karbid - 6 % Co in volfra-
mov karbid - 18 % Co) najmanjSo obrabo in bistveno
bolj$o vzdrzljivost. To pomeni, da imajo stelitirane Zage
precejSnje prednosti pred trdokovinskimi, posebno pri
rezanju svezega lesa in pri tankih rezih. Ta raziskovalna
ugotovitev je bila potrjena tudi v industrijski praksi Zaga-
nja zadnjih let. Korozijska odpornost zlitine in spoja z
osnovo v veliki meri ugotovitev dodatno pojasnjuje. Ki-
slinski ekstrakti svezega lesa napadajo kobalt v osnovni
masi in s tem poslabsajo odpornost proti izpadanju vol-
framovih karbidov.

Stelitirane zage bodo pri rezanju sveZega lesa popol-
noma izpodrinile Zage s trdokovinskimi zobmi.

Trdokovinske 2age se bodo e naprej obdrzale v po-
histveni in drugi finalizacijski lesni industriji. Tudi tam ima
zaradi problemov odpadanja trdokovinskih ploséic pri
velikih hitrostih ter ob udarnih obremenitvah na zob vez
med oblogo zoba in osnovno kovino, ki jo dosezemo pri
stelitiranju doloéene prednosti v primerjavi z nalotano tr-
do kovino.

8. POVZETEK PREDNOSTI STELITIRANJA ZAG
(a) v primerjavi z uporabo standardnih jeklenih Zag:

— Rezna zmogljivost stelitiranih 2ag je v primerjavi z Za-
gami z razperjenimi zobmi vecja, ker reze vsak zob
na obeh straneh

= Hitrost pomika se lahko poveca do 30 %.

= Povecana obstojnost rezalnega roba zob in zmanjsa-
nje zastojev

at 35 km is reached by saw steel already after first ki-
lometre of cut length which corresponds to approxi-
mately six minutes of sawing.

Thus the dulling of saw steel teeth is very intensive in
initial stages so that sawing after few kilometres of cut
length Is performed by relatively dull teeth which cause
bad surface quality of cut wood. nonuniform thickness
and increased energy consumption.

The stellite 12 was found to be superior in comparis-
on to stellite 20 and both nickel base alloys which were
considered in these dulling tests.

On the basis of this comparative research a conclu-
sion was made that stellite 12 is highly recommended for
all types of saws not only because of its best cutting
ability, abrasion and corrosion resistance but also be-
cause of its best grindability which enables good sharp-
ening of teeth.

In the second set of laboratory experiments the stel-
lite 12 was compared with two grades of tungsten car-
bide hard metals for three typical sorts of wood. In these
tests a cut length of 80 km was considered.

In Fig. 16 the mechanism of dulling is schematically
illustrated and compared between saw steel and hard
metal. The dulling mechanism of stellite teeth is similar
to that of saw steel.

The results obtained by stellite tipped teeth were
better then both tungsten carbide grades with 6 % and
18 % of cobalt. Stellite tipped saws are superior to hard
metal saws especially for cutting fresh woods and thin
cut. This was also confirmed in practice. The corrosion
resistances of stellite 12 and its welding junction are
both better than tungsten carbide grades and their sol-
dering junctions. The acid extracts of fresh wood are
chemically interacting with cobalt matrix and in this way
badly influence the resistance of carbides against separ-
ation from cobalt matrix.

Stellite tipped saws will replace hard metal saws in
cutting fresh wood while they will retain their position in
furniture and other finalising industries employing treat-
ed woods. However, even in these applications the stel-
lite tipping has certain advantages especially in the case
where high speed cutting causing high impact loads is
present,

8. SUMMARIZED ADVANTAGES OF STELLITE
TIPPING

(a] Advantages with respect to conventional steel

saws:

— The steliite tipping enables higher cutting productivi-
ty with respect to the saws with teeth setting;

— The cutting speed can be up to 30 % higher,
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— Manjsa hrapavost povrsin rezanega lesa in vecja na-
tanénost reza po daljSem trajanju Zaganja. Poveéan
je izplen rezanega lesa.

— Zmanjsanje potrebne energije. Pri standardnih jekle-
nih Zagah se poraba moci po Stiriurnem Zaganju v
povprecju poveca za 15 %, pri uporabi stelitiranih Zag
pa samo za 1,5 %.

— Ostrenje zag je bolj ekonomiéno in poraba Zagnih
trakov ali diskov je manj3a.

— Poprecni proizvodni stroski Zaganja so manijsi.

Vse nastete prednosti se doseZejo v glavnem brez
povecanja stroskov, ker se stroski stelitiranja skoraj
v celoti izravnajo s tem, da ni ve¢ potrebno delo z na-
kréevanjem in razperjanjem zob.

(b) v primerjavi z uporabo trdokovinskih zag:

— Povecana obstojnost rezalnega roba zob.

— IzboljSanje mozZnosti za Zaganje s tanjSim rezom.
Varjeni spoj med stelitom in nosilnim jeklom je v
splosnem precej trdnejsi od lota med karbidno trdino
in jeklom.

— Konice stelitov so manj obcutljive za poskodbe in na-
stale poskodbe se dajo lazje popravljati.

— Stroski brudenja so nekoliko manjsi, zaradi moznosti
uporabe cenejsih plos¢.

— Nizja cena stelitnih konic.

Poraba ¢asa in stroski dela za trdokovinske ali stelit-
ne konice zob v praksi ne predstavljajo pomembnih
razlik.

(c) nekaj dodatnih razlogov za uvedbo stelitiranja Zag

— Rezanje trdih in zelo neenakomerno rastocih lesov
(exotov) in lesov z mineralnimi vkljucki je mogoce sa-
mo s stelitiranimi Zagami.

— V zadnjem ¢asu se je izkazalo, da prinasa stelitiranje
velike prednosti tudi pri rezanju mehkih lesov.

— Z relativno majhnimi dodatnimi ukrepi za stelitiranje
se dosezejo veliki ekonomski uspehi.

9. ZAKLJUCEK

Stelitiranje 2ag moéno podaljSuje Zivlijensko dobo
zob in ima posebno pri Zaganju nesusenih lesov po-
membne prednosti pred vsemi danes razpoloZljivimi na-
€ini zmanjSevanja obrabe, vkljuéno z oblaganjem zob s
trdokovinskimi konicami. Tehnologija stelitiranja omogo-
¢a precejsnje zmanjSanje proizvodnih stroskov ob isto-
&asnem povedevanju produktivnosti in izboljSanju kako-
vosti. Nabava potrebne opreme za stelitiranje se v vecini
Zagarskih obratov amortizira v kratkem ¢asu.

Zelo priporoéljivo tehni¢no, kvalitetno in ekonomsko
resitev predstavija organiziranje servisnih centrov za
stelitiranje in ostrenje vseh vrst Zag.

Nadaljnji razvoj na podrocju stelitiranja zag bo
usmerjen v kompletiranje proizvodnih programov kobal-
tovih zlitin s posebnim poudarkom na specializaciji po-
nudbe, pri ¢emer bo imelo optimiranje sestave zlitin za
dolo¢ena podroéja in namene uporabe prav gotovo vse
vecji pomen.

— The life time of cutting edge is longer and therefore
enables reduction of interruptions in the production:

— A low cut roughness and narrow tolerances can be
retained for a longer time;

— The yield of wood is higher;

— The energy consumption and power requirements
are lower,

— The increase of power consumption in first four
hours is approximately 15 % for steel saws and 1.5 %
for stellite tipped saws;

— The sharpening of teeth is more economic and con-
sumption of saw bands or discs is lower;

— The average production costs are lower.

All above mentioned advantages can be achieved
without additional costs because stellite tipping cost are
comparable to the costs related to swagging and setting
of conventional steel saws.

(b) Advantages with respect to hard metal saws:

— The life time of cutting edge of teeth is longer;

— A better possibility for sawing with thin cut because
the welded stellite junction is stronger than soldered
hard metal junction;

— The stellite tips are less sensitive to damages and
can be easier repaired;

— The sharpening costs are lower because cheaper
grinding plates can be used;

— The price of stellite tips is lower.

The time consumption and labour costs for hard me-
tal and stellite tipping are approximately the same.

(c) Some additional reasons for introduction of stellite

tipping

— The sawing of certain hard and irreqularly grown
woods (exots) and woods with mineral inclusions is
often possible only with stellite tipped saws;

— Recent production experience confirms advantages
of stellite tipping also for cutting soft woods,

— With modest investments for stellite tipping relatively
high savings and improvements can be achieved.

9. CONCLUSION

The stellite tipping of saws enables longer life time of
teeth and has many advantages especially in sawing un-
treated woods. It is superior to all today known ap-
proaches for reduction of teeth wear including hard me-
tal tipping. The technology of stellite tipping enables
considerable lowering of production costs while at the
same time quality and productivity are improved.

It is expected that stellite tipping and sharpening will
be organized in servicing centers. Further developments
in stellite tipping will be aimed to an optimized assort-
ment of alloys and forms of products for specialized ap-
plications.
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Faktor mejne intenzitete napetosti pri pocasnem natezanju
navodicenega jekla z visoko trdnostjo

Threshold Stress Intensity Factor at Slow-Strain-Rate Tension of
High-Strength Hydrogen-Charged Steel

B. Ule', F. Vodopivec', L. Vehovar' and L. Kosec?

Konstrukcijska jekla z visoko trdnostjo in visoko na-
petostjo tecenja se vedno bolj uporabljajo celo za izde-
lave manj zahtevnih strojnih delov. Zaradi razmeroma
nizke Zilavosti tovrstnih jekel in siabo izraZenega preho-
da v krhko stanje postajajo toliko pomembnejse njihove
lomne znacilnost.

Na izgubo lomne duktilnosti mocno vpliva zlasti vo-
dik v jeklu, ¢eprav pri tem ne uéinkuje bistveno na nape-
tost tecenja. Poslabsanje lomne duktilnosti pa je izrazito
le pri po¢asnem natezanju navodicenega jekla, medtem
ko ga pri konvencionainem nateznem preizkusu skoraj
ne zaznamo. Male koncentracije vodika v jeklu z visoko
trdnostjo torej ne vplivajo na lomno Zilavost takénega je-
kla, pec¢ pa imajo za posledico pojavijanje faktorja mejh-
ne intenzitete napetosti.

1. UVOD

Ena od znanih oblik porusitve jekel z visoko trdnost-
jo je tako imenovani zapozneli lom stati¢no obremenje-

T T
trdnost ob zarezi (na zroku)

3
e =
v g
g 12
. £
iniciranje 1T e
W | rosti razpoke v
° =
&l Kmq &
° '~
g | :

A i

102 103 0t
Cas (min)
Slika 1:

Tipi€en zapis pojava zapoznelega loma na nateznem preizku-
ancu 2 zarezo, obremenjenem s konstantno obremenitvijo. Za-
Pis velja za vodieno jeklo, vrisana pa je tudi trdnost ob zarezi
2a jeklo brez vodika (preizkusano na zraku) /lit. (1)/.
: Fig. 1:
Typical celayed-failure phenomenon for hydrogen-charged
notched tensile specimens at constant load.
The notch tensile strength of uncharged steel (measured in air)
is also shown (Ref. 1)

The use of structural steels with high-tensile and
high-yield strength is increasing even in the manufacture
of less demanding machine parts. Because of their rela-
tively low toughness and poorly expressed transition in-
to brittle state, their fracture properties are of major im-
portance.

The decrease in fracture ductility is in particular
strongly influenced by hydrogen content in steel, al-
though hydrogen does not essentially affect its yield
strength. However, the deterioration of fracture ductility
is distinctive only at slow-strainrate tension of hydrogen-
charged steel, whereas it practically cannot be detected
in a conventional tensile test. Consequently, the low
concentration of hydrogen in high-strength steel does
not influence its fracture toughness, but results in the
appearance of a threshold stress intensity factor.

1. INTRODUCTION

Delayed fracture caused by stress-induced hydrogen
segregation is one of the known types of fracture of
high-strength steel. This problem is characterised by the
nucleation of a microcrack, which then grows until it
achieves a critical size, resulting in an abrupt fracture
(Fig. 1). The incubation period, as well as the delayed
time to failure occurrence, are prolonged with the de-
crease in load until, at a sufficiently low load, the delayed
failure does not occur. Therefore, we can speak of
threshold of applied stress or threshold stress intensity
factor K., which can be considerably lower than the cri-
tical stress intensity factor or fracture toughness K- of
steel. In the case of hydrogen embrittlement the thresh-
old stress intensity factor is likewise denoted as K.

The threshold stress intensity factor is inversely pro-
portional to the hydrogen concentration in steel, which
leads to the idea that the mutual effect of hydrogen and
applied stress provokes the nucleation of microcracks.
It was also found that the incubation period strongly de-
pends on the hydrogen concentration in steel, while the
effect of the applied stress magnitude is coniderably
lower.

Since the effect of hydrogen on the mechanical pro-
perties of high-strength steel is manifested by the de-
creased fracture ductility at slow-strain-rate tension and
since such decrease depends on crack nucleation as
well as on crack propagation, it is therefore logical that a
slow-strain-rate tension test will by all means prove to

“Institut za kovinske materiale in tehnologije, Lepi pot 11,
> 61000 Ljubljana
F IXUIteta za naravosiovje in tehnologijo, Oddelek za montani-
stiko, 61000 L jubljana

* Institute of metals and Technology. Lepi pot 11, 61000 Ljub-
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nega jekla, ki je posledica napetostno induciranega se-
gregiranja vodika v jeklu. Pri tem pojavu pride najprej do
iniciiranja prve mikrorazpoke, ki nato pocasi raste, vse
dokler ne doseze kriticne velikosti, kar povzroéi hipno
porusitev (sl. 1)". Inkubacijski ¢as kot tudi cas do loma
se podaljsujeta z znizevanjem statiéno delujoce obreme-
nitve, vse dokler pri neki dovolj nizki obremenitvi zapoz-
neli lom izostane. Govorimo torej lahko o pragu delujoce
napetosti oziroma o faktorju mejne intenzitete napetosti
K, (threshold stress intensity factor), ki je lahko tudi ob-
&utno nizji od faktorja kriticne intenzitete napetosti, to je
od lomne Zilavosti jekla K,.. V razmerah vodikove krhko-
sti oznacimo faktor mejne intenzitete napetosti tudi kot
K-

Z znizanjem koncentracije vodika v jeklu se faktor
mejne intenzitete napetosti zvisuje, kar napeljuje na mi-
sel, da je porajanje mikrorazpok posledica vzajemnega
uéinkovanja vodika in delujoce napetosti. Ugotovili so tu-
di°, da je inkubacijski ¢as zelo odvisen od koncentracije
vodika v jeklu, le malo pa od velikosti delujoCe napetosti.

Ker se ucinek vodika na mehanske lastnosti visoko-
trdnega jekla manifestira z izgubo lomne duktiinosti pri
po&asnem natezanju in ker je lomna duktilnost jekla od-
visna tako od porajanja kot tudi napredovanja razpok, je
logi¢no, da bo pocasni natezni preizkus vsekakor pri-
mernejsi za ugotavljanje vpliva vodika na lastnosti jekla
kot pa konvencionalni natezni preiskus. Ce je hitrost de-
formacije pri natezanju tako velika, da pride do loma v
éasu, ki je krajsi od inkubacijskega ¢asa, u€inek vodika
na lastnosti jekla ne bo zaznaven.

Poleg statiénih preizkusov s konstantno obremenitvi-
jo (static delayed failure test) se za doloCevanje obcutlji-
vosti jekla za lom, induciran z vodikom, $e najve¢ upora-
blja natezni preizkus s cilindri¢nimi preizkusanci z zare-
zo po obodu. O tem pri¢a opis Pollockove metode v
reviji Metals Progress®, Pollock doloca obcutljivost jekla
za lom, induciran z vodikom, z merjenjem sile loma cilin-
driénih preizkusancev z zarezo po obodu pri hitrosti na-
teznaja 2 x 10 mm s~'. Trdnost zarezanega preizkusan-
ca je namre¢ v tak3nih primerih manjsa od trdnosti glad-
kega, kar neposredno odseva izgubo duktilnosti zaradi
ucinkovanja vodika.

V strokovni literaturi je opisanih Se vec¢ razliénih naci-
nov kvalitativnega dolocevanja ob&utljivosti jekla za lom,
induciran z vodikom, ki pa vsi temeljijo v glavhem na
enostavnem merjensju stopnje poslabsanja kontrakcije
pri natezanju jekla®".

Ker dolo¢evanje faktorja mejne intenzitete napetosti
K. le na osnovi rezultatov nateznega preizkusa v litera-
turi Se ni ustrezno obdelano, smo raziskali resitev tega
problema. Izkoristili smo merljivo poslabsanje lomne
duktilnosti jekla pri poéasnem natezanju kot nadomest-
ku za dolgotrajni staticni natezni preizkus pri konstantni
obremenitvi. Ob tem smo upos$tevali hipotezo, po kateri
poslabsanje lomne duktilnosti pri po¢asnem natezanju
dejansko potrjuje obstoj faktorja mejne intenzitete nape-
tosti, e se lomna Zilavost takSnega jekla - merjena pri
obicajnih hitrostih natezanja - le malo ali pa sploh ne
spremeni.

Razvoj in teoreticna utemeljitev te metode omogoca-
ta dolocanje faktorja mejne intenzitete napetosti kar na
osnovi rezultatov nateznega preizkusa, s tem pa je dolo-
éevanje obdutljivosti jekla za lom, induciran z vodikom,
bistvenc bolj objektivno, kot je pri sedaj uporabljanih
metodah

2. TEORETICNI DEL

Vodik je v Zelezu v atomarni obliki bodisi na intersti-
cijskih mreznih mestih bodisi vezan v vecji ali manjsi me-

be more convenient in determining the influence of hy-
drogen on steel properties than a conventional tension
test. If the deformation rate at tension is so iarge that
failure occurs in a period shorter than the incubation
one, the influence of hydrogen on the properties of steel
will not be cognizable.

Besides static test at constant load (static delayed
failure test), the tension test on cylindrical specimens
with a circumferential notch is more frequently used for
the determination of hydrogen induced fracture of steel
This is evident in the description of Pollock s method in
Metals Progress”. Pollock determines the sensitivity of
steel to hydrogen-induced fracture by measuring the
fracture load at a crosshead speed of 2x 10~ mm s’
using cylindrical notched tensile specimens. In this case
the strength of notched specimens is lower than that of
smooth specimens, which directly reflects the decrease
of ductility due to the effect of hydrogen.

Many more methods for qualitative determination of
hydrogen induced fracture of steel have been described
in professional literature. However. all of these are main-
fy based on the measurement of the decrease of reduc-
tion of area at tension test of steel® °. Since the determi-
nation of threshold stress intensity factor Ky, only on the
basis of the results of a tensile test has not been ade-
quately treated in literature, our attempts were aimed at
finding a solution to this problem.

Instead of a long-term static test at constant load,
we used the slow-strain-rate tension test for determin-
ing the measurable decrease in fracture ductility of
steel. We followed the hypothesis that the decrease in
fracture ductility at slow-strain-rate tension test actually
confirms the existence of a threshold stress intensity
factor if the fracture toughness of such steel - measured
at conventional strain rate - changes only slightly or
doesn’t change at all.

The development and theoretical justification of this
method prove its usefulness in determining the thresh-
old stress intensity factor on the basis of results at-
tained in a tensile test. In this way, the determination of
steel sensitivity to hydrogeninduced fracture is essen-
tially more objective than in currently used methods.

2. THEORY

Hydrogen is present in iron either at interstitial sites
at the lattice or bound as trapped hydrogen to different
discontinuities of the cristall lattice - “traps” - and thus
referred to as trapped hydrogen. Some hydrogen in mo-
fecular form is always found in the microvoids as weil.
The partial molal volume of hydrogen in iron as well as in
most other metals is surprisingly high (appr. 2 cm®*/mol
of hydrogen or 0,33 nm°/atom)®®. This resuits in a
strong interaction between hydrogen intersticials in the
cristal lattice and elastic-stress fields of the loaded me-
tal lattice.

A thermodynamic analysis of this process, based on
the assumption that hydrogen is a completely mobile
component, was performed by Li, Oriani and Darken®,
who found the following relation:

u — uo= o, E;av (1)

The distortion field around the hydrogen atom is de-
scribed by the deformation tensor E,; p, is the stress
tensor which determines the stress state originating
from external loads acting on cristal lattice. u, is the
chemical potential of hydrogen in the absence of exter-
nal stress, while u represents the chemical potential of
hydrogen under external stress. The difference between
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ri na razliéne diskontinuitete kristalne mreze, ki jih ime-
nujemo s skupnim imenom pasti in od tod v pasteh ujeti
vodik (trapped hydrogen). Nekaj vodika je v Zelezu ved-
no tudi v porah v molekularni obliki. Parcialni molski vo-
lumen vodika v zelezu in veéini drugih kovin je presenet-
livo velik (pribliZno 2cm®/mol vodika, oziroma
0,33 nm*/atom)®®. Posledica tega je mocna interakcija
med vodikovimi intersticijami v kristalni mrezi ter polji
elastiénih napetosti v obremenjeni kristalni mrezi kovin.

Li, Oriani in Darken®, so s termodinami¢no analizo te-
ga problema, pri ¢emer so vodik v Zelezu obravnavali kot
povsem mobilno komponento, prisli do izraza:

u—uy=o, Edv (1)

Deformacijski tenzor E, opisuje deformacijsko polje
okrog intersticijskega atoma vodika, puo, je napetostni
tenzor, ki opredeljuje napetostno stanje, izvirajoc¢e od
zunanje mehanske obremenitve kristalne mreze. Z y, je
v zgornjem izrazu (1) oznac¢en kemijski potencial vodika
v neobremenjeni kristalni mrezi kovine, u pa je kemijski
potencial vodika v mehansko obremenjeni mreZi kovine.
Razlika potencialov je zato enaka delu, ki je potrebno za
vgnezdenje intersticijskega vodika v polje delujocih na-
petosti,

Gradient napetosti torej povzroci gradient kemijske-
ga potenciala vodika, le-ta pa predstavija gonilno silo za
difuzijo intersticijsko raztopljenega vodika. Rezultat tega
je segregiranje vodika v neenakomernem polju napeto-
sti: vodik se zaradi reverzibilne dilatacije kristalne mreze
s pripadajo¢o pozitivho spremembo volumna, ki sprem-
lla vgnezdenje vodikovih intersticij, koncentrira v po-
dro¢jih previadujocih nateznih napetosti, medtem ko se
podrogja s previadujo&imi tlaénimi napetostmi z vodikom
osiromasijo. Prerazporejanje vodika v obremenjeni kri-
stalni mreZi poteka tolike Casa, dokler ni dosezena v
vseh toékah mreZe ravtezna koncentracija vodika, dolo-
¢ena z izrazom:

[H] = (H], exp ";:—J—Ti" 2)

pri ¢emer je [H], koncentracija enakomerno porazdelje-
nega vodika v neobremenjeni kristalni mreZi.

Ce upostevamo le volumsko spremembo v okolici
vrinjenih vodikovih atomov, lahko izraz (2) zapiSemo v
obliki: i

o Vi
[H]=[Hlo exp =5 (3)
kjer je z o,, oznaena hidrostatiéna komponenta nape-
tostnega tenzorja (o, = 1/3 (o, + o, +a;), V, pa je parci-
alni molski volumen vodika v Zelezu.

Z enacbo (3) je mogoce izracunati koncentracijo vo-
dika v lokaliziranem podro¢ju, na primer v zozenem vratu
nateznega preiskusanca, kjer deluje hidrostaticna nape-
tost a,,,. Ko koncentracija vodika [H] na tem mestu dose-
ze kritiéno vrednost [H].., ko je torej K,=Ky,, moramo
racunati z iniciiranjem mikrorazpok in zapoznelim lomom
jekla. Problem je analiticno resil Gerberich', ki je za fak-
tor mejne intenzitete napetosti izpeljal izraz:

Knu=aL in e gy, — T @)
aVy 2a

pri tem ima « eksperimentaino ugotovijeno vrednost
2/5mm'Z,

Odvisnost (4) je eksperimentalno dobro potrjena,
vendar pa pri napetostih teenja, ki so niZje od
1200 MPa, pogosto prihaja do neujemanja med enacbo
(4) in rezultati eksperimentov. To neujemanje lahko delo-
ma razlozimo z odvisnostjo razmerja [H]./[H], od nape-
tosti tecenja jekla. Farrell and Quarrell* sta namre¢ ugo-

the potentials is the work needed to place the hydrogen
into the active stress field.

The gradient of chemical potential of hydrogen is
therefore caused by the stress gradient and represents
the driving force for the diffusion of interstitially dis-
solved hydrogen, resulting in hydrogen segregation in
non-uniform stress field. Hydrogen concentrates in the
areas of predominantly tensile stresses due to the rever-
sible dilatations of the cristal lattice with the correspond-
ing volume changes accompanied by the insertion of hy-
drogen interstitials, while the compressively strained re-
gions become impoverished with hydrogen. The redis-
tribution of hydrogen in the strained cristal iattice takes
place until an equilibrium concentration of hydrogen is
achieved in all points of the cristal lattice. This is
expressed by:

[H]=[H], exp‘i,—ﬁar—"l’

where [H], is the concentration of hydrogen, uniformly
distributed within the unstrained cristal lattice.

If only the volume change around the inserted hy-
drogen atoms is considered, the equation (2) may be ex-
pressed as:

2

[H]= [H], exp ""”T‘;V“ (3)

where om is the hydrostatic component of stress tensor
.= 1/3 (o,+ 6,4+ 0.) and V,, is the partial molal volume
of hydrogen in iron.

Equation (3) may be used to calculate the concentra-
tion of hydrogen in a localised area, as for example in
the narrowed neck of tensile specimens with hydrostatic
stress o,

Microcracks nucleation and delayed fracture of steel
can be expected when the hydrogen concentration [H]
in this region achieves the critical value [H].,, i.e. when
K= Ky This problem was solved analytically by Gerber-
ich'®, who expressed the threshold stress intensity fac-
tor in the form of:

RT  [Hl. o
Ky=—s In"=5 ——22 4
"“aVy [H, 2a “
where factor a reaches the experimentally determined
value of 2/5 mm~'~.

The relation (4) is experimentally well confirmed, al-
though some discrepancies can often be observed be-
tween Eq. (4) and the experimental results at yield
strength below 1200 MPa. These discrepancies can be
partly explained by the dependance of the [H]. /[H], ra-
tio on the yield point. Namely Farrell and Quarrell* ascer-
tained that larger concentrations of hydrogen are
needed to produce embrittlement in steel with lower
yield strength, which they expressed with the reiation
[H]..0 1/0,,.

Kim and Loginow11 proved that the content of solu-
ble hydrogen in steel was proportional to the yield
strength, thus [H],0 a,.. If both statements are taken in-
to account this can be written as:

M B
T i

where [ is a constant for specific types of steel with de-
termined hydrogen concentration.

By substituting (5) for (4), we arrive at the well-
known Gerberich equation for threshold stress intensity
factor in its final form:

RYT, B o
Kyy=—=in ——
& aV, o, 2« ()
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tovila, da so ze doseganje krhkosti v jeklih z niZjo nape-
tostjo tecenja potrebne visje koncentracije vodika, kar
sta zapisala kot [H]., e 1/a,,. Kim and Loginow'' pa sta
dokazala, da se v jeklih z v:s]o napetostjo teéenja topi
ve¢ vodika, torej [H],=0,,. Z upostevanjem obeh nave-
denih ugotovitev lahko zapisemo:

M. B )
lHlO pvs
pri cemer je f} konstanta za posamicno vrsto jekla in za
doloceno vsebnost vodika v njem.
Ko substituiramo (5) v (4), dobimo znano Gerberic-
hovo enacbo za faktor mejne intenzitete napetosti v nje-
ni konéni obliki:

Krym DL i B Oe (6)
aV, o, 2a
Ker vodik v jeklu e najbolj vpliva na lomno duktilnost
jekla pri po¢asnem natezanju, je za nadaljnjo teoreticno
analizo smiselno poiskati soodvisnost med lomno Zila-
vostjo K- in parametri nateznega preizkusa. Taksno so-
odvisnost poznamo pod imenom Hahn-Rosenfieldova
korelacija’ ", ki ima naslednjo obliko:

005E, n‘Eo,
K)C - 3 (MPa m‘ 2) (7'

Pri tem je E. lomna duktilnost, ki jo izraunamo iz
znane kontrakcije jekla Z po formuli:

=In[1/(1—2)] (8)

medtem, ko eksponent deformacijskega utrjevanja n iz-
ratunamo iz enakomernega raztezka e, po formuli:

n=In(1+e) (9)

Ker pri obi¢ajnih hitrostih obremenjevanja, kakréne
uporabljamo pri merjenju faktorja kriti€ne intenzitete na-
petosti K., ne zaznamo opaznejSega poslabsanja duktil-
nosti jekla, ki bi ga sicer lahko pripisali vplivu majhnih
koncentracij vodika v jeklu (okoli 1 ppm)* ™, se zdi ute-
meljena hipoteza. da poslabsanje lomne duktilnosti jekla
pri poasnem natezanju dejansko odraza eksistenco
faktorja mejne intenzitete napetosti K-,..

V skladu s to hipotezo bi lahko Hahn-Rosenfieldovo
korelacijo (7) uporabili kar za izracunavanje faktorja Ky,
potem ko bi v enacbo (7) vstavili vrednosti, izmerjene pri
pocasnem natezanju. Ker pa je poznana tudi teoretiéno
izpeljana Gerberichova enacba za K, (6), v kateri je ne-
znana le vrednost f, je mogoce po izenacenju enacb (6)
in (7) vrednost B izraziti eksplicitno:

B av..”/oosl-:.n Eo P
f=0,,ex ]y 2“

Vizrazu (10) so veljavne vrednosti za o, E, ter n, kot
Ze reteno, izmerjene pri poéasnem nateznem preizkusu.

Verificiranje postavlijene hipoteze se bo torej reduci-
ralo na ugotavljanje konstantnosti veli¢ine . ki mora biti
neodvisna od napetosti tec¢enja jekla o, Konstantna
vrednost [} pomeni, da je postavljena hipoteza pravilna in
da s podatki po¢asnega nateznega preizkusa lahko izra-
¢unamo Ky, kar z enacbo (7).

3. EKSPERIMENTALNI DEL

Za eksperimentalno delo smo izbrali jeklo €.4751 2z
naslednjo kemijsko sestavo: 0,38% C, 0,99% Si, 0,38%
Mn, 0,012% P, 0,010% S, 5,19% Cr, 1,17% Mo ter 0,23%
V. Po homogenizacijskem Zarjenju in normalizaciji smo
iz kovanih palic s premerom 16 mm za natezni preizkus

Since hydrogen in steel mostly affects the fracture
ductility at slow-strain-rate tension, it would therefore
seem adequate for further analysis to determine the re-
lation between fracture toughness K- and the parame-
ters of tensile test. Such a relation, known as the Hahn-
Rosenfield correlation’ ", is given by:

005 EmEa,

K= 3 (MPam'?) {7)
where E, is the fracture ductility, calculated from the ac-
tual reduction of area Z using the equation:

=In[1/(1 — 2)] (8)

whereas the strain hardening exponent n can be calcu-
lated from the uniform elongation e, using the equation:

n=In(1+e,) (9)

Since the evident worsening of fracture ductility,
which may be attributed to the small amounts of hydrog-
en in steel (appr. 1 ppm), cannot be detected* ' by con-
ventional strain-rate used in measurements of critical
stress intensity factor K-, it therefore seems that the hy-
pothesis according to which the decreased fracture
ductility at slow-strain-rate tension reflects the exis-
tence of threshold stress intensity factor is justified.

In accordance with this hypothesis, the Hahn-Rosen-
field correlation (7) could be used for the calculation of
Ky, after the values measured at slow-strain-rate have
been inserted into equation (7). Since Gerberich s theor-
etically developed equation for K. (6] is also known (f}
being the only unknown value). it is therefore possible to
express the value of fi explicitly after the balance of Eq.
(6) and (7).

(10)

0,05 E, n“ Eo,
= o,.exp"v l _"—"}+-c—’l1

2ua

As already ment/oned. the relevant values of o,,, E,
and n in Eq. (10) are measured in a slow-strain-rate ten-
sion test.

The verification of the postulated hypothesis will thus
be reduced to the measurement of constancy of the [i
value, which has to be independent of the yield stress
o,. of steel. The constant [} value means that the hypo-
thesis is correct and that K., can be calculated using the
Eq. (7) on the basis of slow-strain-rate tensile test data.

3. EXPERIMENTAL

Steel C.4751 containing (wt-%) 0.38% C. 0,99% S,
0,38% Mn, 0,012% P, 0.010% S, 5.19% Cr, 1.17% Mo and
0.23% V has been chosen for experimental work. Cylin-
drical tensile specimens with a diameter of 10 mm,
gauge length of 100 mm and total length of 250 mm
were machined from the forged rod after it had been
homoneously annealed and normalized. Specimens
were thermally treated in a vacuum annealing furnace
They were austenitised at 980°C for a short period,
quenched in a flow of gaseous nitrogen and then tem-
pered at temperatures of 620°C, 640°C and 670°C re-
spectively. Thus. three separate and distinct classes of
yield strength - 1220 MPa, 1020 MPa and 900 MPa re-
spectively were achieved.

The cathodic charging of thermally treated tensile
specimens was carried out for 1 hour in 1 N sulfuric acid
al a current density of 0.3 mA/cm?. The experimental
set-up for cathodic polarisation of tensile specimens. as
shown in Fig. 2. is composed of a potentiostat and cor-
rosion cell with electrodes.
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izdelali 250 mm dolge cilindriéne preiskusance s preme-
rom 10 mm in dolZino 100 mm. Preiskusance smo toplot-
no obdelali v vakuumski Zarilni peéi, tako da smo jih po
kratkotrajni austenitizaciji pri 980°C kalili v toku plinaste-
ga dusika, nato pa popuséali pri temperaturah 620°C,
640°C oziroma 670°C. Na ta nacin smo dobili tri loéene
in dobro definirane trdnostne razrede z napetostjo teée-
nja 1220 MPa, 1020 MPa oziroma 900 MPa.

Toplotno obdelane preiskusance za natezni preizkus
smo navodicili z enournim katodnim polariziranjemv 1 N
raztopini zveplene kisline pri gostoti toka 0,3 mA/cm?.
Eksperimentalni sklop s katodnim polariziranjem preiz-
kusancev, sestavljen iz potenciostata in korozijske celi-
ce z elektrodami, je prikazan na sliki 2.

Natezne preizkuse smo opravili na nateznem trgal-
nem stroju INSTRON, potem ko smo natezne preizku-
Sance po koncéanem navodienju 24 ur zadrzevali na zra-
ku, da so se koncentracije vodika v jeklu priblizale resi-
dualnim vrednostim (priblizno 0,7 ppm), ki se nato éaso-
vno skoraj niso veé spreminjale.

Za hitrost natezanja smo izbrali tako hitrost 1 mm/
min, znacilno za obiéajni natezni preizkus, kot tudi hi-
trost 0,1 mm/min, znacilno za poéasno natezanje. Merili
smo napetost tecenja o,, (MPa), natezno trdnost o
(MPa), maksimalni enakomerni raztezek e, ( x 100%) ter
kontrakcijo jekla Z ( x 100%).

Lomno duktilnost E, in eksponent deformacijskega
utrjevanja n smo izracunali z enacbama (8) in (9).

Mikrofraktografske preiskave prelomnih povrsin vo-
di€enih in pri hitrosti natezanja 0,1 mm/min obremenje-
vanih nateznih preizkusancev smo opravili s scanning
elektronskim mikroskopom JEOL JSM-35 (SEM).

4. REZULTATI

Izmerjene mehanske lastnosti navodi¢enega jekla
kot tudi jekla brez vodika (pod 0,05 ppm) so zbrane v ta-
beli 1. V tej tabeli so zbrane 3e lomne Zilavosti K. jekla,
izracunane s Hahn-Rosenfieldovo korelacijo (7) na osno-
vi rezultatov obi¢ajnih nateznih preizkusov pri hitrosti na-
tezanja 1 mm/min ter nadalje Se faktorji mejne intenzite-
te napetosti K, vodi¢enega jekla, izracunani z isto enaé-
bo (7), vendar na osnovi rezultatov pocasnega natezanja
pri hitrosti 0,1 mm/min.

Slika 2:
Eksperimentalni sklop za vodiéenje nateznih preiskusancev s
katodnim polariziranjem.
(P-potenciostat, D-natezni preizkusanec, G-grafitni protielek-
trodi, K-kalomelova elektroda in R-rotometer)
Fig. 2:

Experimental set-up for hydrogen charging of tensile speci-
mens with cathodic polarisation.
(P-potenciostat, D-tensile specimen, G-graphite electrodes, K-
kalomel electrode. R-rotameter)

The tension tests were made on an INSTRON testing
machine, after hydrogen charging of specimens was
completed and the specimens exposed to air for 24
hours. This enabled the concentrations of hydrogen in
steel to approach the residual values (appr. 0.7 ppm),
which remained nearly time-independent.

The tension tests were performed at conventional
strain rate i.e. at a crosshead speed of 1 mm/min as well
as at lower-strain-rate i.e. at a crosshead speed of
0.1 mm/min. The yield strength o,. (MPa), tensile
strength o, (MPa), max. uniform elongation e, (x100%)
and the reduction of area Z (x100%) were measured. The
fracture ductility £, and the strain hardening exponent n
were calculated using equations (8) and (9) respectively.

The fracture surfaces of tensile specimens tested at
a crosshead speed of 0.1 mm/min were examined in the
scanning electron microscope JEOL JSM-35 (SEM).

Tabela 1: Mehanske lastnosti jekla brez vodika in istega jekla po navodicenju
Table 1: Mechanical properties of uncharged and hydrogen-charged steel

Lomna Faktor mejne Konstanta
i : t. Constant
Hitrost natezanja 1 min/min ;_.'Lac\g?; Hitrost natezanja 0,1 mm/min T'::::hgfge
Crosshead speed 1 mm/min toughness Crosshead speed 0,1 mm/min hae B
inten. factor
Napetost Enakomerni  Kontrakcija Napetost Enakomerni  Kontrakcija
tecenja raztezek K- tecenja raztezek ‘ Ky /En (10)/
Yield Uniform Reduction Yield Uniform Reduction /Eq. (10)/
strength elongation of area strength elongation of area
a,.(MPa) e, x 100% Zx100% MPa. m'? a,.(MPa) e, x 100% Z % 100% MPa-m'? MPa
Jeklo brez vedika, uncharged steel
524 87 52 1269 910 85 51
1010 74 513 1125 1027 6,5 50,3
1270 6.4 50 1075 1214 6.2 50,3
Navadiceno jekle, hydrogen charged steel
885 84 50,3 172 B99 8,1 477 1098 4005
1082 7.2 493 1101 1078 6.5 427 901 4223
1209 6.1 473 96.3 1226 6,0 273 674 4037
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V tabeli 1 so prikazane tudi vrednosti za konstanto [j,
izracunane s pomocjo enacbe (10) na osnovi rezultatov
pocasnega natezanja.
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Slika 3:

Diagram sila-deformacija pri po¢asnem natezanju jekla trdnost-
nega razreda 1300 MPa; a) brez vodika (pod 0.05 ppm) in b) 24
ur po vodicenju (ca. 0.7 ppm vodika).

Fig. 3:

Load-deformation diagram oblained at slow-strain-rate tension
test of steel with yieid strength of 1300 MPa.

(a) without hydrogen (less than 0.05 ppm) and (b} 24 hours af-
ter hydrogen charging (appr. 0.7 ppm hydrogen)

V diagramu sila-deformacija na sliki 3 je prikazana
odvisnost med silo in raztezkom pri pocasnem nateza-
nju jekla s trdnostjo ca. 1300 MPa. Odvisnost, oznacena
z a), velja za jeklo brez vodika (pod 0,05 ppm). 2z nape-
tostjo te€enja 1070 MPa, trdnostjo 1286 MPa, enako-
mernim raztezkom e, = 6% in kontrakcijo Z=49%, med-
tem ko velja odvisnost, oznacena z b), za jeklo istega
trdnostnega razreda, ki pa je bile natezano 24 ur po vo-
di¢enju (ca. 0.7 ppm vodika). V tem primeru smo nameri-
li napetost te€enja 1090 MPa, trdnost 1284 MPa, enako-
merni raztezek e, =5,6% ter kontrakcijo Z = 39%.

Mikrofraktografske preiskave prelomnih povrsin na-
vodicenih nateznih preizkusancev kazejo. da z vodikom
inducirani lom pri pofasnem natezanju taksnih preizku-
Sancev ne ostane povsem duktilnega tipa, celo pri preiz-
kusancih z relativno nizko napetostjo teéenja ne (sli-
ka 4). Pri vi§)i napetosti tecenja so prelomne povrsine
navodic¢enega ter pocasi natezanega jekla mesane nara-
ve; poleg kvazicepilnih ploskev najdemo na prelomnih
povrsinah tudi jamicasta duktilna podrocja ter Stevilne
grebene, nastale s trganjem (slika 5)

5. RAZPRAVA

Analiza rezultatov mehanskih preizkusov (Tabela 1)
kaze, da je lomna Zilavost K., s katodnim polariziranjem
navodi¢enega jekla z visoko trdnostjo, le malo manjsa
od lomne Zilavosti enakega jekla brez vodika, kot o tem
tudi sicer lahko sklepamo iz diagrama na sliki 1.

PocasnejSe natezanje pri jeklu brez vodika ne pov-
zroci kaksnih opaznejsih sprememb, medtem ko se pri

{ &
Slika 4:
Jamiéasta duktilna prelomna povriina s posameznimi kvazice-

pilnimi detajh {B) pri voditenem in potasi natezanem jeklu z
napetostjo te¢enja ca, 900 MPa

Dimpled ductile fracture area with some quasicleavage details
(B) in hydrogen-charged and siow-strain-rate tested steel with
yield strength of 300 MPa.

Slika 5:
Mesana oblika preloma vodi¢enega jekla z napetostjo tecenja
ca. 1070 MPa
Poleg cepilnih oziroma kvazicepilnih ploskev (B) |e na prelomni
povréini moc zaslediti tudi jamicasta duktiina podrocja ter $te-
vilne grebene, nastale s trganjem.

Fig. 5:
Mixed fracture mode on hygrogen-charged steel with yieid
strength of 1070 MPa
Besides cleavage and quasicleavage facets (B), dimpled ductile
areas and many tear ridges can also be observed
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navodi¢enem jeklu moéno poslabsa lomna duktilnost, t.j.
kontrakcija jekla, ne pa tudi enakomerni raztezek, trd-
nost in napetost tedenja taksnega jekla. Poslabdanje
lomne duktilnosti navodicenega jekla pri po¢asnem na-
tezanju dejansko kaze na obstoj faktorja mejne intenzi-
tete napetosti Ky (K.). S Hahn-Rosenfieldove korelaci-
jo (7) izraéunane vrednosti K, dajejo namreé, po substi-
tuciji v Gerberichovo enaébo (6), za konstanto [} vred-
nost priblizno 4100 MPa. Ta vrednost je neodvisna od
napetosti teenja jekla in zato v okviru eksperimentalne
natanénosti merjenja res konstantna koli¢ina, skladno z
Gerberichovim modelom.

Eksperimenti so nadalje pokazali, da je bila upora-
bliena hitrost natezanja 0,1 mm/min Ze dovolj majhna, da
smo lahko iz poslabsanja lomne duktilnosti navediéene-
ga jekla izracunali take vrednosti faktorja mejne intenzi-
tete napetosti K., za katere je [} konstanta.

Ce upostevamo, da velikost plastiéne cone v trenut-
ku loma navodi¢enega preizkusanca dosega velikost pri-
blizno polovice vratu preiskusanca (l=3 mm), dobimo za
E.. upostevaje hitrost natezanja v=16x10"mm s
(0,1 mm/min), vrednost E.=v/I=53x 10~ s7".

V strokovni literaturi™ navajajo za nerjavna jekla ne-
koliko visje vrednosti E_. priblizno 10"’ s~'. Raziskave Na-
kana in sodelavcev'®, opravljene s po&asnim natezanjem
vodi¢enega jekla z napetostjo te¢enja 500 MPa, pa kaze-
jo, da se pri zadostni koncentraciji vodika v jeklu kon-
trakcija jekla asimptotiéno pribliza neki zniZzani vrednosti
Ze pri kriticni hitrosti deformacije E, = 10 s, to pa je 2e
velikostni red nasih izmerjenih vrednosti. Ta hitrost de-
formacije je namre¢ ze dovolj majhna, da Cottrellovi
oblaki vodikovih atomov lahko potujejo skupaj z disloka-
cijami globoko v plastiéno cono nateznih preizkusancev.

Diagram na sliki 3 potrjuje, da vodik ne vpliva bistve-
no na mobilnost dislokacij v zgodnjih fazah deformacij-
skega procesa pri natezanju, saj skoraj ne ucinkuje na
napetost te€enja, trdnost in enakomerni raztezek jekla,
pac pa le na kontrakcijo jekla. Vodik torej spreminja obli-
ko diagrama sila-deformacija Sele od pojavljanja plasti-
cne nestabilnosti dalje, kar se dobro ujema z navedbami
iz razliénih literaturnih virov'’-*. Po teh navedbah vodik
ne vpliva niti na zgodnje nukleiranje mikropor, niti na go-
stoto mikropor, ko se stopnja deformacije priblizuje lom-
ni deformaciji. O¢itno je zato vpliv vodika zaznaven Sele
v fazi rasti mikropor in/ali fazi njinovega zdruzevanja. Do
pospesene rasti in koalescence mikropor v tej fazi pa
lahko pride tudi z mehanizmom lo¢evanja prostih povr-
$in, na katerih je adsorbiran vodik™. Na sliki 6 je shemat-
sko prikazana rast in koalescenca mikropor vzdolz meje
dveh kristalnin zrn. Mehanizem koalescence mikropor z
lo€evanjem prostih povrsin, na katerih je adsorbiran vo-
dik, pricne delovati, ko se oblikuje troosno napetostno
stanje v zoZzenem delu nateznega preizkusanca. Posledi-
ca tega je Ze opisano "zgoscevanje” zadnje faze plasti-
cne deformacije pri poasnem natezanju navodi¢enega
jekla.

Mikrofraktografske preiskave samo $e ilustrirajo
pravkar opisani mehanizem loma. Pojasnjujejo namrec
lome jami¢aste duktilne vrste. pri katerih pa kaZejo ste-
ne in dna jamic posamiéne mikromorfoloske znacilnosti
cepilnega oziroma kvazicepilnega loma. Res smo tudi pri
nasih raziskavah vodic¢enega in poéasi natezanega jekla
visjega trdnostnega razreda opazili poleg duktilnih jami-
Castih podrocij 5e trganja (tearing). ki so sicer znadilna
za jekla z zadostno duktilnostjo in dovolj majhno nape-
tostje teCenja, da do porusitve lahko pride s plastiéno
deformacijo. Poleg detajlov tak$ne vrste pa smo opazili
na prelomnih povrdinah tudi podroéja kvazicepilne nara-
ve, ¢esto na samem obrobju veéjih in globjih, lijakasto

4. RESULTS

The mechanical properties of hydrogen-charged as
well as hydrogen uncharged steel {less than 0,05 ppm)
are presented in Table 1. The fracture toughness of
steel K., calculated according to the Hahn-Rosenfield
correlation (7) on the basis of conventional tension tests
made at a crosshead speed of 1 mm/min, as well as the
threshold stress intensity factor Ky, of cathodic charged
steel, also calculated using equation (7), but on the ba-
sis of results oblained at a crosshead speed of 0,1 mm/
min, are also shown in Table 1.

The values of constant [} are aiso given in Table 1.
These were calculated using equation (10), on the basis
of slow-strain-rate tensile test data.

The load-deformation diagram (Fig. 3) shows the re-
lation between load and elongation at slow-strain-rate
tension of steel with a tensile strength of appr.
1300 MPa. Curve a) denotes the uncharged steel (less
than 0,05 ppm hydrogen), having a yield strength of
1070 MPa, tensile strength of 1286 MPa, uniform elonga-
tion e,= 6% and reduction of area Z= 49%, whereas
Curve b) denotes hydrogen-charged steel (appr.
0.7 ppm hydrogen) of the same strength class, being
tested 24 hours after it had been charged. in this case
the yleld strength of 1090 MPa, tensile strength of
1284 MPa, uniform elongation e,= 5,6% and reduction of
area 2= 39% were measured.

The microfractographic examinations of fracture sur-
faces of hydrogen-charged specimens confirm that hy-
drogen-induced fracture at slow-strain-rate tension
does not remain predominantly ductile, even in speci-
mens with a relatively low yield strength (Fig. 4). The
fracture surfaces of hydrogen-charged steel with higher
yield strength, stretched at slow-strain-rate tension, are
of mixed mode. In addition to quasicleavage details,
ductile dimpled areas and numerous tear ridges have al-
so been observed (Fig. 5).

5. DISCUSSION

The analysis of mechanical testing data (Table 1)
shows that the fracture toughness K,- of hydrogen-
charged high-strength steel is only slightly lower than
that of the uncharged steel, which can also be con-
cluded from the diagram in Fig. 1.

The slow-strain-rate tension of uncharged steel does
not provoke any noticeable changes, whereas that of hy-
drogen-charged steel strongly decreases the fracture
ductility, i.e. the reduction of area, but does not affect
the uniform elongation, tensile strength and yield
strength of such steel. The deterioration of fracture duc-
tility of hydrogen-charged steel at slow-strain-rate ten-
sion indicates the existence of the threshold stress in-
tensity factor Ky (K.c). Namely, the K, - values, calcu-
lated with the Hahn-Rosenfield correlation (7) after be-
ing substituted into Gerberich's equation (6), give an
approximate value of 4100 MPa for the fi-constant. With-
in the experimental error of the measure- ments, the ob-
tained value is constant and, in accordance with Gerber-
ich’'s model, independent of the yieid strength of steel.

The experiments further showed that the applied
crosshead speed of 0,1 mm/min was sufficiently low to
enable the calculation of K+, - values from the decrease
in fracture ductility of hydrogen-charged steel, ie. the
calculation of K,, - values for which [ is a constant.

Considering that the size of the plastic zone of a hy-
drogen- charged specimen is approximately half of the
neck diameter (I=3mm) at fracture, the crosshead
speedis v=16x 10~ mm s ' (0,1 mm/min), then a value
of bE.= v/I=53x 10~ s’ is obtained.
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Slika 6:

Shematski prikaz nastajanja por, njihove rasti in koalescence
vzdolz meja zrn, na katerih je adsorbiran vodik /lit. (26)/.
Fig. 6:

Schematic representation of microvoid formation, growth and
coalescence along grain boundaries where hydrogen is ad-
sorbed (Rel. 26).

oblikovanin jamic (slika 4, detajl B), pa tudi kot povsem
samostojna plitvejSa podrocja.

6. SKLEPI

Na osnovi opravljenih raziskav smo ugotovili, da iz-
gubo lomne duktilnosti pri po¢asnem natezanju navodi-
¢enega jekla z visoko trdnostjo lahko uspesno izkoristi-
mo za kvantitativno dolo€evanje faktorja mejne intenzite-
te napetosti Ky, (K,;). Ugotovili smo namreé, da majhne
koncentracije vodika (pod 1 ppm) v jeklu. ki je bilo navo-
diceno s katodnim polariziranjem, ne vplivajo bistveno
na lomno zilavost, merjeno pri obi¢ajnih hitrostih nateza-
nja (1 mm/min). Po¢asno natezanje (0,1 mm/min) navo-
di¢enega jekla z visoko trdnostjo pa poslabsa lomno
duktilnost, kar nakazuje obstoj faktorja mejne intenzitete
napetosti K;.. Z izracunanjem faklorjev K;. s pomocjo
Hahn-Rosenfieldove korelacije (7) in vstavljanjem teh
vrednosti v Gerberichovo enacbo (6) smo ovrednotili pa-
rameter [} /enacba (10), tabela 1/. Dobili smo konstantno
vrednost okoli 4100 MPa, neodvisno od napetosti teCe-
nja jekla, kot to tudi zahteva Gerberichov model za K.

Mikrofraktografske preiskave prelomnih povrsin po-
¢asi natezanega vodicenega jekla z visoko trdnostjo ka-
¢ejo, da je prelom lokalno Se vedno tudi duktilne vrste,
Kljub detajlom kvazicepilne narave smo v vseh primerih
nasli Se duktilne grebene, nastale s trganjem, in jamica-
sta podrocja duktilnega tipa. Kvazicepilna oblika loma na
obrobju vegjih in globjih lijakasto oblikovanih jamic do-
kazuje, da so le-te rasie in se medsebojno zlivale tudi z
mehanizmom loéevanja prostih povrsin, na katerih je bil
adsorbiran vodik.

Professional literature” quotes somewhat higher E. -
values for stainless steels, approximately 10" s”'. How-
ever, the investigations performed by Nakano and co-
workers'® on hydrogen-charged steel with yield strength
of 500 MPa using slow-strain-rate measurements show
that at sufficient concentration of hydrogen in steel the
reduction of area asymptotically approaches the re-
duced value already at a critical deformation rate of
F.= 10~ s, whose magnitude is of the same order as
found in our investigations. This deformation rate is, in
fact, low enough to enable the Cottrell atmosphere of
hydrogen atoms pinned on dislocations to penetrate
deep into the plastic zone of tensile specimens.

The diagram on Fig. 3 confirms that hydrogen has no
essential influence on the mobility of dislocations in ear-
lier phases of the deformation process at tension. It has
almost no effect on the yield strength, tensile strength
and uniform elongation of steel, but only on the reduc-
tion of area. Thus hydrogen changes the shape of a
load-deformation diagram only after the appearance of
plastic instability, as already found by a number of au-
thors'™#. According to these sources, hydrogen has no
effect on the early nucleation of microvoids, nor on mic-
rovoid density, when the deformation approaches the
fracture deformation. Therefore, the effect of hydrogen
becomes obvious only at the stage of microvoid growth
and/or during their coalescence. The growth of micro-
void and their coalescence can also be accelerated by a
mechanism of separation of internal interfaces where hy-
drogen is adsorbed®™. The growth and coalescence of
microvoids along the grain boundary are schematically
shown in Figure 6. The mechanism of microvoid coales-
cence and the separation of internal interfaces due fo
adsorbed hydrogen becomes operative when the triaxial
stress state in the narrow neck of the tensile specimen
is formed, resulting in the previously described "conden-
sation” of the last stage of plastic deformation at slow-
strain-rate tension of hydrogen-charged steel.

The microfractographic investigations are an addi-
tional illustration of above-mentioned fracture mechan-
ism. They explain the ductile-dimpled types of fracture in
which the walls and bottoms of dimples exhibit individual
micromorphological characteristics of the cleavage or
quasi-cleavage type of fracture. It is true that our investi-
gations of hydrogen-charged high-strength steel at
slow-strain-rate also showed, in addition to ductile-dim-
pled areas, tearing regions typical for steels with suffi-
ciently high ductility and yield strength low enough that
the fracture may be the result of plastic deformation. Be-
sides the details of such ductile types. we also observed
quasicleavage areas on fracture surfaces, most often on
the very periphery of larger. deeper funnel-type dimples
(Fig. 4, detail B) and also as entirely independent shal-
low regions.

6. CONCLUSIONS

On the basis of the performed investigations, we
have ascertained that the loss of fracture ductility at
slow-strain-rate tension of hydrogen-charged high-
strength steel can be successfully used for the quantita-
tive determination of the threshold stress intensity factor
K:u (K.e). It was established that small concentrations of
hydrogen (less than 1 ppm) in cathodically-charged
steel have no substantial influence on the fracture
toughness, as measured at conventional strain-rate
(1 mm/min). However, the slow-strain-rate (0.1 mm/min)
of hydrogen-charged high-strengthsteel weakens the
fracture ductility, which refiects the existence of the
threshold stress intensity factor Ky, The parameter [}
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/Eq. (10), Table 1/ was determined by inserting the K, -
values, calculated using the Hahn-Rosenfield correlation
(7). into Gerberich s equation (6). We thus obtained a
constant value of about 4100 MPa, independent of the
yield strength of steel, as requested by Gerberich s
model for K.

Microfractographic investigations of fracture sur-
faces of highstrength hydrogen-charged steel tested at
slow-strain-rate indi- cate that, locally, the fracture is still
of ductile type. Despite the quasicleavage details, duc-
tile ridges as a result of tearing as well as ductile dim-
pled areas were found in all cases. The quasicleavage
type of fracture on the periphery of larger, deeper and
funnel-type dimples proves that the growth and coales-
cence of voids are also the consequence of the mechan-
ism causing the separation of internal interfaces where
hydrogen is adsorbed.
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Kompjutorska simulacija skrucivanja odljevaka kompleksne
geometrije

Computer Simulation of Solidification of Complex Geometry
Castings

V. Grozdanié*', J. Crnko*'

1. UvVOD

Pri proizvodniji odljevaka sloZene geometrije od veli-
ke su pomoci modeli kojima se simulira njihovo skruciva-
nja jer je vec za kompjutorskim terminalom moguce od-
rediti tok njihova skrucivanja, vrijeme skrucivanja, mjesta
moguée pojave defekta u odijevcima. te utjecati na nji-
hov dizajn kako bi se proizvedli zdravi odljevci. Medutim,
raznolikost i kompleksnost oblika odljevaka umnogome
otezavaju simulaciju skrucivanja jer je potrebno primije-
niti kompleksan matematicki aparat da bi se proces opi-
sao matematickim modelom koji uz osnovnu diferencijal-
nu jednadzbu provodenja topline sadrzi pocetne i gra-
ni¢ne uvjete. Diferencijaina jednadzba rjesava se nume-
ricki primjenom metode konacne razlike ili konacnog
elementa. Metoda konacne razlike moZe biti eksplicitna i
implicitna a po svojoj matematickoj formulaciji nesto je
jednostavnija od metode konacnog elementa, §to je uv-
jetovalo da se ta metoda prije koristila pri rieSavanju kru-
Civanja odljevaka. Ne ulazec¢i u prednosti ili nedostatke
navedenih metoda opcenito je prihvaéeno da se kod
modeliranja skrucivanja odljevaka manje sloZene geo-
metrije za numeri¢ko rjesavanje parcijalne diferencijalne
jednadzbe koristi metoda konaéne razlike. Primjer od-
llevka relativno slozene geometrije predstavija kuciste
ventila (slika 1), ¢iji matematicki model skrucivanja sa-
drzi numericko rjeSenje parcijalne diferencijalne jednad-
Zbe implicitnom metodom promjenljivog smjera.

2. MATEMATICKI MODEL

Pri operacionalizaciji matematickog modela potrebno
je rijesiti parcijalnu diferencijalnu jednadzbu provodenja
topline koja odgovara geometrijskom uzoru kucista ven-
tila (slika 1)""':

6_T= a (O;i EI ﬂ
ot oré  ror 8z°
Kako u horizontalnoj osi simetrije kucista ventila vri-
jedi da je r=0, jednadZbu (1) potrebno je modificirati
pomocu L'Hospitalovog pravila nakon ¢ega se dobije di-
ferencijalna jednadzba slijedeceg oblika:
oT &T | 6T
—= a(2—+—
ot ( or? 522)
Pocetni uvjeti. Temperatura kalupa i njegove vanjske
strane jednaka je T,, dok je temperatura metala u kalupu
jednaka temperaturi lijevanja T,. Pogetna temperatura na

) (1)

(2)

*!institut za metalurgiju, Sisak

1. INTRODUCTION

Computer simulation of solidification is very helpful
for castings of complex geometry since it enables reli-
able determination of the course of solidification, the
time required for complete solidification and the points
of potential casting defects. The simulation can also
contribute to improve casting design in order to assure
sound castings. However, the simulation is very difficult
in the case of complex gecrmetrical shape because it re-
quires the elaboration of a sophisticated mathematical
mode! which beside basic differential equation of heat
flow must include initial and boundary conditions also.

¢ 400
100
|
|
k=4
§ |2 %
)
2
¢ 300
Slika 1
Kuciste ventila s odgovarajucim dimenzijama.
Fig. 1

Valve housing with corresponding dimensions.
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graniénoj plohi izmedu odljevka i kalupa dobije se riesa-
vanjem Fourierove diferencijalne jednadzbe provodenja
topline u sluc¢aju kontakta dvaju polubeskonaénih medi-
ja:

T'_—_T’+_TL'__TL__

K. 1/5_7"-
1 +km a, (3)

lzvod jednadZbe (3) dan je u Dodatku 2,

Graniéni uvjeti. Vanjska strana kalupa drzi se pri
konstantnoj temperaturi T,. Na dodirnoj plohi kalup-me-
tal, metal-jezgra i kalup-jezgra postoji kontinuitet toplin-
skog toka odnosno vrijedi graniéni uvjet Cetvrte vrste:

oT, oT.
m‘k L 4
Ko 6n  on “)
oT, oT
2Im 5
Ko on  'on 5
oT, oT
K, =% = k= 6
*3n  'on (€

Toplofizicka svojstva materijala. Pri simulaciji skru-
¢ivanja kuéista ventila toplinska svojstva kalupa, metala i
jezgre uzeta su kao funkcija temperature® (Dodatak 3).

3. IMPLICITNA METODA PROMJENLJIVOG SMJERA

Diferencijaina jednadzba provodenja topline (1) od-
nosno (2) s odgovaraju¢im pocetnim i granicnim uvjeti-
ma rijesena je numerickom metodom konacne razlike -
implicitnom metodom promjenljivog smjera”. Metoda se
sastoji u tome da se vremenski interval podijeli na dva
koraka. U prvoj polovini vremenskog intervala diferenci-
jalna jednadzba rjesava se implicitno u z smjeru, a ek-
splicitno u r smjeru. Za drugu polovinu vremenskog in-
tervala postupak je obrnut, tj. diferencijalna jednadzba
rieSava se implicitno u r smjeru a eksplicitno u z smjeru.
Diferencijaina jednadZba provodenja topline (1) numeric-
ki se rjeSava na slijedec¢i nacin:

— za prvi At/2 vrijedi

T."',-|-2T?,+TT,+1 T‘:”,—T,nl_.,
(Ar)? 2r Ar+
L1 O T, (RS
(Az)? a, . AV2
— za drugi At/2 vrijedi
Thi—2 T.".“+TI‘.*J1+TI‘.*.“—T.":1‘
(Ar)? 2rAr
TP TAE 1 RI-TY )
(Az)? a,, A2

Diferencijaina jednadzba provodenja topline (2) nu-
meriéki se rijeSava na slijedeci nacin:

— za prvi At/2 vrijedi
,2Ta—2T, THY 2T+ T
(Ar)? (Az)?

= Y NT2=T, @)
At/2

Differential equation can be solved numerically by the
method of finite difference or finite elements. The meth-
od of finite difference can be explicit or implicit. In re-
spect to mathematical formulation it is more simple than
the method of finite elernent therefore it has been used
more frequently for the solving of solidification problem.
Without consideration of shortages and advantages of
the both methods it has generally been accepted that
for modelling of solidification of casting with less com-
plex shape the method of finite difference is more suit-
able for numerical solution of corresponding partial dif-
ferential equation. Valve housing (Fig. 1) is an example
of a casting with comparatively complex geometry.
Mathematical model of its solidification contains numeri-
cal solution of partial differential equation by implicit
method of variable direction.

2. MATHEMATICAL MODEL

In the elaboration of mathematical model the follow-
ing partial differential equation of heat flow correspond-
ing to valve housing (Fig. 1)'" should be solved:

orT T, BT, &T
ot (‘3;" ror (
Since for horizontal axis of valve housing symmetry
r=0 equation (1) should be modified according to
L'Hospital's rule which results in the equation:
or ¥T, &T
R A 2)
ot : orF bz-” .
Initial conditions. Mold temperature and temperature
of its outer side is equal to T, whereas the temperature
of metal is equal to casting temperature T,. Initial tem-
perature at the mold/casting boundary interface can be
obtained by solving Fourier's differential equation for
heat flow through the contact area of two semiinfinite
medias:

1+ |/ 8 @)
ko1 2
Derivation of eq. (3) is given in Appendix 2.
Boundary conditions. Outer mold surface maintains
constant temperature Te. On contact mold/metal, metal/
core and mold/core area there is a continuous heat flow
for which boundary condition of the fourth sort holds:

6T, 0T

Ol 1 Ol 4
en an on “

oT, a7,

O e =i 5,
ke én  'én o

8T, ,OT,

LoLd S 6,
K on 'on @

Thermophysical properties of material. It has been
asummed that thermal properties of mold, metal and
core are temperature dependent’. (Appendix 3).

3. IMPLICIT METHOD OF VARIABLE DIRECTION

Differential heat flow equations (1) and (2) with
corresponding initial and boundary conditions have
been numerically solved by implicit method of variable
direction®. The method utilize division of time interval
into two steps. In the first half of time interval the equa-
tion is solved implicitly for z and explicitly for r direction.
The procedure is reversed in the second half of time in-
terval.



ZEZB 25 119311 4

V Grozdaré, J Crnko: Kompjutarska simulacia skrucivanja

151

— 2za drugi At/2 vrijedi

2Ty -2 Ty
(Ar)?

L i A D
(Az)?

L e L
a,, A2
Primjenom implicitne metode promijenljivog smjera
dobije se sistem simultanih linearnih algebarskih jed-
nadzbi, ¢ije su nepoznanice vy, v,,..., V,, a koje imaju tri-
dijagonalni oblik:

(10)

vay + C‘Vz = d1
AV +bave + Covy =d,
ag‘lz + bgv; + C;V,, = dS
av.,+bv+cv.,, =d, (11)
Ay Vaz + Dy Vi + Gy Wy = dy.
ayVy_; + by =dy

Posebno efikasan algoritam za rjesavanje tridijago-
nalnog sistema jednadZbi je:

V=N (12)
v=y, — SV joN-1, N=2, ..., 1 (13)

gdje se [} i ¥ raéunaju iz rekurzivnih formula
B, =b, (14)
Yi=di/P, (15)
i, = b, __a,_1 By, =23....N (16)
y,="'_—‘-f-1h-_’, i=23,...N (17)

U Dodatku 4 navedeni su tridijagonalni koeficijenti
koji daju algoritam procesa skrucivanja kucista ventila u
pjescanom kalupu.

4. DNAGRAM TOKA

Na temelju prikazanog algoritma napisan Je program
u programskom jeziku ASCII FORTRAN koji je rijeSen na
racunalu SPERRY 1100. Detaljan dijagram toka prikazan
je na slici 2. Osnovna karakteristika programa je da se
koriste dvije matrice temperatura T i T*. Prva matrica
sadrzi temperature na pocetku i kraju vremenskog kora-
ka, a druga matrica sadrZi temperature na kraju prvog
At/2. Na pocetku programa pridaju se pocetne vrijed-
nosti pojedinim varijablama i konstantama. Potprogra-
mom TYP pridaju se pocetne vrijednosti temperature
pojedinim mreznim to¢kama, a takoder se tipiziraju sve
tocke u kalupu, odljevku, jezgri i na njihovim medusob-
nim granicama. Nakon ispisa pocetne temperature ras-
podijele pomocu potprograma ISPIS1, sistem algevarskih
tridijagonalnih jednadzbi rieSava se prvo redak po redak
(potprogram RED), a zatim stupac po stupac (potpro-
gram STUP). Rezultati se periodi¢ki ispisuju po cijeloj
geometriji odljevka, kalupa i jezgre (potprogram ISPIS1)
ili samo po geometriji odljevka (potprogram ISPIS2) do
unaprijed zadanog vremena t.,,.

5. DISKUSIJA REZULTATA

Simulacija skrucivanja ventila od €elicnog lijeva s oko
0,25% C u pjedcanom kalupu provedena je uz prostorni
korak Az=Ar=1cm i vremenski korak At=10 s do vre-

Consequently, for differential equation (1) and first
half of time interval At/2 we have:

r:'l-i—e r:';+ r:,’/+1 T:'[+ J_T:';-t
(Arf 2nAr+
" T.n-t ;2_2T:|Io v."2+ Tr:,r;?: 1 Tl"r Ve __ r;'!‘ (7)
(AzF a,, Aave
Whereas for the second t/2 we obtain:
=21 '+ Ty Tek =T
{Arf 2rAr
L O L i P
(AzF &n At/2

Numerical solution of the differential equation (2) of
heat flow for first At/2 is:

2277.'2— 2717, TRIR_2 Tt v2y ot 12

+17 .
(Arf (Azf
1 r‘n+ ve_ Tﬂ
-a 'At/2 - £
L In
and for second At/2;
any-emy! TR eTne TR
(Arf (Azf
T:?# rn‘ 172
- 7 1 1 (10)
- AP At/2

The use of implicit method of variable direction re-
sults in a system of simultaneous linear algebraic equa-
tions with variables v,, v,...v, of tridiagonal form:

byV,+ C,V; - dy
av,+ boVo+ CaVs =d,
a;Vo+ byvi+ Civ, =0
avo,+bv+ ey, =d (11)
Ay Vot Dy Wi+ Oy =d)y,
V.1 + byvy - dy

Specially efficient algoritm for the solving of tridia-
gonal system of equations is:

V= ¥n (12)

V=", SVt jeu N-1, N2, ..., 1

where [} and & are calculated from recursive formulas

(13)

ﬂ|= by (14)
Yi=a/f; (15)

= b'—i ety = &yVPyeaay
B =7 B 23..N (16)
7,=¢_—ﬂ9_’&’, i=23..N (17)

Tridiagonal coefficients which give algorithm of valve
housing solidification in sand mould are presented in
Appendix 4.
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Slika 2
Dijagram toka.
Fig. 2
Flow diagram.

mena t,, =200 s. Temperatura lijevanja bila je 1580°C a
pocetna temperatura kalupa i jezgre 25°C. Na temelju
sukcesivnih temperaturnih ispisa za pojedine mrezne
tocke dobije se vrijeme skrucivanja desnog toplinskog
centra od 136 s i lijevog toplinskog centra 181 s, Sto
ujedno predstavija vrijeme skrucivanja cijelog odljevka.
Na temelju pomicanja izosolidusa (slika 3) moze se za-
kljuéiti da su mjesta moguce pojave defekta (lunkera)
upravo mjesta gdje zavrdava skrucivanje toplinskih cen-
tara, odnosno u blizini unutarnjeg ugla odljevka, Iz slike
3 uotava se da jezgra bolje odvodi toplinu od kalupnog
materijala jer su izosolidusi pomaknuti vise prema perife-
riji odljevka.

Tocnost simulacije skrucivanja celicnog ventila u
pjeséanom kalupu ogranicena je s tri aspekta: predpo-
stavkama uvedenim pri definiranju matematickog mode-

4. FLOW DIAGRAM

Based on the presented algorithm a computer pro-
gram was written in ASCIHl FORTRAN and solved on
SPERRY 1100 computer. A detailed flow diagram is
seen on Fig. 2. The main feature of the program is Its
use of two temperature matrixes namely T and T°. First
matrix contains temperatures at the start and end of
time step. The other contains temperature at the end of
first At/2. Initlal values are assigned to program var-
iables and constants. Program module TYP provides for
initial values of temperatures of particular net points as
well as for standardization of all points in mold, casting,
core and theirs boundary interfaces. Module ISPIST
prints out initial temperature distribution. The system of
tridiagonal equations is then solved firstly row by row
(module RED) and then column by column (module
STUP). Results are periodically printed over the whole
geometry of casting, mold and core (module ISPIS1) or
over the casting geometry only (module ISPIS2) untill
the prescribed time 1.,,.

5. DISCUSSION

Simulation of the solidification of 0.25% C steel valve
housing casted in sand mold is carried out by space
step Az=Ar =1cm and time step At=10 s il
bnav= 200 5. Casting temperature was 1580F C whereas
the initial temperature of mold and core was 25°C. On
the basis of successive temperatures print out for parti-
cular net points. solidification time 136 s for the right and
181 s for the left heat centre is obtained. The later value
is also solidification time for entire casting. By isosolidus
shift as seen in Fig. 3 it can be concluded that potential
defect sites are obviously the points of final solidification
of heat centres i.e. in the vicinity of inner corner of the
casting. From fig. 3 it can be seen that cooling rate of
the core is higher than that of the mold since isosolidus
curves are shifted outward.

The accuracy of the simulation is limited depending
on the assumptions utiized in mathematical model,
method of numerical analysis and the utilized values of
thermophysical material properties. Several assump-
tions have been used in the elaboration of the mathe-
matical model. The most important are: the heat transfer
rate is complete, the casting temperature is equal to in-
itial temperature of metal in the mold and the mold/cast-
ing interfacial thermal contact is perfect. The first as-
sumptions restrains the analysis to the mold-casting-

i NE
AR
7
ARV
i T
! -
\ e + 1)
Y
~=
Slika 3
Napredovanje izosolidusa (1449°C) u odljevku za vremena 20,
80i 140 s,
Fig. 3

Progress of isosolidus (1449° C) after 20, 80 and 140 s.
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la, primjenjenoj metodi numeri¢ke analize i koritenim
vrijednostima toplofizickih svojstava materijala. Pri po-
stavljanju matematickog modela krenulo se od vise
pretpostavki od kojih su najvaznije pretpostavka o pot-
punom provodenju topline, pretpostavka da je tempera-
tura lijevanja jednaka pocetnoj temperaturi metala u ka-
lupu i pretpostavka o savrsenom toplinskom kontaktu na
grani¢noj plohi kalupa i odljevka. Prva pretpostavka og-
rani¢uje razmatranje skrucivanja na sistem kalup-odlje-
vak-jezgra u kojem se toplina prenosi samo provode-
njem, 3to znaci da se ne razmatraju parcijalni procesi
prijenosa topline vezani uz vliagu u kalupu i jezgri. Druga
pretpostavka predstavija pojednostavijenje uvedeno da
se izbjegne kompleksno razmatranje protjecanja metala
kroz uljevni sistem i kalupnu Supljinu povezano s prijela-
zom topline. Pretpostavka o savréenom toplinskom kon-
taktu na granic¢noj plohi odljevka i kalupa prihvatljiva je iz
razloga 5to se na graniénoj plohi tek djelomiéno javijaju
plinski zazori, pa se pri matemati¢koj formulaciji uzima
da vrijedi graniéni uvjet Cetvrte vrste. Parcijalna diferen-
cijalna jednadzba provodenja topline rijeSena je nume-
rickom metodom konacne razlike - implicitnom meto-
dom promijenljivog smjera koja je odabrana iz razloga
$to ima veliku toénost pri aproksimaciji i prostora i vre-
mena. Metoda je drugog reda s obzirom na diskretizaci-
ju prostora i vremena. Nedovoljno poznavanje toplofizié-
kih svojstava materijala posebno pri visokim temperatu-
rama znacajno utjece na simulaciju skrucivanja. To se
posebno odnosi na toplinska svojstva kalupnog materi-
jala i jezgre, koja je moguce odrediti samo eksperimen-
talnim putem a pri visokim temperaturama pokazuje
Sirok dijapazon rasipanja.

6. ZAKLJUCAK

U radu je provedena numericka simulacija skruciva-
nja kuéista ventila od niskougljicnog celiénog lijeva na
formuliranom matematickom modelu. Modelni sistem je
kompleksan jer se sastoji od triju materijala: kalupa, jez-
gre i odljevka relativno sloZzene geometrije. Matematicki
model skrucivanja odljevka postavijen je uz pretpostav-
ku da u sistemu postoji samo provodenje topline, Sto
predstavlja fizikalno realnu pretpostavku. Diferencijalna
jednadZba provodenia topline koja odgovara geometrij-
skom uzoru kucista ventila odgovarajuce je modificirana
i rijeSena numericki implicitnom metodom promjenljivog
smjera s time da je uzeta u obzir temperaturna ovisnost
toplofizickih svojstava pojedinih materijala. Na temelju
dobivenog algoritma napisan je program u program-
skom jeziku ASCIl FORTRAN za ra¢unalo SPERRY 1100,
Na temelju simulacije konstatirano je vrijeme skru€ivanja
od 181 s, a na temelju pomicanja izosolidusa moguce je
odrediti tok skuréivanja te mjesta moguce pojave defek-
ta u odljevku.

Dodatak 1

Popis oznaka koristenin u radu

a — temperaturna vodljivost materijala

a. b, ¢, d — koeficijenti uz nepoznanice u tridijagonal-
nom sistemu algebarskih jednadzbi

¢, — specifiéna toplina pri konstantnom tlaku

k — toplinska vodljivost materijala

n — normala

r — prostorna koordinata

t — vrijeme

T — temperatura

v, — nepoznanica u sistemu simultanih algebarskih jed-

nadzbi
z — prostorna koordinata

core system with heat conduction only, i.e. partial heat
flows associated with mold and core moisture are not
considered. The second assumptions is simplification in-
troduced to avoid complex consideration of metal flow
through gate system and mold cavity and matching heat
transfer. The assumption of perfect thermal contact on
the interface is acceptable since only partial appearance
of gaseous clearance therefore in mathematical formula-
tion the boundary condition of fourth kind is usually tak-
en as valid. Partial differential equation for heat flow is
solved by numerical method of finite difference - the im-
plicit method of variable direction which was chosen due
to its high accuracy at approximation of both time and
space. The method is of the second order in respect to
discretion of time and space. Insufficient knowledge of
thermophysical properties of material specially at high
temperatures has a strong influence on simulation of the
solidification. It holds specially in respect to thermal pro-
perties of mold and core materia! which can be deter-
mined only by experiment. Moreover values for thermal
properties at higher temperatures show considerable
dissipation.

6. CONCLUSIONS

Numerical simulation of solidification of low carbon
steel casting (valve housing) has been carried out on
the basis of a suitable mathematical model. The complex
model system is composed of three materials; mold,
core and casting of comparatively complicated geome-
try. Mathematical model of solidification has been elabo-
rated assuming thermal conduction as only heat flow in
the system which is considered as a physically real as-
sumption. Differential equation for heat flow suited to
the geometry of valve housing has been modified and
numericaily solved by the use of implicit method of var-
iable direction. Temperature dependence of thermophy-
sical material properties has been taken into account.
Based on the obtained algorithm a computer program
written in ASCIlI FORTRAN for SPERRY 1100 computer
was used for simulation of the solidification. It has been
determined that complete solidification takes 181 sec-
onds. The progress of solidification as well as hot spots
i.e., sites of potential shrinkage cavities can be deter-
mined by shift of isosolidus.

Appendix 1

Abbreviations used:

a - ternperature conductivity

a, b, ¢, d coefficients adjoining to unknowns in tridia-

gonal system of algebraic equations,

c, - specific heat at constant pressure,

k - thermal conductivity,

n - vertical direction

r - space coordinate

t -time

T - temperature

v, - unknown in system of simultaneous algebraic equa-
tions

Z - space coordinate

Indices

i/ - space coordinate z, value for boundary molid/metal
surface

| - space coordinate r, core

Kk - mold

L - casting

m - metal

s - room, interfacial
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Indeksi Appendix 2
i — prostorna koordinata z, vrijednost na graniénoj plo- The following partial differential equation of heat flow
hi kalup-metal with appropriate initial and boundary conditions must be
j — prostorna koordinatar, jezgra solved in order to derive equation for temperature dis-
k — kalup tribution on mold/metal interface.
L — lijevanje
m — metal ﬂ = afI (18)
s — sobno, povrsinski ot ox
T(x, O)=T,
Dodatak 2 T(O, x)=T, (19)
I Tix, t) <M

Pri izvodenju jednadZbe za pocetnu temperaturnu
raspodjelu na dodirnoj plohi kalupa i metala potrebno je
rijesiti parcijalnu diferencijainu jednadZbu provodenja
topline s odgovarjaju¢im pocetnim i grani¢nim uvjetima

6T _ . T

ot ox®
T(x,0)=T,
TO,.X)=T,
IT(x, 1) | <M

(18)

(19)

gdje je M - pozitivna realna konstanta.

Jednadzbu provodenja topline potrebno je rijesiti za
slu¢aj kontakta dvaju polubeskonacnih medija, kao Sto
je prikazano na slici 4.

metal kalup

0 X

Slika 4
Pocetna temperatura na graniénoj plohi izmedu kalupa i odljev-
ka.

Fig. 4
Initial temperature on boundary mold/metal surface.

Parcijalnu diferencijalnu jednadzbu (18) potrebno je
prevesti u obi¢nu diferencijalnu jednadzbu, $to omogu-
¢uju Laplaceove transformacije. Laplaceova transforma-
cija definirana je kao:

LT | =8(x, ) =] e=Tex,hdt  (20)

Parcijaina diferencijalna jednadZba (18) u Laplace-
ovom podrucju ima oblik:

———50=—-T, (21)

Rjesenje jednadzbe (21) ima oblik:

T

B(x ) = C,(s)e"™ 4 c,(s) eI+ - (22)

where N is a positive real constant.

Equation of heat flow should be solved for case of
the contact of two semi-infinite media as can be seen in
fig. 4.

Partial differential equation (18) must be transformed
into common differential equation by Laplace transfor-
mation defined as:

LT ) =8(x )=\ e Tx. ydt  (20)
o
The equation (18) in Laplace region has the form:
@ 1 1
SR I 21
ax¥ a a' 1)
The solution of (21) has the form:
8(x s)=c,(5)e"* + cuS) ef""""5+-7-s.’ (22)
Because of temperature limitations |Tixt)i<M
c,=0 for x—o, je.
B(x,s)=c,e"+ % (23)
For boundary condition T(0.t)=T, i.e.
B(0,s)= Cs+ LI dobije se c2=-’ (T—T,).
s s s
Final result in Laplace region is:
B(x.5)= -T—:5 etTi+ s (24)
s

By going out of Laplace region into real space we
have:

T(x,t)= (T —T,) erfc fa% +T (25)
—T X
dnosno L= erf (—= 25"
odno T { 22 (25
where the error function is defined as:
erf (t -‘_ﬁ_' edu (26)
Temperature gradient along x - axis is:
CLIS Ped (R (7)
ox | mat
odnosno (iﬁl') X= 0= I!—:—.T (28)
Ox | nat

Two semi-infinite media {mold and metal) are in inter-
facial contact and the boundary condition of fourth kind
is valid:



155

228 251991 4 V Grozdani, J Cmko  Kompjutorska simulacija skrugivanja
Zbog  ograni¢enosti  temperature,  odnosno W gk Wi
IT(x1)] <M slijedi ¢,=0 za x— oo, odnosno = (%;’ X o k”%’ X0 (29)
R By including proper temperature gradients:
B(x,5)=C, 0¥+ L (23)
s k 7:_ rs= k TL_ Tu (30)
Koriétenjem graniénog uvjeta T(0,t) =T, odnosno "\ mant V mat

T

9(0.5)-%+—-‘-L dobije se c,-l (T—T,).
s s s

Konaéni rezultat u Laplaceovom podruéju je
Bix.s)= _SL eI+ s (24)
s

Prijelazom iz Laplaceovog podruéja u realno podruc-
je dobije se

T(x,t)=(T—T,) erfc ( 2/t )+T (25)
T—T X
odnosno —— = erf 25
n T—T 2at ) (25")
pri ¢emu je funkcija pogreske definirana kao
erf (t) = 3_3 e“du (26)
Jr
Temperaturni gradijent u smjeru osi x je:
§I_T; Tve-x? dat (27)
0x }nat
odnosno (——) e | (28)
ox | mat

Na grani¢noj plohi u kontaktu su dva polubeskonac-
na medija (kalup i metal) pri ¢emu vrijedi granicni uvjet
cetvrte vrste:

8T,

=k (-—)x 0——km(—’")x 0 (29)

UvrStavanjem odgovaraluénh graduenata temperature
dobije se

T=Ty e =T, (30)
fna.t | ma,t

Sredivanjem jednadzbe (30) dobije se pofetna tem-
peraturna raspodjela na grani¢noj plohi izmedu kalupa i
odljevka

T=T,y Lt Ty

AL
K a,
Dodatak 3

Toplofizika svojstva materijala
a) Niskougljiéni ¢elicni lijev (oko 0,25% C)

(31)

Toplinska vodijivost, W/mK

T=1499°C k=2596
1499°C>T=1449°C k=207,54—0,12114T
1499°C>T= 893°C k=266+000374 T

893°C>T k=5031-0,0225 T

Specificna toplina, J/kgK

Finally, initial temperature distribution on the boun-
dary moid/metal surface is obtained:

Ta T+t 0
ke |/ 3

! &, (31)

1+—=

Appendix 3

Thermo-physical properties of the materials
a) Low carbon (0.25% C) castad steel
Thermal conductivity, W/mK

T= 1499C k=2596
1499 C> T= 144F C  k=207,54-0,12114 T
1499 C>T= 89FC k=26,6+000374 T
83FC>T k= 5031—-0,0225T

Specific heat, J/kgK

T= 1499C c¢,= 8792
1499 C> T= 1474°C ¢,= 6522735434585 T
1474°C> T= 1449 C c,= 436,258 T— 6312519
1449 C>T= 982°C ¢,=421,36+ 028712 T
982°C>T= 704°C c - 1502,8— 081391 T
704°C>T= 427°C c,= 143,76+ 1,11535 T
427Cc>T c,= 458,86+ 037681 T

b) Core

Thermal conductivity, W/mK

k=23246x 10° T° — 3.894x 107°T+ 3.052
Temperature diffusivity, m?/s

a= 1.689x 107° 72 — 2.174x 10°T+ 1.785x 10°

c) Mold

Thermal conductivity, W/mK

k=3.937x 10°T? — 3.57x 10°T+ 3.421
Temperature diffusivity, m?/s

a= 1.957x 10-2T? — 1.8x 10°T+ 1.913% 10°¢

Appendix 4
Constants which appear in tridiagonal coefficients
aAt
2(Arf

1=

aAt
drAr
Ps=Pr—pP:z

pz=

Pas= P+ P2

pym At lhat K
T 2c(Arf

_ At (ka+ ka)
dcrAr

oot Ko
a, ag
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T=1499°C ¢, =879.2 -_aat
1499°C>T>1474°C ¢, =652273,5-434,585 T 9= 2 azp
1474°C>T=1449°C c,=436,258 T—631251.9
1449°C>T= 982°C ¢,=42136+0,28712T K.At
982°C>T= 704°C c,=1502,8—081391 T Qz=m
704°C>T= 427°C c¢,=14376+1,11535 T
427°C>T c,=45886+0,37681 T koAt
qs=
b) Jezgra c (AzF
Toplinska vodljivost, W/mK ,
k=3.246 - 10 T°—3,894 - 10-"T + 3,052 q,-*“—;w
Temperaturna vodljivost, m?/s ¢ (AzF
a=1689-107"%T°—2,174 . 10°T+ 1,785 - 10*
e K,sa40D
e AT
c) Kalup c (ArF
Toplinska vodljivost, W/mK koAt
k=3937 - 10°T2—3,57 - 10°T+3,421 Qs=
c (Arf

Temperaturna vodljivost, m%/s
a=1957 . 10"7T°—-18-10°T+1913 . 10-¢

Dodatak 4
Konstante koje se javljaju u tridijagonalnim koefici-
jentima

R At
2 (Ar)?

P:

a At
e 4r Ar

Ps=Ps—P:
Pu=P,+P:

0, = A (ks + k)
T 2¢ (Ar)?

b _ At (ks +ka)
: 4crAr

c=Fa ke
a, ag
aAt
=2 a7
Kt

Qe ¢ (Az)

kAt
¢ (Az)?

qu= At (ks +kg)
2c (Az)?

o K.sad0D*
c (Ar)?

— keAt
c (Ar)?

Qs

Tridijagonalni koeficienti
1. Tocka (i) u kalupu, metalu odnosno jezgri
— prvi At/2:

Tridiagonal coefficients
1. Point (ij) in the mold, metal or core; first At/2:

a=Cm= —Qq,
b= 1+2q,
dl- p’ rff-1+ (1_a31) T’r‘,+ plrf',-y !

— second At/2:

a}= _pJ
b= 1+2p,
6= —p

dm g T2 24 (1—29) TS P4 Gy T2 (33)

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

(32)

— first At/2:
a=—q,
b=1+q.+g;
C= Qs
A= (0s=Ps) T} 1.1+ (1-205) T 1+ (Ps+ P& Tl s (34)
r
Tijor
A
ar
sz
Tiat,j Tij Tietj 7
Tij-1
Slika 5

MreZna togka (i,j) na vertikalnoj graniénoj plohi.

Fig. §
Net point (i,j) on vertical boundary surface.



2E28 25 (1991) 4 V Grozdani¢, J Crnko: Kompjutorska simulaciia skruéivanja 157
v — second At/2:
a= _(p5_ps)
b =142 p;s
= —(Ps+ Pe y ;
y Ti,jd d=q2 T:r, +(1'QZ_QJ) T:'; '2+ qs rr:'rtz (35)
B 3. Point (i.j) on the boundary surface parallel to z axis
Ar separating the material A (down) and B (up).
— first At/2:
a¢= c=—Qq.
Az =14+ 2q,
o d (Qs—qa) T),_ s+ (1= 2ps) T+ (Qs+ Pa) T),+ (36)
Tt Tij Tint, . _ second At/2:
a;‘; Ps— Qs
= 14 2p;s
A C - (054' c) 2
d=q. T "2+ (1-2JT]) P4 qu T, (37)
Tij-1
4. Point (i,1) out of boundary surface, first At/2:
a.' C Ty q'
=14+ 2q,
d,= (1—4p,) T] +4p, T/, (38)
Slika 6 cxo )
MreZna tocka (1.j) na horizontalnoj graniénoj plohi. R
Fig. 6 b= 1+4p,
Net point {ij) on horizontal boundary surface C,= 4p, 2
d=q, T0* )24 (1-2) 1} 124 q, T ) (39)
a,::;:z— qq, 5 Point (i.1) on the boundary surface which separate
! material A (left) and B (right)
d=py Ty 4 (1=2p,) T2+ p.T] 4 s
5 RN EReEN 32)  _ grstavz :
— . 4 aw= —q>
drugi At/2: b 2q.+ 1
b= 14+2p, d (71— 4p5)7"‘+4pq (40)
C‘—P
d=q, Ti1 2+ (1—2q,) T)* " +q, TI+'fj (33)  _ second At/2:
b=4p;+ 1
2. Tocka (ij) na graniénoj plohi paralelno r osi koja c- —4p. o - - ¢z
odvaja materijal A (lijevo) | B (desno) d=gq: T" H(1=2q) T'T "+ g T/T (41)
— prvi At/2:
a=—q;
b. =140:+Q; ¢
i =03
= (Ps=Pe) T7 .+ (1-2ps) 7, + (Ps +Pe) TVj4s (34) A §
— drugi At/2: 4 T2
8, =—(ps—Pps)
=142p:
—-‘pa+ o) +12 +1/2
d qunvI +(1'Q2_QS)TF| ' +QaTTn, (35)
3. Toéka (i, j) na graniénoj plohi paralelno z osi koja o ) '
dijeli materijal A (dolje) i B {(gore) Ti-1.1 Tig Tiags P
— prvi At/2: Slika 7
g. - ?:2:; Qs Mrezna tocka (i,1) na vertikalnoj graniénoj plohi.
) == a Lo
di=(qs—Qqs) T/, _,+(1—2ps) T', + (Qs+pe) T/ ;. (36) Net point (i 1) on venrfica/ boundary surface.
— drugi At/2:
ax =Pe— 0,
=1+2p:
C - (QS'TPG)
-q.T“" +(1-2q)T "+ a T (37)
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4. Tocka (i, 1) koja nije na granici

— prvi At/2:
a=Cc=-q,

b=1+2q,
d=(1—4p,) T/, +4p, T, (38)
— drugi At/2:

b,=1+4p,

c,=4p,

d=a; TP+ (1-2q) T +q, TF (39)
5. Tocka (i, 1) na graniénoj plohi koja dijeli material A (li-
jevo) i B (desno)

— prvi At/2:
a=-q
b=2q.,+1
C=—Qq

d=(1—-4p:) T', +4p. T,

— drugi At/2:

b|=4p5+ 1
Cj= —4p; 4
d=q: T/ F+(1-2q) T'F 49, TI'E

(40)

(41)
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I. Rak, V. Gliha, F. Vadopivec, M. Tavéar

Vpliv varilne tehnologije in izbire dodajnega materiala na
lomne lastnosti EPP zvarnega spoja na nizko ogljiénem fin-
ozrnatem jeklu

Zelezarski zbornik 25 (1991) 45 117—125

Zilavost, lom, M/A-faza, COD meritev, nap. 2arjenje

V sestavku so predstavijene lastnosti raztaljenega dela zvar-
nega spoja narejenega v laboratoriju pod dejanskimi pogoji na
nizkoogljitnem finozrnatem jekiu kvalitete Niomol 390. Preiz-
kave prikazujejo nizko lomno Zilavost in pojavo lokalnih krhkih
podrocij-LKP zaradi tvorbe neugodnih M/A strukturnih faz, ki jih
kljub drobnozrnatosti povzrocijo dodatki Ti-B. Termiéno spros-
¢anje napetosti je Se dodatno znizalo Zilavost zaradi izloéevanja
cementita iz M/A strukturnih faz na meji z intragranularnim feri-
tom.

Prof. dr. Joze Rodi¢, dipl.inz. - MIL-PP d.0.0,, Ljubljana
Kobaltove zlitine v lesni industriji

2Zelezarski zbornik 25 (1991) 45 127 —137

Kobaltove zlitine, lesna industrija

Izboljsanje rezne sposobnosti in vzdr2ljivosti Zag v lesni in-
dustriji, ki se doseze z navarjanjem kobaltovih zlitin - stelitov®
na rezalni del zob je 2e dolgo poznano, vendar je Sele v zadnjih
letih razvoj avtomatskih strojev za "stelitiranje” vseh vrst Zag
omogodil industrijsko uporabo tega postopka.

Opisan je razvoj tehnologije, strojev in dodajnih materialov
za stelitiranje. Posebna pozornost je namenjena rezultatom pri-
merjalnih raziskav, izkudnjam v praksi ter nadaljnim usmeritvam
razvoja za optimiranje materialov in tehnologije.

Stelitirane 2age imajo Stevilne pomembne prednosti in izpo-
drivajo iz uporabe konvencionalne, pa tudi trdokovinske, pred-
vsem pri rezanju sveZega lesa in exotov.

Tehnologija stelitiranja omogoéa pomembno zmanjSanje
proizvodnih strodkov ob istoéasnem poveéevanju produktivno-
sti in izbolj3anju kakovosti.

B. Ule, F. Vodopivec, L. Vehovar in L. Kosec

Faktor mejne intenzitete napetosti pri poasnem natezanju
navodi¢enega jekla z visoko trdnostjo

Zelezarski zbornik 25 (1991) 4s 139—147
Metalurgija - vodik v jeklu - mehanske lastnosti - prelom jekla

Na izgubo lomne duktiinosti mocno vpliva zlasti vodik v
jeklu, pri tem pa ne ucinkuje zaznavno na napetost tecenja.
Poslabsanje lomne duktilnosti je Se posebej izrazito pri pocas-
nem natezanju jekla, medtem ko je pri obiéajnih hitrostih defor-
macije manj izrazito. Male koncentracije vodika v jekiu z visoko
trdnostjo zato ne vplivajo bistveno na lomno Zilavost taksnega
jekla, pac pa imajo za posledico pojavijanje faktorja mejne in-
tenzitete napetosti K. Eksistenco tega faktorja pri po¢asnem
natezanju navodicenega jekla smo doloéili z merjenjem kon-
stante § v Gerberichovi enacbi. Konstanta [} je imela od nape-
tosti tecenja skoraf neodvisno vrednost, kar pomeni, da se fak-
tor mejne intenzitete napelosti res iahko enostavno izraéuna s
pomocjo Hahn-Rosenfieldove korelacije.

. Rak, V. Gliha, F. Vodopivec, M. Tavcar

The Influence of Welding Technology and Welding Material
Selection on Fracture Properties of Submerged Arc Welded,
Low Carbon, Finegrained Steel Plate

Zelezarski zbornik 25 (1991) 4P 117—125

Toughness, Fracture, LBZ, M/A-constituents, COD-measure-
ment, Stress relieving

Properties of all-weld metal made in the laboratory under
the actual field conditions on low carbon steel grade Niomol
390 are presented in this paper. The examinations showed re-
duced impact toughness and appearance of LBZ caused by the
formation of the unfavourable M/A constituents in spite of the
presence of fine grain formed by Ti-8 addition. Thermal stress
relieving due to precipitation of cementite on M/A constituents
and ferrite interfaces lowered the toughness considerably.

Prof. dr. Joze Rodi¢ - MIL-PP d.o.o., Ljiubljana
Cobalt Base Alloys in Woodcutting Industry
2elezarski zbornik 25 (1991) 4P 127 —137
cobalt base alloys. woodcutting industry

Beneficial effects of saw teeth tipping with cobalt base al-
loys - stellites for improving cutting ability and lifetime of saws
in wood cutting industry are well known more than two de-
cades, but not before recent years the development of auto-
matic stellite tipping machines enabled an industrial application
of this important process.

The development of technology, machines and additive ma-
terials for stellite tipping is shortly presented.

Particular attention Is dedicated to the results of compara-
tive research, practical experience and the aims of develop-
ment for optimizing of materials and technology.

The stellite tipped saws show many advantages in applica-
tion and therefore conventional and hard metal saws will be re-
placed especially for cutting fresh untreated wood and exotes.

The technology of stellite tipping enables considerable low-
ering
of production costs while at the same time quality and produc-
tivity are improved.

B. Ule, F. Vodopivec, L. Vehovar and L. Kosec

Threshold Stress Intensity Factor at Slow-Strain-Rate Ten-
sion of High-Strength Hydrogen-Charged Steel

Zelezarski zbornik 25 (1991) 4P 139— 147

Metallurgy - Hydrogen in steel - Mechanical properties - Frac-
ture of stee/

The decrease in fracture ductiiity is strongly influenced by the
presence of hydrogen in steel, although hydrogen does not es-
sentially affect the yield strength. The deterioration of fracture
ductility is especially intensive at slow-strain-rate tension, wher-
eas at conventional crosshead speed it is less pronounced.
Consequently, low concentrations of hydrogen in high-strength
steel do not substantially affect its fracture toughness, but re-
sult in the appearance of the threshold stress intensity factor
Kr.. The exsistence of this factor at slow-strain-rate tension of
hydrogen-charged steel was proven by measuring the 8 con-
stant in Gerberich's equation. This constant is practically inde-
pendent of the yleld strength, which means that the threshold
stress intensity factor can be calculated simply with the help of
the Hahn-Rosenfield correlation.
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Grozdanié V., J. Crnko

Kompjutorska simulacija skrucivanja

odljevaka kompleksne geometrije

Zelezarski zbornik 25 (1991) 45 149—158

Numeri¢a simulacija, skrucivanje, niskougljiéni eliéni lijev, ku-
c¢iste ventila

U radu je provedena simulacija skrucivanja odljevka relativ-
no kompleksne geometrije — kucidta ventila od niskougljicnog
¢eli¢nog lijeva na formuliranom matematiékom modelu. Postav-
lieni matematicki model temelji se na fizikalno realnim pretpos-
tavkama | rijeden je numerickom metodom konaéne razlike —
implicitnom metodom promjenljivog smjera. Simulacija skruéi-
vanja provedena je tako da je latentna toplina kristalizacije in-
korporirana u jednadzbu za specifiénu toplinu metala s time da
je uzeta temperaturna ovisnost toplofizickih svojstava svih ma-
terijala u sistemu kalup-odkljevak-jezgra. Simulacija skruéivanja
kucista ventila, odnosno odljevka relativno sloZene geometrije
koji je ¢esto primjer u ljevaonitkoj praksi, omoguéuje da se
unaprijedi nade saznanje o procesu skrucivanja takvih odljeva-
ka te da se na suvremen i znanstveni nacin ukaZe na mjesta
mogucée pojave defekta a da se pri tome ne odlije ni jedan od-

ljevak.

Grozdani¢ V., J. Crnko

Solidification Simulation of Castings

of Complex Geometry

Zelezarski zbornik 25 (1991) 4P 149— 158

Numerical simulation, solidification, low-carbon steel, valve
housing

The solidification simulation of the casting of relatively com-
plex geometry, low-carbon steel valve housing, has been pre-
sented in the paper. Mathematical mode! has been based on
physical realistic assumptions, and has been solved by finite
difference method — Implicit alternating directions method. Si-
mulation of solidification has been performed so that the latent
heat of solidification has been incorporated in the equation for
specific heat of metal, and the temperature dependence of
thermal properties of all materials in the system mould-casting-
core has been taken. The solidification simulation of valve hous-
ing, that is the casting of relatively complex geometry which is a
common example in foundry practice, enables the improvement
of our knowledge about solidification process in these cast-
ings, and points in a modern and scientific way to the points
where defects occurrence is possible and in this way the cast-
Ing is not necessary.
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Zelezarna Ravne kot proizvajalec kvalitetnih in plemenitih
jekel nenehno razvija in izpopolnjuje tehnolosSke postopke
s ciliem povecevanja finalizacije, kvalitete, avtomatizacije in
humanizacije dela. lzgradnjo novih tehnoloskih naprav v je-
klarni, kovacnici, termicni obdelavi in Sirjenje proizvodnie fi-
nalnih izdelkov je spremljal intenziven tehnoloski razvoj
podprt z uvedbo procesnih rac¢unalnikov, numeri¢no krmil-

SLOVENSKE ZELEZARNE nih enot ter avtomatizacije

ZELEZARNA RAVNE
n.sol.o _

RAVNE NA KOROSKEM
SLOVENIA - YUGOSLAVIA

Racunalnisko
vodenje
procesa

Jeklemn
valy

za valjanje '
Kovin

Razlicna
industrijska
rezila iz
plemenjtega
Jekia




SLOVENSKE ZELEZARNE

ZELEZARNA
STORE

STORE

PROIZVODNI PROGRAM

Toplo valjani profili

— kvalitetno in plemenito ogljikovo
jeklo ter

— kvalitetno in plemenito nizko
legirano jeklo v okrogli, ploscati
in kvadratni obliki.

— specialni profili po nacrtih

Hladno oblikovani profili

— vleéeno in bruseno jeklo v vseh
kvalitetah v okrogli, plos¢ati in
specialni izvedbi

Livarski proizvodi

— ulitki iz sive litine

— ulitki iz nodularne (KGR) litine,
— kontinuirno liti profili,

— litoZelezni valji,

— jeklarske kokile,

— priklopna sedla,

— mehanski sklopi,

— strmoramenska platisca

Industrijska oprema

— industrijski gorilniki, industrijske
peci za ogrevanje, Zarenje itd.,

— indukcijske peci,

— rekuperativna toplotna tehnika,

— plinski oskrbovalni sistemi za ZP
in zamenljive mesanice

Viecene
palice
kakovostnega
Jekla




| ‘ |
) . ‘ 1 + ' ‘ + ‘ . —4q + -+ + 4+ 4 4 s +— 4 + + 4 + + ’ ! + 4 ! ——t-
| | | | |
4 ) — ' ’ | G . S | P = TS | B —— = — 1 -1 L 4
1 ! 1 i T 1
|

0 S e e e e o e t

[ | |
j’it - - | G (UGS = - T = S . L#-w* T + +—1 T T‘
| S RN Wn 5 4 |

+—t
|
— 1

1
+ {
| | | | | |
-\ 4 - R e ™ I Ui W i w— +-,.,. | SN W S . S - T;‘_; | 1 [ K
“+ 1 | !
[
1
T

WE 160“‘ A i e T L . ..

0 A s {1 11 |
T l PP\ \o\"'\‘: L—Mkkbf-* I EEEEEEEEEEE
1 | G

|

r

+

t A ——q——+

{ T
—44—*-—+-—o—r—o_._
PR — L_‘_‘ ‘ 1
|
— J_—.—.—J—»-—$— = A’»d
. T "—T"T_Y
S T T -
3 I i O
e e lr‘
S S S S -

—p———— —_———

el
R --.—.—‘.771—

{
i 1

- W -

——t—

!
+
A N AR G Tl

——————

- +—— vn - i
|

— 4‘ +— t——.ﬁ‘ #

-—t . 4 ‘ + - — i — l .

T T T

+ SLOVENSKE . &@M& 1rmn F\P
- ZELEZARNE “\J
' 64270 Jesenice, Cesta zelezarjev 8, teleks: 34526 ZELJNS, Jugoslavija

telefon: (064) 81 231, 81 341, 81 441, telegram: Zelezarna Jesenice

.y
.4‘7...,.--'..,...q»‘,......,.f.f.ﬁﬂf*-ﬁ‘r_..—r_‘
I | | ! |
| |

| T W WS G TS CUi G S S N U S W U GHID S WSS S D CUS SR GH SN G S . : %
+—+—t—tt+r+r+r+++rTr+t+++rT+—++++"+r"++-"1T""1T1+T++"T3

4
fw-f.,...-«.-..—o..‘....-....t-..,1.—l-—.4L--—4

w==m T |

b1

-——t

0

-1
B
e
— -y‘— ]

—t——t——t——t—tt ,._.,,,.H*.A__.__L_,







