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

Vletu 1992 uvajamo nov nacin tehnicnega urejanja in
priprave za tisk revije Kovine, zlitine, tehnologije. Da bi
pocenili tiskarske stroske. skrajsali Cas od prejema ¢lanka
do njegove objave in prepustili avtorju konéno odgovor-
nost za morebitne neodkrite tipografske napake, smo se v
urednistvu odlogili. da izkoristimo moznosti. ki jih danes
nudi namizno zaloznisive.

Avtor lahko poslje clanek napisan Klasiéno - s pisal-
nim strojem, Zazeleno je. da avtor odda urednistvu ¢la-
nek oz, besedilo napisano na racunalnik z urejevalniki
besedil:

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

~ WORD za DOS ali WINDOWS

- WORDPERFECT.

Ce je besedilo napisano 7 urejevalnikom besedil: CHI
WRITER. naj ga avtor prekonvertira v WORDSTAR
DOCUMENT.

Naprosamo avtorje. da posljejo urednistvu disketo z
oznako datoteke in racunalniskim izpisom te datotcke
Nt papirju.

Formule naj bodo v datoteki samo naznacene. na
papirju pa ro¢no izpisane.

Vsebina ¢lanka

Kako naj Clanck izgleda vsebinsko. naj si avtorji
ogledajo v starih izdajah Zelezarskega zbornika, Vsak
Clanek pa mora vsebovati;

* slovenski in angleski naslovi Clanka.

= imena ter naslove aviorjev,

* povzetka v angleséimi in slovenséini,

« reference, Ki naj bodo v besedilu ¢lanka oznacene z
zaporednimi Stevilkami, primer' . Nadin citiranja
Clanka: avtor, inicialkam naj sledi priimek, naslov ¢lan-
ka. ime revije, letnik, strani. leto. Nadin citiranja
knjige: avtor. naslov, zaloZnik in kraj izdaje, leto, po
potrebi poglavije ali strani.

Besedilo Clanka naj bo razdeljeno na razdelke (oznacene

z zaporednimi Stevilkami) in po potrebi Se na podraz-

delke (oznacene 7 decimalno Stevilko, Kjer celi del

oznaCuje razdelek,

Slike

Vse slike naj bodo na poscebnih listih papirja, 2 jasno
oznaeno Stevilko slike. Slike naj bodo oznacene z za-
porednimi Stevilkami povsod v Clanku, Originali za vse
vrste slik naj bodo ostri in brez Suma. Rishe naj bodo
narisane s ¢rnim na belem ozadju, Vse oznake in besedi-
la na risbah naj bodo v istem jeziku kot besedilo ¢lanka
in dovolj velike, da omogocajo pomanjlanje slike na
§ cm. Le izjemoma lahko slika sega ¢ez obe koloni be-
sedila (16,5 cm). Fotografije so lahko Katerekoli obicaj-

ne dimenzije, na svetleCem papirju in z dobrim kon-
trastom. Mikroskopska in makroskopska povecevanja
oznacite v podpisu na sliki. $e¢ bolje pa z vrisanjem
ustrezne skale na fotografiji,

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

Tabele

Avtor naj se izogiba zapletenih tabel z mnogo
podatki, Ki bralca ne zanimajo, posebej Se. Ce so isti
podatki tudi grafi¢no ponazorjeni. Nad vsako tabelo naj
se nahaja zaporedna Stevilka tabele s pojasnilom. Tabele
naj bodo povsod v ¢lanku oznadene 2 zaporednimi
Stevilkami.

Pisanje besedil na racunalniku

Avtorje naproSamo. da pri pisanju besedil na racu-
nalniku upostevajo naslednja navodila, saj le-ta precej
olajsajo nase nadaljnje delo pri pripravi za tisk:

* ne puséajie praznega prostora pred locili (pikami. ve-
Jicami. dvopi¢ji) in za predklepaji oziroma pred zakle-
piji.

* puscajte prazen prostor za vsemi locili (pikami. veji-
cami, dvopicji) — razen decimalno piko,

* pisite vse naslove in besede z maghnimi ¢rkami (razen
velikih zacetnic in Kratic).

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

Ce avtor pripravlja ilustracije na racunalniku. g4 napro-

Samo, da prilozi datoteke s slikami na disketo 2 besedi-

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

jene.

Krtacni odtis

Krtacni odtis — koncna podoba ¢lanka — bo poslan
avtorju v konéno revizijo. Avtorja naprosamo, da ¢im
hitreje opravi korekture in ga poslje nazaj na urednistvo.
Hkrati naprosamo avtorje. da popravljajo samo napake.
ki so nastale med stavljenjem ¢lanka. Ce avior
popravljenega Clanka ne vme pravocuasno, bo objavljen
nepopravljen, kar bo di oznaceno.

Urednistvo
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Beseda glavnega urednika

Tezko je pisati uvodnike, ko se razmere v Slovenskih Zelezarnah spreminja-
Jjo iz dneva v dan. Nihce v tej druZbi ne ve povedati ali Slovenija Zelezarne
potrebuje, ali ne. S taksnim obcutkom Zivijo ljudje v teh krajih. Lahko bi re-
kli, da se lastniki obnasajo do njih precej nestrokovno in neodgovorno. Pa
vendar za Jesenice lahko trdimo, da izgledi za nadaljni obstoj in razvoj niso
slabi. Pri visokolegiranih nerjavnih jeklih sploh ne. Enako velja tudi za ele-
keroplocevine, kjer smo na Jesenical uspesni

ACRONI Jesenice je majhno podjetje, izredno prilagodljivo v danasnjih
trinih razmerah. Prav to majhnost moramo izkoristiti, da se uveljavimo na
tistih treih in s tistimi veastami jekel, ki za druga velika podjetja niso za-
nimivi,

Zelo hitro se v svetu uveljavlja nova tehnologija viivanja tankih sltabov in di-
rekinega valjanja v trakove in plocevino. Le-ta bo v naslednjem tisocletju
morala najti pot tudi na Jesenice. 60 do 70 US $ prihranka pri toni dajo mi-

sliti. Ali bodo nasi bododi lastniki dovolj modri in pogumni in ali bodo imeli dovolj znanja, da bodo wvideli
potrebo po bolj sodobni tehnologiji?

Se pred leti je veljala trditev, da je mogoce dobro jeklo za globoko viecenje izdelati le v LD konvertorjih
Danes v elekiro peceh po novi tehnologiji, tako pri firmi Arvedi, kot pri Nucor Steel, izdelujejo enako
kakovostno jeklo za globoki viek, potreben je le Cisti vioZek. Ze sedaj moramo misliti na uporabo direkino re-
duciranih peletov (DRI) na Jesenicah.

Vsekakor se prav na podrocju proizvodnje jekel za globoki viek za slovenske potrebe na Jesenicah obetajo
velike moznosti povecati izkoriscenost jeklarne. Ce bo le volja tam pri vrhu. Znanje imamo, le izkoriséati ga

Trom AL

ne znamao
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Relationship between Fracture Toughness and
mechanical Properties of some Structural Steels at

Low Temperatures

Odvisnost med lomno zilavostjo in mehanskimi lastnostmi
nekaterih konstrukcijskih jekel pri nizkih temperaturah

B. Ule, M. Lovreci¢-Sarazin, Institut za kovinske materiale in tehnologije, Ljubljana
J. Vojvodi¢-Gvardjanci¢, Institut za metalne konstrukcije, Ljubljana

A. Azman, A. Lagoja, Acroni Jesenice

The effect of strain-aging on the impact toughness characteristic of Charpy specimens
(CVN) and on quasi-static fracture toughness values K,. of some structural steels was
investigated in the temperature range of nil-ductility temperatures. Strain-aging
provokes shifts of Charpy curves to higher temperatures, but it decreases the
nil-ductility temperatures regarding to as purchased steels. The correlation between K-
and conventional mechanical properties valid for low temperatures confirms that K, and
probably also K,,,.., of as strain-aged steels are higher than that of as purchased steels

with the same Charpy energy.

Key words: fine-grain low-alloy steels, fracture mechanics, fracture toughness,

drop-weight test, nil ductility temperature.

Raziskali smo vpliv deformacijskega staranja nekaterih konstrukceijskih jekel na njihovo
udarno Charpyjevo Zilavost (CVN) ter kvazi-stati¢no lomno Zilavost K, v temperaturnem
obmocju nicelne duktilnosti. Deformacijsko staranje pomakne Charpyjeve krivulje

K viSjim temperaturam, vendar pa zniZa temperature nic¢elne duktilnosti glede na jekla

v dobavnem stanju. Korelacija med K- in konvencionalnimi mehanskimi lastnostmi,
veljavna pri nizkih temperaturah, kaZe, da je K. in verjetno tudi K,,..... vrednost staranih

jekel visja kot pri jeklih v dobavnem stanju z enako Charpyjevo energijo.
Kljucne besede: drobnozrnata malolegirana jekla, mehanika loma, lomna Zilavost, test
S padajocim bremenom, temperatura nicelne duktilnost.

1. Introduction

The relationship of microstructure 10 mechanical properties
i low-alloy structural steels has been the subject of
considerable research. Such steels with increased vield stress
are sometimes alloved with small additions of various elements
so that the charactenstics and the properties of such steels are
substuntially affected presumably due to the reduction of the
austenite and ferrite grain size and because their vield stress,
strength and  toughness increase  while the  ductile/brittle
transition temperature decreases which s perhaps one of the
most important aspects of microalloying. In most of the
previous mvestigations, fracture behaviour of steels has been
evaluated mainly by means of the Charpy impact test because
of its convenience and familiarity, Although the material
requirements tor a lot of practical applications are based on
concepts of fracture mechanics, they are specified in terms of
Charpy  Venoteh  impact test results (CVN).  Toughness
requirements for thick-walled nuclear pressure-vessel steels are
based on minimum dynamic toughness values, K,,. However,
the actual material-toughness requirements for steels used in
these pressare vessels are specified using NDT (nil-ductility
transition)  values and CVN impact values using lateral
cxpansion measurements. Empirical correlations, engineering
Judgment and expenience are thus used to translate the fracture-
mechanics guidelines or controls into actual material-toughness

specifications!. A comprehensive concept for a practical
estimation of the dynamic fracture toughness from the CVN
impact energy vs. temperature curve was proposed by the
MPC/PVRC Working Group on Reference Toughness™. It was
proved that lower bound curves can be derived from the CVN
vs. T-curve for the quasi-static and low rate dynamic fracture
toughness (K ), dynamic and high-rate  dynamic fraciure
toughness (K, ) and crack arrest toughness (K, "', Besides this.
some  other correlations  between  conventional mechanical
properties and Ky values for ductile/brittle transition range or
for lower Charpy shelves are also well-known*®, However, it
is well-known too that strain-aging of several low-alloy
structural steels causes some shifts along the temperature axis
which 1s not the same for both the CVN data and the K, data,
The purpose of the present paper is therefore to determine the
more relevant correlation between the conventional mechanical
properties and the K. values for some structural steels in the
nil-ductility temperature range,

2. Experimental procedure

Nine non-, micro- and low-alloy structural steels in the
form of hot-rolled and heat-treated flats were used in this
investigation, The chemical composition. the designation of the
steels and the thickness of the flats are given in Table 1. These
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steels with 0,05 to .21 we.% carbon were either non-alloyed or
alloyed with chromium, nickel, molybdenum, niobium and
vanadium in different combinations. The microstructure of the
investigated steels which was hot-rolled and subsequently
cooled at different cooling rates was mainly femritic with
different shares of perlite (Nioval 47, C.0562 and C.12(0M) or
bainite (Niomol 490 K. Only two types of low-alloved steels
(Nionicral 70 and Nionicral 90) have a microstructure of
tempered martensite. The yield stress of the investigated steels
varied from 265 MPa for plain carbon steel 1o 1003 MPa for
Nionicral 96 i.e. for submanne steel alloyed with chromium,
nickel and molybdenum. All the investigated steels were tested
as purchased i.e. hot-rolled and cooled at different cooling rates
but they were after stran-aging, i1.¢. after cold
rolling with a reduction in thickness of 10% and additionnally
heating for 3

tested also

O minutes at 2500°C.

Fable 1: Chemical composition of the investigated steels
(weight %)

No Grade ( Si Mn P S Cr Ni Mo Nb

(thickness)

| Nopr LY 0 4 1 0l 1 114 B 1.0
M
N 7 | | | U F L ) I (11 1.0
65
N | 0l | LY ' { | 0l
I mm
i Ni ral N | ( DA (0 s %
N -’ 1 LI 029 D51 0017 09 L6l 276 042
S0 m
) Nooen 0N ) ( I} 11 0INd 5 | W ¥
P
051 0l | L] {
\} : I IS i Moonnk 1 | )
0 mm
i ¢ 125 1 1O Qms 0 Moanl
Mk
lest specimens were cut from the plates in transverse

orientation and machined to the required dimensions, Besides
the standard Charpy V-notch- and Drop-weight test specimens
of P3 type (15.9 x 51 x 127 mm), a large number of round
notched and prefatigue cracked tensile specimens for the low-
lemperature measurements of quasi-static fracture toughness
Ky was made. The drop-weight test specimens were prepared

1A

oD —»
B

= o
A

Figure 1: Geometry of a round-notched and precracked tensile
\l‘f. men
Slika 1: Geometrija nateznega preiskusanca z zarezo
n ruzpoko po obodu
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in accordance with the ASTM E208-84a where the crack
starter bead application is performed by the one bead technique
10 avoid the undesirable vanation of NDT*. The geometry of
the round-notched precracked tensile specimens, prepared

according Dieter s recommendation” is shown in Figure 1

At the experiments, it is essential that the fa

¢ dannul
be of a uniform width and concentric with the outer « 1eter of
the specimen in order to obtain a state of plain strais
fracture, The fatigue crack grew to a depth of about ()
leaving an unfractured ligament approximately 6.5 mm

diameter

Figure 2: Experimental set-up with cryostat chan
Slika 2: Eksperimentalna ureditev s kniostatsko kor

An cryostat chamber filled with liquid nitrogen and
petroleum ether was used ing the test to control the
specimen temperature riange from - [40°C to room temperature
and the fracture in the quasi-static test at crosshead ]
I mm/min was reached by using a universal testing machine

(Figure 2). For a round-notched precracked specimen, the
stress intensity factor 15 given by Dieter” as
(= e (1,27 + 1.72 D/d) .
|
D

where d is the radius of the uncracked ligament after faticuing
P is the applied fracture load. and D is the outer diame
cylindrical specimen, In order to apply linear-clastic {1
mechanic (LEFM) concepts, the size of the plastic zone at the
crack tip must be small compared with the nominal dimens
of the specimen. The size requirement for a valid K,, test is
given by Shen Wei et. al.¥

as
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l)? l.S(Ku IIU“) (2)

where o, is the initial vield stress of the material obtmned at a
straiin rate comparable to that attained near the root of the notch
n the fracture test. If the specimens did not comply with
requirement  (2) for  valid  fracture  toughness  (K,,)
measurements, K, values were obtained instead of K.,
according 10 E399, However, the concept of the equivalent
energy adopted by Wang Chang” enabled us to determine the
virtual fracture load P* instead of load P in equation (1) after
the transformations of the surface under the parabolic load-
displacement curve into the quantitatively equal surface of the
triangle as shown on Figure 3.

Displacement
Figure 3: To the explanation of the concept of equivalent encrgy
Stika 3: K razlig honcepta ckvivalenine energije
Therefore. the weak elasto-plastic fracture behaviour of the
investigated steels even in the vicinity of the nil-ductility
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transition temperatures was approximated with lincar elastic
fracture behaviour,

3. Results

Figure 4 shows the Charpy impact energy of as purchased
steels as a function of the testing temperature whereas Figure §
shows the same relationship for investigated steels as strain-
aged. The nil-ductility transition temperatures (NDT) measured
at drop-weight test are also indicated in hoth diagrams. As may
be seen, the ductile/brintle  transition  temperatures of  the
investigated steels are shifted against higher values due to
strain-aging.  However, the shift of nil-ductility (ransition
temperatures nearly in all the cases shows a slightly opposite
trend which is somewhat surprising.

The CVN impact energy, the yield stress o, and the
fracture toughness Ky of the investigated steels measured at
nil-ductility temperatures are given in Table 2 for both as
purchased and as strain-aged condition. However, because of
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Figure 6: Relation between K und CVN values in the nil-ductility
fempenture range
Shika 6: Odvisnost med K- in Charpyjevo udamo Zilavostjo
7 V zarezo v obmocju temperatur nicelne duktilnosti
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the lack of diameter of the round-notched specimens for K
measurements, only the limited number of the entire data are
taken into account, namely only data complying with the
requirement (2).

Table 2: Mechanical properties of the investigated steels at
nil-ductility temperatures (28 valid measurements)

No. a, CVN Ky (MPam')
IMPa) (8]] measured | calculated Eq.(5)
As purchased
1 905 13 8.3 752
2 900 19 7% 8.4
3 54 § 433 41
4 354 4 s 2
) "7 10 63 021
6 1071 12 83 S8
7 1056 17 913 6.7
8 1034 b1 10035 901
As strain-aged

Yy 081 7 8.3 56.3
10 750 3 53 520
1 780 4 63 549
12 45 3 73 557
13 803 8 3.5 63.7
4 1 10 .2 639
15 81 10 65.5 659
16 1074 1 106 8016
17 90 9 39 645
18 91 3 45 512
19 675 5 5 525
b} 643 10 623 394
21 638 1 385 8.1
n 95 2 40 409
b4 564 3 s 428
4 933 65 083 670
b 835 75 763 634
26 1343 1 755 9”2
n 1308 12 80 9.2
i} 1293 14 9 94.3

The relationship between the CVN impact energy and the
fracture toughness Ky of the investigated steels is shown in the
diagram of Figure 6. From the data point distribution it can be
concluded that two different correlations between K, and
CVN could be deduced. one for steels as purchased and
another  one  for sweels  as  strain-aged.  Mathematical
approximation with power function shows that the correlation
for steels as purchased can be expressed as:

Ky = 1511 (CVN)*#1* (3)

with & regression coefficient of 0.945, whereas the correlation
tor steels as strain-aged can be represented as:

Ky = 35.09 (CYN)"™ 4)

with a regression coefficient of 0.819. As stran-aging provokes
a considerable increasing of the vield stress of all the
vestigated steels, we tried to establish a unique correlation
between Ky on one side and both the properties CVN and o,
on the other side. The following correlation

Kic = 0.776 0, " (CVN)™" (5)

with a regression coefficient of 0.921 was deduced from the
whole set of experimental data given in Table 2.

4. Discussion

Charpy V-notch impact toughness measurements  and
quasi-static fracture toughness measurements on some none-
and low-alloyed structural steels in as purchased and as strain-
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aged  condition  respectively  were  performed  over  the
temperature range of nil-ductility transition temperatures i.¢
over the temperature range of -140°C 10 30°C. The decrease of
the NDT temperatures of steels as strain-aged regarding 10 the
as purchased steels suggests that NDT temperature of steels as
strain-aged is a good enough index temperature 1o represent the
quasi-static fracture toughness transition behaviour of such
steels, but it is maybe not an enough conservative estimation
for the determination of the FTE temperature (INDT + 40°C). A
similar ascertainment, but for dynamic fracture toughness
transition behaviour of some stress-relief heat-treated steels for
nuclear reactor pressure vessels, has been previously published
by Tanaka and coworkers®. Nevertheless. it seems that the
NDT temperatures, measured either in steels as purchased or
after strain-aging. correspond to the adequate K, value
Because the drop-weight test employs a sharp crack, moving
rapidly from the notched brittle weld bead into the test plate. it
does not come as a surprise either to find that the NDT
temperature  defined by this test correlates well with the
beginning of an increase in fracture toughness with temperature
measured in quantitative, sharp-crack tests'",

Two different correlations between fracture toughness Ky
and CVN values for both groups of steels in the temperature
range investigated show that steels after stran-aging have a
noticeable higher fracture toughness K, than as purchased
steels with the same Charpy energy. However. a very good
correlation between K- and both properties, CVN and o, was
also deduced from all the data. The regression coefficient of
Equation (5) is relatively high so that this approach seems to be
relevant, Rolfe and Barsom" ascertained that the effects of both
the notch acuity and the loading rate should be considered 10
establish correlations between K, and CVN test results in the
transition-temperature region. They found out that K, values
and CVN values in the transition-temperature region can be
correlated (1) when the test results for slow-bend K,
specimens are related 1o the test results for slow-bend fatigue-
cracked CVN specimens and (b) when the test results for
dynamic K. specimens are related to the test results for
dynamic-cracked CVN impact specimens. The correspondence
between Ky and the CVN energy-absorption values obtamed at
a particular test temperature and the same stran-rate for both
Ky and CVN can be approximated by"'""

Ky = A E(CVN)* (61

where A = constant of proportionality, E = Young's modulus,
and Ky and CVN are tested at the same temperature and strain
rate.

The constant of proportionality, A, incorporates - in
accordance with Rolfe and Barsom" - the effects of specimen
size as well as notch acuity, By changing the value of A in
Equation (6) it is then possible to correlate the K, data and the
CVN energy-absorption values obtained by testing V-notched
specimens, This equation suggests that the relationship
between slow-bend K, and slow-bend CVN test results 18 the
same as the refationship between the impact K, (1.¢.K,) and
the impact CVN results. This observation is not unexpected
because it was shown'' that a particular change in loading rate
causes an equal shift along the temperature axis for both the
CVN data and the K, data. Both authors also concluded that
an engineering estimation of K, at any strain-rate can be
predicted by using impact CVN data i conjunction with
Equation (6) and then shifting the curve to lower temperatures,
This approach has been used in investigating the effects of
irradiation for steels used in nuclear reactors'"’. The magnitude
of the temperature shift between dynamic and slow-bend
curves was given by

Tl €)= 1184-0.12 0, (7)
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and valid for steels with the vield stress o, up to a value of
1000 MPa approximately, whereas it is diminished at steels
with higher yield stresses. The general procedure to estimate
Ky values in the transition-temperature region from CVN
impact results comprises the calculation of Ky, values at each
test temperature using Equation (6) with followed shift of Ky,
values at each temperature by the temperature shift calculated
with Equation (7) to obtain static Ky values as a function of
temperature. This procedure was adopted from more recent
recommendations of Rolfe and Barsom'' and it represents a
conceptual advantage compared to the previously published
methods*™', By comparing our Equation (3) for as purchased
steels with the Rolfe-Barsom Equation (6) one can see that the
exponents in bhoth equations are relatively close. If the
exponent of 0.5 is adopted also in our case owing to simplicity
and considering some unaccuracy in our calculations (small
number of data for relevant statistical analyse), then Equation
(3) can be transformed into

Ko = 20 (CVN)*™* (8)

where the calculated constant of 19.97 was rounded up 1o a
vilue of 20,

It could be assumed that Equation (8) represents the lower
envelope of all the measured values ie. it represents the
realistic conservative estimation of the fracture toughness of
the investigated steels in the temperature range of nil-ductility
transition lemperatures irrespective by their microstructure or
prehistory. Nevertheless. at very low CVN absorbed energies
our equation gives higher K¢ values compared with the values
obtained from the previously established Barsom-Rolfe
equation for the transition temperature range®. Namely, the
mentioned authors® found that the plane strain  fracture
toughness Ko in the transition region is related to the Charpy
energy CVN by

K =0.22 E (CVN)? 9

where the Young modulus E is expressed in GPa, Ky is
expressed in MPa m'?, and CVN in Joules. The 54 J Charpy
energy commonly used to determine the transition temperature
of similar steels' corresponds roughly to 150 MPa m'? when
the relationship (9) is wsed. Quite u similar value is obtained
also with Equation (8). which means that both equations could
be applied in the transition temperature range, It s not
surprising because the loading rate and the notch acuity do not
have a great influence on the fracture-toughness behaviour at
shightly higher toughness values,

Besides the above mentioned equations of Barsom and
Rolfe*" /(6),(8)/ there are also some other successful attempts.
Namely, Begley and Logsdon™ suggested that for low
temperatures where the behaviour is predominantly brittle. the
fracture toughness (in MPa m'?) may be related empirically to
the vield stress o, (in MPa) alone:

K, = 00717 oy, (10)

Although Equation (10) essentially differs either from the
equations of Barsom and Rolfe*"" or from our equations (3)
and (4), it is not in larger disagreement with our observations
since for lower Charpy shelves both approaches give a
considerably higher fracture toughness for as strain-aged steels
with higher yield stress. The empirical correlation (10) is also
in good agreement with K, data™' so our linking the Eq. (10)
with the equation of the type K,c = A (CVN)" into a single
foom (5) was relevant, The refatively high regression
coefficient for this new correlation (5) L.e. a correlation which
is compatible with the Barsom and Rolfe*™ approach as well
as with the approach of Begley and Logsdon® confirm that Eq.
(§) enables the best empirical estimation of the low-
temperature fracture toughness K, calculated on the basis of

conventional  mechanical  properties  measured  in the
temperature range investigated as it s also shown in Table 2.

5. Conclusions

1. The fracture toughness was measured in the temperature
range of mil-ductility temperatures of nine non- and low-alloy
structural steels either in as purchased or as strain-aged
condition and it was correlated with the Charpy V-notch
impact energies. Although the strain-aging reduces the Charpy
energies i.c. provokes some shifts of Charpy values 1o higher
temperatures, it also decreases the nil-ductility emperatures of
such steels,

2. The fracture toughness Ky of the investigated steels in
the temperature range of nil-ductility temperatures can be
sucessfully predicted either by the Equation (3) for as
purchased steels or by the Equation (4) for steel as strain-aged.
The estimation of K., which would be conservative enough for
both states of steels can be given by the Equation (8) which has
also a simple form.

3. In general, the most suitable and still plain procedure for
obtining the actual fracture toughness Ky of structural steels
in the temperature range of nil-ductility temperatures, being
also compatible with various other concepts'**'", would
comprise tensile and Charpy testing at lower temperatures and
further application of the generalized correlation (5).

The correlation (5) suggests that K, and probably also
K. iree OF as strain-aged steels would be higher than that of as
purchased steels with the same Charpy energy because of the
increasing yield siress at strain-aging. Consequently, strain-
aged steels have lower NDT temperatures than those of as
purchased steels.
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Recrystallization of Ni-based Superalloy after Cold

Deformation

Rekristalizacija Ni-superzlitine po hladni deformaciji

M. Torkar, B. Sustarsi¢ and F. Vodopivec, Institut za kovinske materiale in tehnologije,

Ljubljana

The strain hardening and isothermal recrystallization after cold deformation of Ni-based
superalloy was investigated. Cold deformation below 10% and annealing temperature
above 1050°C promote the growth of recrystallized grains. A cold deformation, not
lower than 10% and annealing between 1000°C and 1050°C for 30 minutes, produce

fine recrystallized grains.

Key words: Ni-based superalloy, cold deformation, strain hardening exponent, statical

recrystallization

lzvrsena je bila raziskava utrjevanja pri hladni deformaciji in poteka izotermne
rekristalizacije po hladni deformaciji Ni-superzlitine. Rezultati kaZejo, da koncéna hladna
deformacija pod 10% in temperatura Zarenja nad 1050°C pospesujeta nastanek velikih
rekristaliziranih zrn. Hladna deformacija nad 10% in 30 minutno rekristalizacijsko
Zarjenje med 1000°C in 1050°C zagotavijata drobno zrnato rekristalizirano

mikrostrukturo.

Kljucne besede: Ni-superzlitina, hladna deformacija, eksponent napetostnega

utrievanja, staticna rekristalizacija.

1. Introduction

Ni-based superalloys are used in manufacturing of turbine-
tvpe machinery, for rotors, vanes and combustion chambers, for
exhaust valves in automotive industry. in the 1ool industry for hot
work dies, further in nuclear power plants and for petrochemical
equipment as well as in many other places, where a combination
of good mechanical properties and corrosion resistance are de
manded. Despite of the material development, oriented 1o Fe-,
Ni-, Ti-aluminides and other intermetallics, the Ni-based super-
alloys remain the base material for use for the eritical compo-
nents (ref. 1).

Ni-based superalloys with chromium and other alloying ele-
ments are strengthened by precipitation hardening, The matrix is
strengthened by precipitation of (Ni/JAITI/) particles and the
grain boundaries by carbide particles, which prevent the grain
growth (ref, 2).

As cast Ni-based superalloys have a limited hot workability.
The hot working is easier in o narmow temperature range above
the creep range and below the solidus line, where virtualy no pre-
apitates are found in the microstructures. For most of the alloys
with limited hot workability the use of hot extrusion is more suit-
able especially if it is performed at lower deformation rate
(ref. 3)

Electric slag remelting also improves the hot workability of
the alloy (ref. 4.5).

The mastering of the hot working in order 1o obtain the opti-
mal properties. demands a strict control of the grain size and
therefore it is important to control the process of grain growth
and the gran size from the solidification to the final cold work-
ing. During the hot deformation dynamic recovery and recrys-
tallization occur and cause a much lower rate of strain hardening
than is found at room temperature (ref. 6), After cold deforma-

tion only static recrystallization occurs during the annealing. The
aim of the research was to determine the strain hardening ai cold
deformation as well as to establish the influence of deformation
grade and annealing temperature on the start of recrystallization
and grain growth,

2, Experimental

The alloy with the following composition; 21% Cr. 1.7% Co.,
2.5% T, 1.7% AL 0.62% Mn. 0.72% Si, 0.74% Fe. 0.05% C, bal.
Ni, all in wt, %, was melted in induction furnace, The ingots of
60 x 60 mm cross section were cast. electric slag remelted (ESR)
into ingot of 100 mm diameter and forged to the bar of 15 mm
diameter.

Cylindrical specimens with 13 mm of diameter and length of
10 mm were machined from the forged bar. solution annealed at
HISO'C and water quenched, Some samples were continuously
compressed with a maximal logaritmic deformation up to 0.9,
The exponent of strain hardening (n) was calculated by the
method described in ref. 7.

Other samples were subjected to 3. 5, 10, 20, 30 and 50% of
cold deformation with compression. In both cases a teflon {oil
wits used as lubricant 1o diminish the friction, between the tool-
ing and the specimen.

After the cold deformation the specimens were isothermal
annealed 30 minutes at 900, 1000, 1050, 1100 and 1150°C. wa-
ter quenched and submited 1o the examination in optical micro-
SCOpPe.

3. Results

The microstructure of solution annealed and water quenched
specimen is shown on Figure 1.
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The strain hardening at cold deformation is shown on Figure
2. Factor K, represents the true yield stress, i.e. the true stress in
the sample in the moment of the load action. It was established
(ref. 7) that the curve of flow stress at compression test in the in-
terval from ¥ = 0.2 to ¥ = 1.0 can be approximated with the fol-
lowing parabolic function;

Ke=Kant"

The exponent of strain hardening (n) can be estimated from
the equation;

_InKpa - In Ky
e T | B

using the values for Ky, and K, , from figure 2. The calculated
exponent of strain hardening was n = 0,44, The value for k,
(N/mm’) can be caleulated by using the following equation:

k= 1770 x Y"*
The logaritmical deformation @ is calculated by the follow-

ing equation:

h
VY - *
! h

where h, - represents the initial height of the sample and h - the
true height of the loaded sumple at cach step of deformation,
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Figure 2: The strain-stress relationship
Slika 2: Odvisnost med deformacijo i silo
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Figure 1: Microstructure after solution annealing

Slika 1: Mikrostruktura po topilnem Zarjenju

The microstructure of the alloy after cold deformation and
annealing in temperatures range 90 to 1050°C for 30 minutes
are shown in Figure 3, 4 and 5.

Elongated grains on Figure 3 show the alloy remain unre-
crystallized after anncaling at 900°C. At 1000°C the recrystal-
lization occurs by at least 109% of cold deformation.

The lowest temperature at which recrystallization occurs at
all grades of deformation is about 1050 C

At the same annealing temperature the grain size of recrys-
tallized grains decreases with the increasing deformation. At
higher temperature the recrystallized grain starts 1o erow. Figure
6 shows the connections between the grade of cold deformation
and the temperature on the start and advance of recrystallization.

Both, higher annealing temperature and higher cold defor
mation promotes the stant of recrystallization.

The grain size was measured from the micrographs, and rep
resented as ASTM number in Figure 7, as relationship between
the size of recrysiallized grains, the grade of cold deformation
and the annealing temperature,

A fine grained recrystallized microstructure can be obtained
by at least 10% grade of cold deformation at temperature be-
tween 1000 and 1050°C and after 30 minutes of annealing.
Higher annealing temperature promotes the grain growth of re
crystallized grans.
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Figure 6: Relationship between the grade of cold deformation, the
temperature of anncaling and the start of recrystallization

Slika 6: Povezava med stopnjo hladne deformacije. temperaturo
Zarjenja in pricetkom reknstalizacije
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Figure 3: Microstructure of the alloy after cold deformation 3 to 50% and annealing 30 minutes at Y00°C.

Slika 3: Mikrostrukturs hladno deformirane (stopaja deformacije 3 do 50% ) 2litine po 30 minutnem Zarjenju na Y00°C
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Figure 4: Microstructure of the wlloy after cold deformation 3 to 50% and annealing 30 minutes at 1000°C

Stikar 4: Mikrostruktura hladno deforminane (stopnga deformacipe 3 do 509 ) zlitine po 30 munutnem Zarjenju na HOXO0C
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1

.
—

30 min

Figure 5: Microstructure of the alloy after cold deformation 3 to 50% and annealing 30 minutes s 1050°C,
Slika 5: Mikrostrukturi hladno deformirane (stopaja deformacije 3 do S098) 2litine po 30 minutnem Zarjenju na 1050°C.
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Grain size ASTM

10 20 30

Deformation */s
Figure 7: Effect of cold deformation and annealing temperature on
recrystallized gratin size after 30 minutes of annealing.
Shika 7: Vphiv stopnje hladne deformacie in temperature Zarengs na
velikost rekrnistaliziranih zm po 30 minutnem Zargenju,

4. Conclusions

Ni-based superalloy was cold deformed by compression test
and a hardening exponent n = (.44 was obtained. The strain hard-
ening can be calculated by the following equation:

ke= 1770 x ¥

The investigation of the isothermal recrystallization of the
superalloy showed that a small grade of deformation (below

109 ) and a higher temperature (above 1050°C) of annealing
promotes the recrystallized grain growth.

The occurence of partial recrystallization is limited to a rel-
atively narrow temperature range near 1030°C at deformation
below 10% and near 1000°C at deformation over 109,

Finer recrystallized grains of Ni-based superalloy are ob-
tained after a cold deformation not lower than 10% and 30 min-
utes of annealing between 1000°C and 1050°C.

At annealing above the 1050°C the recrystatlized grains stant
to growth,
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The Rheological Model of Deformation Nidus in the

Process of Rolling

Reoloski model deformacijskega prostora v procesu valjanja

G. G. Shlomchack, Dnepropetrovsk Metallurgical Institute, Ukraine
|. Mamuzi¢, Metalurski fakultet, Sisak, Hrvatska
F. Vodopivec, Institut za kovinske materiale in tehnologije, Ljubljana

On the basis of contemporary ideas on the metal pressure shaping theory and
investigation results of the metal stress-strained state during rolling and using variation
principles of mechanics, the plastometric classification of metals and d!/oys a new
rheological model of the high deformation nidus is proposed in this work. The model
explains the regularities in the distribution of plastic deformation intensity in the non-
contact zones as well as the formation of the feed front end deformation in dependence
of the a.'as!o.rnemc properties of metals. Experimental data confirming the validity of the

moael are given also.

Key woras rolling, plastometry, rheology, deformation, straining, deformation nidus.

Na osnovi sodobnih pogledov o teoriji oblikovanja kovin, raziskav napetostnega stanja

v kovini me
St
Lo

d valjanjem, z uporabo variacijskih nacel mehanike in plastometricne
razvrstitve kovin in zlitin, se predlaga nov reoloski model visoko deformiranega prostora
la moael razlaga regularnosti v porazdelitvi intenzitete plasticne deformacije v coni

brez kontakta in nastanek ¢ela deformacijskega prehitevanja v odvisnosti od
ol astometricnih lastnosti kovin. V ¢lanku so priloZeni eksperimentalni podatki,

Ki potrjujejo veljavnost modela.
Klucne besede:
prostor

1. Introduction

In spite of the intensive development of mathematical mod
elling and experimental methods of mechanics, the theory of
rolling at present doesn’t dispose of reliable informations on the
mechanism of building-up of the deformation nidus. Especially
itle 1s known on the regularities of metal flow at unstable stages
of the process. This may result in the slow development of
rolling technology, a low rolling yield and sometimes
also i an unsuitable qualdity of semifabricate.

blooming

'l he plastometncal (theological) properties of metals play a

v important role in the formation of the deformation nidus,
]l’t;' ml]u nee of rheology on the development of regularities of
deformation at rolling of rheologically complex materials is es-
pecially important h_\ extremes on o - € curves. In references |
and 2 the higher order deformation anomalies during the testing
of rheologically complex materials by means of plastic tension
al are descnibed, The necking of the sample with the decrease of
resistance to deformation (do/de<0)) on the « - € curve represents
the secondary deformation heterogeneity. With increased resis-
tunce to deformation, according to the o - € curve, a second sec-
ondary deformation homogeneity appears in form of uniform
¢longation of the neck Thus. ch: anges on the do/de curve are al-
ternated by anomalies in deformation gradient and intensity.
T'his is the base tor the proposed rheological classification of ma-
terials shown n fig. 1 and cstablished on the basis of expeni-
mental data: | class- simple unstrengthenable materials: 1 class-

simple strengthenable matenals; 111-V  classes complex
strengthenable materials,
The experimental mvestigation of the deformation mdus

stress straned state was realised considering the requirements of

valjanje, plastometrija, reologija, deformacijska utrditev, deformacijski

the similarity theory (3) and using a laboratory device (4). 1t was
necessary 1o reveal the mechanism of the formation of the knurl
on the ends of rollings-a wide-spread defect on blooming rolling
(fig. 2).

Figure 2: Widely spread defect: knurl on the fromt end of the rolling:
a-general view; b-during rolling on the blooming = 13007 at
LESOC-12000C; e-laboratory model of knurling

Slika 2: Zelo razsirjena napaka: odpria usinica in éelo valganca: a
splosen pogled: b-po valjanju na blumingu 13007 pri 1150°C-12000C;
c-laboraton jski model usinidenja
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Figure 1: Rheological classes of materials

Slika 1: Reoloski razredi hovin in 2litin

2. Experimental work and analysis of the results

Laboratory device for modelling

The investigated unstable process is a complex physical phe
nomenon in which all parameters: geometrical, rheological, evo
lution of deformation, stressed-deformed state and others change
m time. A special automated laboratory equipment with modern
measuring instruments was build for the modelling of this
process considering the similarity criteria. The base of this de-
vice is a new rolling mill without spindles (fig. 3) - a model of
blooming (5), with roll diameter of 80...200 mm and length of
120 mmy, and a rolling force of 0.3 MN. The main drive is a di-
rect-current motor of 1.5 KW, The circumferential speed of rolls
varies within the ranges of 0-100 mmph and of 2-50 mmps. On
the device it is possible 1o obtain an unfinished rolling (an in-
stantaneous deformation nidus) by means of “shooting off™* the
upper roll at a determined moment and use modern investigation
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Figure 3: General view of the new laboratory rolling mull

Slika 3: Splosen pogled nit novo laboratorijsko valjarmo
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methods such as moire, photoelasticity. filming and strain mea-
surement 1o measure the integral characteristics of the process
(efforts, moments. displacements and others),

The laboratory equipment includes also auxiliary devices for
the preparation and realization of the trial: presses, stamps. ten-
sometric and optical instruments, ete. All parts of the device are
unified in an integrated system with an automatic programmed
control which ensures the precision and quality of the tests.

The riveological model

Lead-a natural model of hot steels and alloys, has the remar-
cable property of recrystallization at room temperature. It de-
forms at low efforts, it is brazed reliably after grating using the
moire method and has a perfect plasticity.

A careful study of its rheology shows one more lead proper-
1y (fig. 4). At various strain rates shows plastometric curves of
different rheological classes. from simple unstrengthenable |
class (at €<0.01 s™') and strengthenable 11 class (ate = 1...13.55™")
to complex strengthenable T class (at € = 13.5...60 s*) and 1V
class (e = 0,01 s,

This behavior makes it possible 10 use lead and its alloys as
rheological models for different steels and alloys. Earlier inves-
tgations (6) showed that its use makes it possible to respect
strictly the similanity criteria in the modeling of rolling process-
es on rolls of optical and organic glass by means of photoelastic
observations. Technically pure lead (99.98% Pb) was used in this
work.

6,
Mg

120 /
~f

2,5 A

’ 0.33

-

/// 13,557

L IS‘I

0 0.2 04 06 &

Figure 4: Plastometric curves Pb (99 98% ) and AL1Y9.7% ) m 20°C
Stika 4: Plastometridne krivulje zit 99.98% Ph in 2a 99.7% Al pri 20rC

Nuclea of maximum strain rates during the rolling

Experimental investigations of the mechanism of the forma-
tion of the deformation nidus were performed after a theoretical
and experimental analysis of the metal stress-strained state. Fig,
Sa shows the intensity field of strain rates Hix.y) obtained by so-
lution of the variation problem using the methods proposed in
ref. 7. Fig. b shows the experimental data for a stable process
of rolling obtained by the moire method. Fig, Sc shows the field
of strain rates e(x.y) at the initial stage of cogging of the slab
edges by edging rolls obtained by mathematical simulation us-
ing the method of finite elements (8).

AR
Figure 5: The field of strain rates in s obtained by the methods of:
a-finite differences (7): b-moire patterns and ¢-fimte elements (8)

Slika 5: Polse deformacijskih hitrosti v s izra¢unano po metodah:
a-konéne razlike (7); b-moire figure in e-kondni elements (8)

Though the methods were different, their results agree well
and show several common features of the deformed state in the
deformation nidus: 1-high heterogencity of the deformation:
2-extension of plastic regions far beyond the geometrical limits
of the deformation nidus. and the presence of the nuclea with
maximum intensity of strain rates H,,, (hatched regions). The
H,. nucleaon fig.5a (H_,, =3 s") and fig. Sb(H,,, = 2.5 s ") are
located in the initial contact regions at the very beginning of the
deformation nidus,

An important conclusion can be derived from these results,
the location of H, nuclea does not depend on the degree of met-
al fullness of the deformation nidus (see fig. S¢).

Mechanism of the formation of the knurl

The unstrengthenable metal through the regions of strain
rates maximum intensity (H,,,, nuclea) strives the flow towards
the nearest free surface-towards the front end of the rolled picce,
From the H,,, nucleus, as the source, it strives forward in dirce-
tion of the rolling, overtaking the roll surface and the central pant
of the metal. This is how the knurl is formed (fig. 6a),

In case of rolling of strengthenable metal the size of the knurl
depends on the strain hardening degree. This hardening grows
adjacent, to contact layers and reaches in the nucleus a H,,, suf-
ficient to deplace the stretching to deeper layers of the metal
down to the center. Central layers rush forward and flatten the
front edge of the rolled piece up to the complete elimination of
the knurl (6b,¢). Thus, the extension of strain in the front end of
the rolled picee is determined by the rheological properties of the
metal. During the hot rolling alternated by softeming and re-
crystallization phenomena the rolling speed plays and important
role. At low speed the to H,,, strengthened nucleus has the time
to soften. This explains the formation of the knurl while at high
rolling speed and the virtual absence of softening the knurl is not
formed.

Pictures of the samples in fig. 6a were obtained at different
stages of the formation of the strain nidus and before the stabili-
sation of the rolling process. The rolling was performed in the
high-speed regime of the third rheological class, when the addi-
tional softening, which causes a strain heterogeneity of the sec-
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ond order, occurs in the H,,,,, nucleus, The layers adjacent to the
contact surface do not soften not only because of shortage of
time, but also because of the dofde<t) rheological anomaly.
Sliding on the roll the metal in these layers is hterally extruded
from the strain nidus twisting towards the centre of the sample,
and the formation of the knurl is intensified to the maximum,

During the rolling of lead in the regime of the second rheo-
logical class (€ = 1...1.5 ") the adjacent to contact layer of the
metal has no time to soften and that prevents the formation of the
knurl (fig. 6b).

Several expeniments under the same conditions, but with dif-
terent rolling speeds were performed additionally on alluminium
with the aim to check the reliability of the explained mechanism,
Ihe plastometric charactenistic of alluminium shows that it is a
material of the second rheological class with strictly increasing
function o - € (see fig. 4). In the deformation nidus it practically
does not soften at room temperature. Thus the metal adjacent o
the contact surtace, strengthened by the passage of H,, nuclea
(see fig. 5). is not clongated in the direction of the exit from the
rolls and deeper layers of the metal are deformed. IF at the first
moment the adjacent to the contact layer of alluminium, which
had no time to strengthen, outpaces the central area then, because
of the strengthening, their deformation is delayed, while the cen-
tral area is rushed forward outpacing the adjacent to the contact
layers and prevents the formation of the knurl (see fig. 6¢)

I'hus, the mechanism of the formation of the stram midus dur
ing the rolling is determined by the degree of metal rheological
complexaty,

The plants producing rolled carbon steels lose a considerable
quantity of metal because of the cuttings. During the blooming
rolling the shnnkage cavity i1s elongated simultancously with the
formation of the knurl and the quantity of rejects 1s increased, For

B, Mﬂar

160 2

| |

: X [
0 02 04 06 080 0244 46§

Figure 7: Plastometnic curves of ¢arbon steel (0435 € 26 S
0.74% Mn; 0.022% P; 0.016% S) ot YO0'C: a-from ref, (9, 110}
(dorted line); and b-from ref. (11)
Slika 7: Plastometridéne knivalje za oghitkovo jekk
0265 Si; 0.73% Mn: 0.022% P; 0.016% S) pri 900°C: a-iz ref, (9),
(10) (pikasta Crmay, mb-izref. (11

1145 (

Figure 6: The modification of the front end of the rolled piece during the rolling at 200'C: a-lead i the high-speed regime of the third rheologic
class at dor/de<t); b-Jead in the regime of the second rheological class st der/de=0 (moire stripes: u and- vertical and honzontal displacements
c-aluminum (99.7%

Slika 6: Sprememba Celia valjanca med valjangem pn 200
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that reason the elimination of the knurl with increased speed of

gripping during blooming rolling of carbon steel ingots (0.43%
C: 0.26% Si: 0.74% Mn: 0.22% P: 0.016% S) was checked, It
failed because of the rheological properties of the steel (fig. 7).
The plastometric curves from ref. |9 and [10] were used under
assumption that the steel was rheologically simple and of the sec-
ond class (see fig. 7a). In reality. according to the investigations
of Suzuki, it is complex (fig. 7b) and of the third rheological
class |11, The reason for the knurling were the deformation
anomalies of the second order at di/di<0. A diminution of the
knurling could be obtained only by means of decrease of the de-
formation degree (in H,,,,, nucleus).

The analysis of the rheology of carbon steels (0.2 - 1.0% C)
according 1o Suzuki showed that these steels were rheologically
complex of the third class with the maxima on o - € curves at all
strain rates and temperatures. That means that the propensity 1o
deformation anomalies is inherent 1o these steels. The formation
of the knurl is inevitable and the only way to diminish it remains
the chunge of the rolling regimes or of the form of the ingots.

Formation of the prenidus plastic zone

Fig. 8 shows 1he results of several experiments performed
with the aim 1o explore the development of deformation in the
prenidus zone by modelling on the laboratory rolling mill,
Samples-ingots 40x40x200 mm prepared with high accuracy
from preliminarly pressed and with stabilized properties (an-
nealing one hour at 100°C and ageing at 25°C during 60 days)
lead (99.98% Ph) were rolled with 80 mm rolls with a deforma-
tion € = 25%.

Pl

.._..
= =
X
l
%3

g

Figure 8: The shape of the deformation nidus during the rolling of
metals with different rheology
Slika 8: Oblika deformacijskega prostora med valjenjem jekel
£ ruzliéno reologijo

The extension of the premidus plastic region was determined
by means of moire stripes and indicator devices operating with
the error of +0.01 mm. Differences in theology of the deformed
matenial were achieved by change of strain rates in the range of
€= 00005, 0001 and 1.5,

During the rolling in regime of simple unstrengthenable first
class the prenidus deformation was maximal (see fig. 8, I, AB),
During rolling in the regime of the second rheological class (with
maximum strengthening) the extension of the prenidus plastic
zone was maximal. Strain homogeneity of the first order pro-
motes the inclusion of layers of metal more distant from the rolls
into the deformation. These matenals are optimal from the
rolling technology stand point.

The processes of the development of the second order strain
heterogeneity were observed during the rolling of the matenal of
the third rheological class with & maximum on the « - € curve
(see Mig. 8, II1, AC). The extension of the zone of non-contact
deformation in front of the rolls was smaller than in the previous
case and the displacement of “C™ point-the beginning of contact
of the metal with the rolls, towards the line of roll centres was
observed constantly. This could produce & stramn heterogeneity
of the second order with elongation of the surface layers joining
points “D™ and “C™ in an avalanche and could lead to the de-
struction of metal, especially when concentrators of stresses in
form of defects are present.

3. Conclusions

A new model for the formation of the plastic deformation
nidus during the rolling was developed using a rheological clas-
sification of metals based on experimental data:

1. It is shown, that the strained state of metal in the midus of de-
formation is characterized by the presence of regions with
maximum strain rates - H,., nuclea and depends substantially
on the rheology of the metal.

. The mechanism of formation of the widely spread defect-knurl
on the ends of the rolled picces is explained. It was ascertaimed
that the formation of the knurl depends on the theology of the
metal and the rolling speed.

3. Regularities of the formation of the non-contact prenidus zone
of plastic deformation were ascertained.

4. Rheological o - € data available in scientfic literature should
be used carefully because in many cases methods of mathe-
matical “smoothing™ were used for processing the resulis of
plastometric investigations and rheological anomalies fell-out
of the researcher’s field of vision.

13
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Comparision of Graphite Furnace - and Hydride
Generation AAS for Trace Analysis of Tin in Steels and

Nickel Alloys

Primerjava elektrotermicne - in hidridne tehnike AAS
za analizo sledov kositra v jeklih in nikljevih zlitinah

A. Osojnik, T. Drglin, Institut za kovinske materiale in tehnologije, Ljubljana

The determination of tin in various types of steel and nickel superalloys at low
concentration level using graphite furnace atomic absorption spectrometry (GF AAS)
and batch system hydride generation atomic absorption spectrometry (HG AAS) is
described. The analytical and instrumental parameters for both methods were
optimized. The interferences of matrix elements and some metalloids were investigated.
Certified standard reference materials of steels and nickel alloys were used to test the
methods. Some performances and characteristic data (detection limit, characteristic
mass, accurace and relative standard deviation) of the two methods are established
and compared. The critical estimate of the both methods is performed.

Key words: graphite furnace AAS, hydride generation AAS, interferences, steel. nickel

alloys, tin determination.

Opisana fe metoda ter optimizirani instrumentalni in analizni parametri za doloéanje
sledov kositra v jeklih in nikljevih zlitinah z metodo elektrotermicne atomizacije (GF AAS)
in hidridne tehnike-AAS (HG AAS). Studirali smo interference elementov osnove in
nekaterih metaloidov. Rezultati so bili preverjeni s certificiranimi referencnimi materiali
jekel in nikljevih zlitin. Podani so nekateri karakteristicni podatki (meja zaznavnosti,
karakteristicna masa, to¢nost, relativni standardni odmik) ter primerjava in kriti¢na

ocena obeh uporabljenih metod.

Kljuéne besede: elektrotermicna AAS, hidridna tehnika AAS, interference, jeklo, nikljeve

Zlitine, doloc¢anje kositra.

Introduction

Mechanical. physical and technological properties of various
types of steel. and especially vacuum cast nickel superalloys for
high temperature application strongly depend on trace elements
contents such as Bi. Sb, Sn, As, Se, Te, and others. Because of
their harmtul effect already at the pg g' levels and lower, the
permissible concentrations of these elements are strongly limit-
ed. depends upon the element, the alloy type and application pur-
pose. The traces of surface active elements such as Sh. Sn. Se,
T'e, and others influence the magnetic properties of nonoriented
steel sheets, The knowledge of their contents is one of the useful
factors for study of segregation phenomena.

Therefore the determination of these elements is extremely
important and the development of a suitable, sensitive analytical
method is necessary. Graphite furnace - and hydride generation
atomic absorption spectrometry scems to be the appropriate tech-
migues for this purpose, because of their sensitivity and relative
simplicity.

I'he main problems in the determination of tin by GF AAS
are the formation of volatile Sn compounds, interactions of tin
with graphite during the atomization step (1, 2, 3, 4, 5) and ma-
trix interferences (Y. 13).

In order 10 overcome these problems, different chemical
modifiers (5, 6, 7, 8). the oxidation of solution with nitric acid
(1.5, 7.9) and pretreatment of the graphite tubes with refracto-

ry metals (1,4, 6, 10, 11) and aluminium solution (9) have been
suggested. In this way the losses of tin are diminished and effi-
ciency of tin atomization is improved, The use of coated graphite
tubes for tin determination has been proposed by many authors
(1,4, 6,9, 10, 11). This treatment results in the enhancement of
sensitivaty (1, 4. 6. 7, 9, 10) and reproducibility of signal (9. 10),
areduction of interferences (6. 10), and in the increased life time
of the graphite tubes (10). The knowledge and explanation of
chemical reactions which occur in graphite fumace during tin de-
termination (1, 2, 12) contribute to better understanding of the
actions and the role of metal coatings, matrix modifiers and in-
terferning elements.

Determnation of tin by HG AAS has been described by a
number of authors (14-20), although many problems exist for
this element. It is well known that sensitivity of Sn signal de-
pends strongly on the pH of the sample solution (14, 15, 19).
Therefore for tin determination saturated solution of boric acid
with addition of low concentrations of nitric (15) or hydrochlo-
ric acid (19, 20) for standards, sample and carrier solutions is rec-
ommended. Different reagents (acid, sodium tetrahydroborate
reductant solution, sodium hydroxide) and their concentrations
significantly influence not only sensitivity and peak shapes but
also interferences in tin determination by HG AAS. Among the
difficulties described in the literature are also high blank values
(18. 20, 21}, memory effects (20, 21), and interferences from
transition metals ions such as Fe, Ni, Co, Cu which cause very
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serious reduction of the tin signal (17, 22), The interferences
caused by those elements can be partly or completely eliminat-
ed. The most common way 1o eliminate the interferences is
masking of interfering ions by different masking agents (17, 22,
23), although the changes of acid and reductant solution concen-
trations arc also useful for this purpose (15, 20). An additional
problem in tin determination by HG AAS reported by B. Welz et
al, (20) is the appearance of pre-peaks originated from the silica
of quartz tube atomizer which can be volatilized and atomized in
the presence of hydrogen. most probably via hydrogen radicals.
These prepeaks are difficult to separate from the analytical sig-
nal and may cause errors in signal evaluation.

The present work involved an extensive study of optimal an-
alytical and instrumental parameters for low level tin determina-
tion in steels and nickel alloys using GF AAS and HG AAS. The
determination has been discussed regarding:

GF AAS

~ influence of graphite tbe coatings and modifier used on sen-
sitivity and reproducibility of signal
interferences of matrix elements

- selection of optimal pyrolysis and atomization temperature
with regard to volatilization of analyie, background. interfer-
ences, sensitivity of signal and life ime of graphite tube

— evaluation of results

HG AAS

~ influence of acid concentration on analyte signal

~ interferences of matrix elements and some metalloids

~ evaluation of results

Experimental

Aparatuy

The GBC 902 atomic absorption spectrometer. equipped
with deuterium-are background correction system, automated
graphite fumace GF 2000, programmable auto-sampler PAL

2000 and CL. 2000 controbler was used for the measurements of

analyte absorbances using GF AAS. The instrumental parame-
ters and operating conditions are given in Table 1. The fumace
program is shown in Table 2.

A Perkin-Elmer 2380 atomic absorption  spectromelter,
equipped with hydride generator MHS-10 and printer PRS-10
was used for hydride generation and absorbances measurements
using HG AAS. The instrumental parameters and operating con-
ditions are listed in Table 3.

Table 1:Instrumental parameters and operating conditions
for GF-AAS

Table 2: Graphite fumace temperature program for the de-
termination of tin in steels and nickel alloys

Step Temp. Ramptime Holdtime  Arflow
number (°C) (s) (s tImin')
| 90 | ) 1.3
2 120 10 10 1.3
3 80 10 I 1.3
4 {1 | | -

5 2606 | 3 =
6 2650 | 6 1.3
7 20 | 5 1.3

Table 3: Instrumental parameters and operating conditions
for HG-AAS

Spectrometer Perkin-Elmer, 2380
Wavelength 286.3 nm

Slit (.7 nm

Light source EDL,.6 W

Hydride system
Stock solution
Standard solutions
Carrier solution
Calibration volume

Perkin-Elmer. MHS-10
1000 we/ml Sn {in 1 M HC1)
serial dilutions with 0.1 M HCI
H.BO., sat. 0.1 M HNO,

25 ml

Spectrometer GBC, double beam, 902
Wavelength 286.3 nm
Slit 1.0 nm

HCL, 10 mA
peak height

Light source
Measurement mode

Furnace

Graphite tube coated with Na. WO,
Char temperature RO0°C
Atomization temp. 2600°C
Sampler

Sample volume 20 pl

Standard preparation
Stock solution
Standard solutions

HOOO peg/ml Snon | M HCI
senal dilutions with 0.3 M HNO,

Sample preparation
Dissolved in
Mass/volume

20 ml aqua regia
0.5 g/50 - 1 10 10/100 ml
(diluted with 0.3 M HNO )
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Reductant 3 g NaBH, 4+ 0.5 g NaOH/100 m]
Flame airfacetylene; blue
Sample

Dissolved in 20 ml aqua rega
Mass/volume 0.5 g/50 ml

0.1-1.0ml
3 g sodium oxalae/ 100 ml

Measuring volume
Elimination of
interferences

Reagents
All reagems were of highest avalable purity (p.a. or punss.
p-a.) obtained from Merck or Fluka, The solutions prepared
were:
GF AAS
~ aqua regia
—nitric acid, 0.3 M
- Pd/Mg nitrate moditier: 300 mg Pd (dissolved i nitric acid)
+200 mg Mg(NO,). . 6H.0 in 100 ml of water
- sodium tungstate dihydrate, S g in 100 ml of water

HG AAS

— AL regia

— carrier solution: saturated boric acid containing 0.1 M nitric
acid

— reduction solution: 3 g of sodium tetrahydroborate (Fluka)
100 ml of water stabilised with 0.5 g of sodium hydroxide

—sodium oxalate. 3 g in 100 ml of water

Standard solutions
Stock solution of 1000 pg ml - Sn owas prepared by dissoly

ing of 1000 g of tin metal in 100 ml hydrochloric acid (1,161 and
diluting to 1 | with deiomzed water. The other standard solutions
were prepared from stock solution by serial dilution with 0.3 M
nitric acid for GF AAS or with 0.1 M hydrochloric acid for HG
AAS. Standard Sn solutions containing the interfering ions were
prepared by adding the appropriate amounts of interfering 1ons
to the standard solutions.

Sample preparation

0.5 g of sample was carefully dissolved in 20 ml of aqua re-
gia (2 hours at 90°C). After cooling the digest was diluted 10 50
ml with deionized water. Further dilution of sample solution
(10-100 times) with 0.3 M nitric acid was used for GF AAS mea-
surements.
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Figure 2: Effect of atomization temperature on signal for 2 ng Sn

Stika 2: Vpby temperature atormizacije na signal za 2 ng Sn
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Figure 4: Influence of mterferent elements on the signal for 2 ng Sn:

GF AAS

Slika 4: Vpliv motecih elementoy na signal za 2 ng Sn: GF AAS
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Figure 5: Effect of Fe extraction from steel on Sn-signal by GF AAS
Slika 5: Vpliv ekstrakeije Zeleza iz jekla na Sn signal z metodo
GF AAS

Pretreatment of graphite tube ™"

The graphite tube was soaked with sodium tungstate solution
for 8 hours, than the tube was dried at 120°C and heated in the
fumace tube under the conditions shown in Table 4. The whole
procedure was repeated once more.

Tabele 4: Furnace conditions for W carbide coating

Step Temp. Ramptime Holdtime  Arflow
number ("C) (s) (s) (I min')
1 120 10 60 1.3
2 2600 90 10 -

3 294K 10 10 1.3

304

e

Total volume 36 pi
Sample votume 204
Sempie conc fount ZRemmi Sn

ADERE TIMTENTI

Figure 6: Standard addition method for the determination of Sn in steel
by GF AAS
Stika 6: Metoda standardnega dodatka za dolodanje Sn v jeklih
7z metodo GF AAS

Calibration

The calibration curve made by standard addition method was
applied using GF AAS.

For HG AAS calibration was carried out with standard solu-
tions in the range from 10 to 100 ng Sn. matched with corre-
sponding amounts of matrix elements.

Results and Discusion

The results of the work carried out with the intention of op-
timizing instrumental and analytical parameters for tin determi-
nation in steels and nickel alloys using GF AAS and HG AAS
are shown in following figures.

Effect of graphite tube coating and matrix modifier on sen-
sitivity of Sn signal at different pyrolysis temperatures is demon-
strated in figure 1. The W-coated graphite tube shows the largest
increase in sensitivity among the coatings used (W-, Ta-. Zr-
coatings). Itis evident that pyrolysis can be done at temperatures
up to 1000°C without greater loss of Sn. The matrix moditier pro-
posed by Schlemmer and Welz® (Pd/Mg nitrate modifier) has es-
sentially no influence on the absorbance signal of tin at this tem-

Absorbance

L S L 1 [
% 0! 02 a3 04

med 17 HNOy in 2B

Figure 7: Influence of nitric acid concentration on Sa signal using HG
AAS
Slika 7: Vpliv koncentracije dusikove (V1 Kistine na Sn signal
2 metodo HG AAS
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Slika 8: Vpliv motedih elementov ma Sn signal 2 metodo HG AAS
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Figure 9: Elimination of interferences for Sn with the addition of
sodium oxalate (HG AAS)

Slika 9: Eliminranje motenj za Sn 2 dodatkom natrijevega oksalats
(HG AAS)

perature. The sensitivity increase due to matrix modifier action
is observed only at pyrolysis temperatures above 1200°C,

Effect of atomization temperature on Sn signal is shown in
figure 2. The efficiency of tin atomization is improved at atomi-
zation temperature 2600°C,

The absorbance signal of background in dependence of py-
rolysis temperature for Sn determination in steel samples is pre-
sented in figure 3. For sample amount of 20 pg the background
is reduced on acceptable value at pyrolysis temperature above
S0,

The interfering effect of matnix elements on signal of Sn is
shown on figure 4. As indicated the presence of Fe and Cr de-
press the Sn signal strongly. Since it was confirmed (13, 15) that
the extent of the interferences by the transition metal jons does
not depend on the analyte - interferent ratio. but on the interfer-
ent concentration in the sample solution. larger matnix dilution
for high Sn contents can be used to reduce these interferences.

In the case that Sn concentration in the sample is very low a
prior separation (MIBK extraction) of interfering iron must be
done. The depressing effect of iron on Sn signal can be seen from
figure 5. where the comparison of peaks resulting from tin de-
termination with and without the iron separation is shown. For
tin determination in steels the dilution of sample is recommend-
ed. The absorbance signal for diluted steel sample is namely
greater as for undiluted sample, although the tin amount for di-
luted sample is absolutely smaller. Therefore the evaluation of
results has to be performed by the calibration curve made by the
standard addition method which is demonstrated in figure 6.

The following figures present the results of our experiments
made with intention of optimizing the analytical parameters for
tin determination using HG AAS. The influence of nitric acid
concentration in the carrier solution on sensitivity for tin is con-
firmed (figure 7). As reported (15, 19) the addition of low con-
centration of nitric acid to the saturated boric acid improves the
sensitivity and reproducibility of Sn signal.

The influence of interfering elements on Sn signal by HG
AAS is shown in figure 8. The presence of Ni, Fe, Co, Cu, Mo
and Se depress the signal for Sn strongly.

The mterfering effect of Ni, Fe, Co and Mo is eliminated by
addition of sodium oxalate (figure 9). although a number of
masking agents were examined, The interference of Se is stated
only in concentrations much higher than in samples investigat-
ed,

Centified reference standard materials of steels and nickel al-
loys were used to test the methods. Certified values for Sn con-
centrations in standards used are collected in table 5. The com-
parison results of Sn determination in steel and nickel alloys are
given in table 6. The results indicated a good agreement with
certified values for both methods within the reported standard
deviation. although the reproducibility of results is better by GF
AAS.

Table 5: Certified reference standard materials used for Sn
determination

Sign Material Atest
peg'Sn
BCS 239/3 0.3 % carbon steel 300
BCS 433 plain carhon steel 100
BCS-CRM 451/1 carbon steel 20
EURO-CRM 281-1 highly alloyed steel 90
EURONORM ZRM 285-1 highly alloyed steel 30
BCS-CRM 345 IN 100 alloy 6
BCS-SRM 346 IN 100 alloy 91
MEBH 11982 B nickel alloy IN 100 88
MBH 11980 F nickel alloy IN 100 I8

'
=
\
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Table 6: Comparison of GF-AAS and HG-AAS results
{pgg 'Sn) with certified values

Certified Certified vabae GF-AAS HG-AAS
references

sumples found + RSD found + RSD
BCS M5 b+ 16 19 +152% 49 1804
BCS M5+ 10 pgpe™ 16 158

BCS Mo 927 "2 + 73 b0 +75%
MBH 11980 I8 151+ 15.1% 190 + 1115
MBH 11982 88 76,5 +87% 812 +82%
BCS 23973 INN280-3300 320 +17% RILY +50%
BCS 433 1000 RO-110) 0 +35% 93 + 8.3
BCS 431/1 AN 13-23) I8 +359% 15 +9.2%
EURO-CRM 2811 904 10 [N +334 97 «41%
EUROZRM 2851 30 +8% 13 +68% 26 + 844G

Some characteristic data of both methods used are collected
in table 7. The calculated values are nearly in a good agreement
with available reported data. The sensitivity (charactenstic
mass) of GF AAS method is better as for HG AAS, which is
compensated  with greater measuring volume by HG AAS.
Interesting is the difference in the charactenstic mass calculated
from analysis results of diluted and undiluted samples which is
the consequence of depressing effect of interfering elements.

Table 7:Characteristic data for method evaluation {detection
limit, characteristic mass)

Methund Samplke Dilution Measunng DL m,
wiume gl p2p ™
GEAAS stanidand 2l B 173
sl
GEAAS BCS 35 T2/ 100 ml 2l sS4 054 pLA |
GF-AAS HCS 36 12100 HSO ml Wl 37 8.2} 04
GF-AAS BCS 23 1 Sg/50-H 160 ml BUTH 2 2 106
GF-AAS HOS 2w hS281 1/ Soml AT 1.} K7 17y
GE-AAS BOS 2511 D.Sp/SO- 140 ml Nt 25 15 U
GHAAS HOS 2811 DSg/S0- 1/100ml Mol 0T 13 10?
HG-AAS  stndand I mi 23 1982
solutwm
HG-AAS HCS 145 1g/104) mi | o i3 nis 2440
HG-AAS BOS 330 12 10N ml I mi R 9 X! 010
HG-ANS S 23978 152450 el nisml 21 42 1w
HG-AAS BCS 4511 1/ 100 m! biml 27 17 pal L)
HGAAS  BOSASII o0 mi 1.5 md 2 s NN
Conclusions

The W-coated graphite tubes was chosen to improve the sen-
sitivity and reproducibility of Sn signal by GF AAS. The strong-
ly interfering effect of iron and chromium was stated at analyses
conditions used. Dilution of samples for high Sn contents or pri-
or iron separation for steel samples in low concentration levels
(<20 g ¢ ') is the only way to overcome this problem. The eval-
uation of results has 10 be performed by the calibration curve
made by standard addition method.

The interferences of Ni, Fe, Co. Cu and Mo, due to prefer-
ential reduction of terfering elements to elementary state and
Kinetic changes of hydride forming reactions were established

using HG AAS. The interferences of hydnde forming elements
(Se) were stated only in concentrations much higher than in sam-
ples investigated. The interfering effect of Ni, Fe, Co and Mo is
eliminated by addition of sodium oxalate.

Centified  reference  standards  of  steels  contuining
20-300 pg' Sn and nickel alloys containing 6-91 pg 2 Sn
were used 1o test the methods. Characteristic mass is lower by
GF AAS. This can be compensated with greater measuring vol-
ume by HG AAS. Reproducibility of results is in the range of +2
10 +15% for GF AAS and +4 10 +18% for HG AAS. The accu-
racy of results are in agreement with certified values within the
reported standard deviation for the both methods.
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The Susceptibility to Hydrogen Embrittlement of Low
Alloy Cr-Mo Steel Tubing

Obcutljivost cevi iz nizkolegiranega Cr-Mo jekla na vodikovo
krhkost

M. Goji¢, M. Balenovi¢, Zeljezara Sisak, Hrvatska
L. Kosec, Fakulteta za naravoslovje in tehnologijo, Ljubljana
L. Vehovar, Institut za kovinske materiale in tehnologije, Ljubljana

In the paper the results of research in the susceptibility of as-rolled and heat treated low
alloy Cr-Mo (microalloy by Nb) tubing to hydrogen embrittiement by method of cathodic
polarization are shown. The results show that quenching at 870°C (both in water and oil)
and tempering at high temperature (720°C) attain excellent resistance to hydrogen
embrittlement which is indicated by a small embirittlement index (11.1-23.6%) by tough
small-dimple fractures and relatively small content of absorbed hydrogen (3.2-3.4 ppm)

at the cathodic polarization.

Key words: low alloy steel, tubing, hydrogen embrittlement, heat treatment, cathodic

polarization

Raziskovali smo obcutljivost valjanih in toplotno obdelanih cevi iz malolegiranega Cr-Mo
Jjekla (mikrolegiranega z niobom) na vodikovo krhkost. Uporabili smo metodo katodne

polarizacije.

ezultati kaZzejo, da s kaljenjem s temperature 870°C (v vodi ali olju) in

Z visokotemperaturnim popuscanjem (720°C), doseZemo odli¢no odpornost proti
vodikovi krhkosti. Potrjuje jo majhen indeks krhkosti (11.1-23.2%), Zilav, jamicasti izgled
prelomne povrsine in relativno majhna vsebnost absorbiranega vodika (3.2-3.4 ppm) pri

katodni polarizaciji.

Kliuéne besede: malolegirana jekla, cevi, vodikova krhkost, toplotna obdelava, katodna

polarizacija.

1. Introduction

Corrosion costs of oil country tubular goods (OCTG) in oil
industry are estimated to be some hundred millions dollars every
vedr. Atthe begin of the fifties a lotof oil tubes in Canada, USA
and France failured when APl (American Petroleum Institute)
pipes grade N-8O and P-110 were used in sour wells, with mini-
mum  yield sirenght of 552 MPa and 758MP, respectively.
Nowdays egreat efforts are being made to decrease or reduce the
process of corrosion o minimum, expecialy the sulfide stress
corrosion cracking (SSCC) e, hydrogen embrittlement (HE).
Most producers of oil country tublar goods adapt themselys to
difficult condittons of oil and natural gas exploatation by devel-
oping and producing pipes from low alloy to high alloy steels and
special alloys. Low alloyed steels mostly used for OCTG are
made from medium carbon Mn. Mn-Mo and Cr-Mo type steels.
microalloyed with vanadium, niobium, titan and bor', The sul-
fide stress corrosion cracking or hydrogen embrittlement of
steels 1s quite a complex phenomenon not being vet completely
unambignous determined neither regarding the mechanism? nor
the dominant influence of individual factors (mechanical prop-
erties, microstructure ete. ). However it is often used to charac-
terize the influences of hydrogen in steel al room temperatures.
These influences are mostly manifested through the loss of duc-
tility {decrease of reduction area and elongation). Therefore, in
this paper is presented the analyse of low alloy Cr-Mo steel (mi-
croalloyed with niobium) susceptibility 1o hydrogen embrittle-
ment from the point of view of mechanical properties, heat treat-

ment and microstructure. At the same time, the content of ab-
sorpted hydrogen was determined and fractographic analysis of
fractured surfaces” specimens after cathodic polarization was
carried out

2, Experimental

Muaterial

By procedure of laboratory electro slag remelting there were
received low alloy Cr-Mo steel {microalloyed with niobium) in-
gots, ¢ 169 x 380 mm, which were after forged into billets
[] 135 x 420 mm, The table 1 shows chemical composition of
the investigated steel.

On the table 1 we can see that the investigated steel appro-
priates to the first type API grade C-90 by addition of niobium
as a micro alloy clement®. Alloving with higher content of
molybdenum and microalloying with niobium AISI 4130 steel
proved 1o be useful for increasing of resistance 10 hydrogen
crucking because of the refined austenite gramn and the size of

5 S v

0007 | 032 fom

Nb

Cr-Mo 030 | N 0435

| Steel C [Ma]| P
]

|
'

Mo l Al Cr

(UL A

0

Table 1: The chemical composition of steel investigated, 4
Tabela 1: Kemijska sestavi jekla, 4
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carbide particles. In Iron Steel Works Sisak. billets [7] 135 x 420
mm were hot rolled into seamless ubing & 60,3 x 4,83 mm for
oil industry.

Hear treatment

The temperatures of phase transformations needed for heat
treatment  were  tested by  dilatometer  LK.O2  “Adamel
Lhomargy". The specimens ¢ 2 x 12 mm were heated and cooled
by heating and cooling rate of 0,05°C/s, On registered diagram
dilatationftemperature. the temperature values of particular
phase transformation were read off, On the basis of there results,
the heat treatment of pipes which is consisting of normalization
and tempering as well as quenching (with cooling in water and
oil) and tempering were carried out in the laboratory clectric re-
sistance chamber furnace, Before and after heat treatment me-
chanical properties of ASTM standardized specimens were test-
ed. The hardness test was performed by Brinell’s method. In a
view of obtaining phase composition 4 phase analysis by X-ray
diffraction device and Philips numerical couting technique by
use CoKa radiation,

Corrosion 1ests

Since the hydrogen embnittlement of the material presents in
fact the loss of its ductihity (due 10 absorbed hydrogen) a decrease
of ductility parameters is obvious, te. the reduction area and
elongation of specimens are always reduced™®, Among many
electrochemical methods the cathodic polarization is one of the
most appropriate methods for the determination of relative ma-
terial susceptibility to hydrogen embrittlement. The specimens
& 3.5 x 110 mm made from steel investigated in as-rolled and
heat treated state were put into electrochemical cell (fullfilled
with 0.5 M H.SO, + 10 mg As,0/1 solutin) which was put in
Zwick 50 kN tensile machine and subjected 1o static load of 60
and 80% its of yield strenght”. The cathodic polarization was car-
ried out by Wenging's potentiostat at current density of 1,6; 4.0
8.0 and 12.0 mA/em’. After cathodic polarization (duration of
two hours) of stressed specimens testing to the fracture with de-
formation rate of 2.4 x 107" was immidiately carried out. On
the base of change of specimens’ reduction area embrittlement
index was calculated according to the following equation;

RA,; - RAy

P
RAL

x 100 (h

where are;
RA,, - reduction area prior cathodic 1o polarization (uncharged
by hydrogen)
RAy - reduction area after cathodic polarization (charged by hy-
drogen)

After corrosion tests the content of absorbed hydrogen in ca-
thodic polarized specimens is determined on the exalograph EA-
1 by the methad of hot extraction.

Metallographic and fractographic testing

Microstructure of polished and etched (in nital) specimens
hefore and after heat treatment were carried out by the scanning
electronic microscope (SEM) type JOEL JXA-50 A, voltage 0
50 kV. For determination series and manner fracture the analy-
sis fractured surfaces of specimens were carried out.

3. Results of investigation

Investigation of mechanical properties were carried out by
Instron 1196 tensile machine on two samples in as-rolled and
heat treated state. Energy impact testing was carried out by
Charpy clapper on three ISO specimens with V-notch at temper-
ature 20°C. Average testing values of mechanical properties are
showed in table 2.

On table 2 can be seen that the tubing without heat treatment
according to mechanical properties comrespond 1o P-110 API
grade which does not belong to the corrosion resistant oil coun-
try tubular goods. By normalizing at 900°C and tempering at
700°C was obtained corrosion resistance L-80 API grade. By the
tubing heat treatment consisting of quenching at 870°C and tem-
pering at high temperature of 720°C (specimens 36 and 39) there
were obtained OCTG with mechanical properties C-90 grade.
The index embrittlement as per equation (1) taking into account
the specimens reduction area prior and atter cathodic polariza-
tion. The average values of embrittlement index for as-rolled and
heat treated tubes are shown in table 3.

4. Discussion of results

The mechanical properties of Cr-Mo steel tubing in as-rolled
state are high (API gradde P-105, table 2) duce to the chemical
composition (modification with molybdenum and microalloying
with niobium) and the presence of bainite microstructure (figure

Table 2: The mechanical propertics of tubings Cr-Mo steel in as-rolled and heat treated state

Tabela 2;: Mchanske lastnosti cevi iz Cr-Mo jekla v valjanem in toploino obdelanem stanju

Yield Tensile Elongation  Hardness Energy Fracture
Specimen Heat treatment strenght strenght impact toughnes
MPa MPa % HB at+20°C MPa M
3 972 1145 8.9 400 B S0
Normalized 900°C/min, air
30 + 608 725 25.5 230 I8 84
Tempered 700°C/60 min. air
Quenched 870°C/30 min, water
i6 + 721 765 255 252 19 a4
Tempered 720°C/60 min. water
Quenched 870°C/30 min, o1l
39 + 703 759 22.1 250 22 100
Tempered 720°C/60 min, air
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Table 3: The values of embrittlement index and content absorbed hydrogen Cr-Mo steel by cathodic polarization
Tabela 3: Vrednost indeksa krhkosti in vsebina absorbiranega vodika Cr-Mo jekla pri katodni polarizaciji

|

‘ Yield Index Current Content
Specimen Heat treatment strenght embrittiement density hydrogen
MPa F (%) smA/fem’ ppm
3-6 - 972 87.6 1.6 2.7
30-4 Normalized 900°C/30 min, air 27.2 4.0
30-7 - 605 55.2 8.0 -
-6 Tempered 700°C/60 min, air 88.5 12.8
36-3 Quenched 870°C/30 min, water 1Ll 4.0 3.2
| 36-5 + 721 30.7 8.0 4.
| 36-4 Tempered 7200°C/60 min, air 86.2 12.0 4.8
i
39-3 Quenched 870°C/30 min, oil 236 4.0 34
39-5 + 703 1IN 8.0 44
39-4 Tempered 720°C/60 min, air 88.6 12.0 7.0
Ja) appearing at usual air cooling of tubes with finish rolling oo . Kie = Ry(0,646 CYN/R - 0.00635)" (2)

temperature. The hardness is homogenous through the whole
cross section and amounts to 400 HB and 230-250 HB for the
pipes in as-rolled and heat treated state as well. As OCTG are al-
so used in arctic fields they are supposed to be as tough as pos-
sible, expecially at low temperatures, Energy impact of heat
treated pipes is high and amounts 1o 18-22 J a1 20°C retaining 1o
same values also at -40°C. The fracture toughness (Ke-value) is
known to be an important characteristic of material, however, be-
cause of wall-thinnes (4.83 mm) K\ was not defined by the way
of Charpy's energy at 20°C as per Rolf-Novak’s equation®.

D 16 mA/em? E 80 mA/cm?
/
ﬁ 40 mA/em? 2.0 mA/em?
100
e = =
so- : ] i
i';_ e %
S 4 2
. = o X ’
= =1y i )
g = N
40~ o 4 s b
T = 2
I3 e R
E =% 2
E /: A‘- "': \
z 20 /._ o~ e &
g /: e » -
w A - v
/ p—{" \ b ;
g = 5l
) == b W, [ b
without heat 900°C/air B70°C/water &0"C/oil
treatment - . .
(as - rolled) M0°C/ar  720°C/air  720°C/air
Heat treatment

Figure 1: The influence heat treatment on embnttlement index of low
alloy Cr-Mo steel
Shika 1: Vphiv toplotne obdelave na indeks krhkosti malolegiranega
Cr-Mo jekla

R - Upper yicld strenght (MPa)
CVN - Charpy energy impact (1)

On the base of calculated Ky - values (table 2) it is clear that
the fracture toughness of quenched and tempered pipes has high
values which may be up to 100 MPam'?. The figure 1, in the
manner of histogram, shows the change of embrittlement index
at the cathodic polarization both for different states of material
and different current densities and it can be seen that pipes re-
sistance 1o hydrogen embrittlement increases through appliance
of the heat treatment, specially quenching and tempering.

Although pipe specimens in as-rolled state were at test
stressed on the level of 60% yield strenght and polanzed at cur-
rent density of 1,6 mA/ecm® a small resistance to hydrogen em-
brittlement with embrittlement index of 87,6% was obtained.
The microfractography (figure 2a) of a fractured specimen made
after cathodic polarization shows the presence of mixed fracture
in which predominantes brittle cleavage type of fracture. The
reason for such a small resistance to hydrogen embrittiement is
in the presence of untempered bainite microstructure (figure 3)
which is by many investigators™"® considered, after martenzite
structure, 1o be the most unfavourable microstructure with regard
to the resistance in corrosion environmetals, expecially in sulfide
environmetals.

By normalization and tempering at 700°C the resistance 1o
hydrogen embrittlement was increased can be seen from the in-
dex value of embrittlement 27,2% and from the ductile fracture
with a small energy fracture (figure 2a). The fracture began at
the large inclusion particle being however mighty traps fro hy-
drogen because their great intersurface encures the accummula-
tion of sufficient hydrogen quantites for the initation of crack-
ing""". By quenching and tempering at 720°C the tube resistance
10 hydrogen embrittlement was increased which was expressed
by a smaller embrittlement index, particulary specimens
quenched in water where the embrittlement index is only 11,1%.
The fracture are ductile, with fine dimple appearence (figure 2¢).
The increase of embrittlement index was induced mostily by
presence of high tempered martenzite microstructure (figure 3b)
in which by means of X-ray diffraction the distribution of fine
sphero carbides FeC, Fe.C, Cr.C, and aMo,C was determined.
Fine carbides microstructured is a main microstructural parame-
ter for improving of hydrogen embrittlement because in this case
alonger time is needed for the accummulation of eritical amount
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Figure 2:

Kosec. L. Vehovar: The Susceptibility to Hyvdrogen Embrittiement of Low Alloy Cr

The microfractography of fractured surfaces of low alloy Cr-Mo steel after cathodic
ayas-rolled, current density 16 mA/cm

b1 quenched and tempered. current density 4.0 mAJc

C) noma and wempered, current density 4.0 mA/cm

wed and tempered, current density 12,0 mAk

Slika 2: Mikrofruktografije prelommb povesin malolegirunega Cr-Mo jekla po Katodm polariza
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) valjano, gostota toka 16 mA/en
b kaljeno in popuséeno, gostota toka 4.0 mA/cm
¢) normalizirant i popusceno, gostota toka 4.0 mAJ/cm

dy Kaljeno in popusdéeno, gostota toka 1 2.0 mA/em
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Figure X:

Ihe microstructures tubings from low alloy Cr-Mo sieel in
s-rolled (a) and guenched and tempered state (b)
Slika 3: Mikrostruktura cevs

1) ter Kaljenem in popuscanem stanju (H)

1z malolegiranega Cre-Mo jekia v valjanem

of hydrogen inducing the brittle material decay. Since the mi-
crostructure influence is manifested mainly through the absorp-
tion and trapping of hydrogen on the interfaces carbide/matrix,
the defined fine chrome carbides Cr,C, and «Mo,C increase re
sistance 10 hydrogen embrittlement

5. Conclusion

Fhe wbing of investigated Cr-Mo steel in as-rolled state
(without heat treatment) in regard to mechanical properties cor
respond to API grade P-110 with bainite microstructure appeared
in usual way by air cooling of pipes at finished rolling tempera-
ture. Their resistance to hydrogen embrittlement is small with
high values of embrittlement index of 87.6% . It proves also the
presence of mixed fracture with mainly brittle cleavage e
tures. By normalizing of tubing at YXY'C and tempering at 7(°C
is obtained AP1 grade L-80 with a great resistance 1o hydrogen
embrittlement (F = 27.8% ) and ductile fracture with a small frac
ture energy. However, by quenching and tempering at 720°C API
grade was obtained C-95 with significant resistance to hydrogen
with ductile mainly fine dimple fractures. The reason of there are
carbides Cr.C. and aMo.C in tempered martenzite microstruc-
ture. However, by increasing of current density from 4.0 mAjem
1o 1 2.0 mAjem® at cathodic polarization some quintity of hydro-
gen (5-7 ppm) was absorbed which remarkably decreased resis-
tance to hydrogen embrittlement (F = 86-89% ) in the presence of
the brittle cleavage transgranular fracture, The results of the test
show that for the obtaing of API grade C-95 with high resistance
to hydrogen embrittlement the heat treatment of tbing from in
vestigated Cr-Mo steel needs to be carried out by quenching in
water after having reached the temperature at 870°C and air tem
permg from 7200C.
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Predicting Oxide Activities in CaO-Al,0,-SiO, System

by Computer Model

Napovedovanije aktivnosti oksidov v sistemu Ca0-Al,0,-SiO,

Z racunalniskim modelom

B. Korousic, Institut for Metals and Technology, Ljubljana

The most important metallurgical effects of ladle treatment of aluminium - killed steels
with calcium, are associated with the modification of alumina inclusions. For the
development of the deoxidation - control model for inclusions, the thermodynamic slag
model, based on the Gibbs energy minimization and modelling approaches postulated
from Hastie et al., was used to calculate component oxide activities in the system
Ca0-Al.O; and part of the system 3Ca0.ALO;-Si0,, 12Ca0.7A1,0,-SiO. and

Ca0.Al,O.-SiO. at 1500°C and 1600°C.

Key words: Slag activities, model computations, Gibbs energy minimization

Najpomembnejsi metalurski ucinki pri uporabi kalcija za obdelavo jekel pomirjenih

Z aluminijem so povezani z modifikacijo aluminatnih vkljuékov. Pri razvoju modela za
kontrolo vkijuckov smo uporabili termodinamicni model, ki sloni na Gibbsovem modelu
minimizacije energife in postulatu, ki ga je postavil Hastie et al. Izradunavanja aktivnosti

oksidnih komponent smo izvrsili za sistem 3Ca0.Al.0,-SiO.,

12Ca0.7Al,0,-Si0. in

Ca0.ALO+-SIiO, pri temperaturi 1500°C in 1600°C.
Kljucne besede: aktivnosti Zlinder, modelna izracunavanja, Gibbsova energija

minimizacije.

1. Introduction

In last two decades calcium-based additions are made to
molten steel not only for deoxidation and/or desulfurisation pro-
poses, but also for the control of inclusion composition and mor-
phology. The ladle metallurgy offers today excellent possibili-
ties to control of the clesnness and quality of steels. The most
important metallurgical effects of ladle treatment of aluminium-
killed steels with calcium, are associated with the modification
of alumina inclusions preventing his precipitation during the
continuoustly casting known as nozzle clogging process. Also
the role of the syntetic slags CaO-ALO.-Si0O, for the secondary
refining of steel is growing dramatically because of it's excellent
refining capabilities. In order to put inclusion engineering into
practice, it is essential that the equilibrium relationship between
the liquid steel and the corresponding inclusion should be deter-
mined, With suitable selection of the deoxidation practice
(changing ratio Ca/Al) is possible 10 avoid nozzle clogging, en-
suring inclusions with melting points lower than the steel melt
temperature,

In this paper are presented equilibrium thermodynamic ac-
tivity of the ALO,. CaO, and SiO; in system Ca0-Al,0,-Si0,,
determined with new Gibbs Energy Minimization Model -
GEMM (The equilibrium calculation in the GEMM program is
4 minimization of the integral Gibbs free energy using a
Langrangian multiplier method for the constraints) and dis-
cussed in relation to their use in deoxidation and calcium treat-
ment control.

2. Thermodynamic model of oxide phase equilibria
- GEMM
Many thermodynamical models are developed in last two
decades for the investigation of multiphase equilibria and for

thermodynamic predictions of multicomponent high-tempera-
ture oxide systems'. Calculations involving thermodynamic
equilibria in multi-phase oxide systems are extremely time con-
suming, even in the systems with relatively few components. In
recent years, there has been rapid progress in the use of thermo-
dynamic models achieving better understanding of many metal-
lurgical, ceramical and chemical systems of commerical signifi-
cance,

This progress has been made possible largely by develop-
ments in computer software technology as well as the increasing
availability of reliable and comprehensive thermodynamic val-
ues compared with “hand™ calculations which have traditional-
Iy been assigned 1o specialists.

A new modelling approach for thermodynamic predictions
of multiphase high-temperature oxide systems developed by
J.W. Hastie and D.W. Bonnell" has been extended and applied
for the investigation of the binary and ternary systems CaO-
ALO, and CaO-ALO.-SiO,. Well-known examples of solution
models in current use include, ideal, regular, and the molecular-
level associated liquid or cluster models*™, The basic approach
used in the GEMM prediction model is a description of non-ide-
al mixture and the formation of complex liquids and solids as
mixing componenets. This model has a thermodynamic basis
and does not rely on assumed molecular or ionic entities in the
liquid phase. The liquid components are not independent mole-
cular species, but are essentially subphases that serve as models
for the local associative order-an idea that Schenk himself great-
ly expanded some S0 years ago”.

Although the components are included individualy, it is as-
sumed that in most cases, the components form short range or-
der. and do not necessarily represent discrete molecular, ionic or
other structural entities, The component and complex-compo-
nent oxides formed are assumed to mix idealy, in accordance
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with Raoult” law. Hence, thermodynamic activities and apparent
mole fractions (X') are equivalent quantities for this model.

In the GEMM-prediction model, the thermodynamic activi-
tv of oxides CaO, ALO.. and S10. can be calculated from the cor-
responding thermodynamic functions. The modelling approach
has been validated by comparison with experimental activity da-
ta, obtained from Taylor®, Kay”. and recently published data
from Fujisawa', and Nagata'”. While the thermodynamic data
are mcomplete they are still sufficiently extensive 1o allow their
use in the performance of common thermodynamical calcula-
tions for many high-temperature slags and other systems. Good
agreement between the model predictions and experimental ac-
tivity data is obtained. The wtility of even sparse experimental
data can, in principle, be greatly enhanced by GEMM optimiza-
tion technigques.

3. Thermodynamic data bases

Betore actual calculations can begin, the necessary thermo-
dynamic data must be collected. For most oxide systems relevant
to industrial steelmaking practice, the experimental thermody-
namic data base are often a variety of somewhat obscure sources
or are incomplete,

The CaO-ALO, and Ca0-A1LO,-S10, systems are an excep-
tion, i that there is an adequate thermodynamic data base which
can be applied to test the model computations. Such a thermo-
dynamical optimization technique offers the important benefit
that 1t can drastically reduce the need to conduct costly experi-
ments. The Gibbs free energy data for the corresponding oxide
phase at L6OG'C are given in table 1.

Table 1: Compounds Gibbs energy of formation. negative
(kKJmoh) ts)=solid, (h=liquid

Tabela 1: Prosta tvorbena energija nekaterih oksidoy. minus
(kJ/mol)

Components 1873 Kis) 1873 Kl
ALO, 189K 1065.70
CaO 43108 42747
Si0), STR.50

FCa0ALOD 454,77

12Ca07ALO, 1322286 13280.00
CaDALO, 1564.62 1564.33
CaO2ALLO, 269383 2688,12
CaDOALO, T063.18 T051.92

The GEMM-computer program used for calculation of the
equilibrium composition, and hence activities, utilizes a data
base made up of Gibbs energies of formation MGy) as a funciton
of temperature (1), The free energies of formation A (Gy) are ¢i-
ther known or can be estimated for these complex component
liquids and solids.

The data for most oxides were obtained mainly from data
base made by J. Hastie and Bonnell''. In a few instances, the co-
efficients to the A (G equation have been re-evaluted using new
thermodynamic data obtained in the literature.

4. Results

Cal)-Al203 System
The CaO-ALO, system is one of the fundamental systems of
the calcium-based slags and non-metallic inclusions, and there
have been many reports on the thermodynamics of this system.
Much of the published information on the thermodynamic
properties for some binary aluminates has been based on work
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conducted and published in 1960°s. Extrapolation of these data
to steelmaking temperatures may introduce large errors, espe-
crally for a particular composition range.

The CaO and ALO, activity data shown 1n figure 1 are con-
sistent with the bulk of literature experimental data at T=1600'C,
Electromotive force (emf) and cell-activity data have recently
been obtained by Fujisawa et al"™ covering a wide range of com-
positions, Our model activity data at T = 1500°C have been com-
pared with recently published data by Nagata et al'' and as is
shown in figure 2, Good agreement between the model predic-
tion and experimental activity data for a wide range of composi-
tion is demonstrated.
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Figure 1: Model dependance of computed activiry data
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Slika 1: Modelna wzracunavanp aktivnost oksidov
v sistemu CaO-ALO, pn T=15000C
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Cal)-A203-5102 Svstem

The control and prevention of multiphase in Ca0-AlLLO,-
Si0- and @ sunable deoxidation practice should be applied to
avoid undesirable alumina inclusions, they are not deformable
and. besides, provoke tundish nozzle blockage problems. In or-
der to determine oxygen und sulphur contents in molten steel and
the conditions for aluminate and solid sulphide coprecipitation
during casting. the knowledge of the activity of CaO, AlLO, and
510, in molten slag and inclusions is important. One of the main
advantages in the used model is the treatment as a high order sys-
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Figure 3: Model computed data of Ca0, ALO, and Si0O, in
CaO-ALO,-SI0, system for 3C40.ALO, composition and T=16001C
Slika 3: Modelna izeacunavanga Ca0, ALO, in SiO, v sistemu
CaO-ALO -S10, 23 sestavo 3CaOALO, pri T=1600C
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tem at high temperatures where extrapolation of thermodynam-
ic data may introduce large errors. For Ca0O-ALO -Si0), system,
several experimental studies of activity measurement and phase
- diagram determination are reported in the literature™, But, be-
cause of experimental difficulties, large discrepancies are ob-
served between different experimental works, Tha activity of
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Figure 4: Modcl computed data of CaO, ALO, and S10, in CaO-
ALOSIO, system for 12Ca0.7ALO, compaosition and T=160¢rC
Slika 4: Modelna izraéunavanja CaO, ALO, i Si10, v sistemu CaO-
ALOL-SI0O, za sestavo 12Ca0.TALO, pri T=16000C

Ca0, ALLO,, and Si0, 1in Ca0-AL.O-Si0, molten slag at 1500°C
was measured by Rein and Chipman in 1963 and 1965, The ac-
tivity data determined the activity of silica by equilibrium with a
metallic phase, of carbon - saturated iron with silicon in solution.
By integration of the Gibbs - Duhem law, the activities of lime
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and alumina were calculated in all of liquidus domains. The com-
positions are expressed in mole fractions of CaO, AlO,; and
Si0.. The reason for choosing AlO, ( rather then ALO. is because
in the basic melts, ALO, give rise to two foreign ions AIO*,
wheres Si0. gives rise only to one SiO*, Thermodynamic activ-
ities calculated using Gemm - computer program are shown in
figures 3 - 5. Experimental activity data for the Ca0O-A1LO,-S10.
system is particularly sparse and disparate™™"¥, Very good
agreement between the model and experiment data for the silica-
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Figure 5: Model computed data of Ca0, ALO, and SiO), in CaO)-
ALO-SI0, system for CaO.ALO, composition and T=1600'C
Slika 5: Modelna szralunavanja Ca0), ALO, in S10, v sistemu Ca0)-
ALO-Si0. za sestavo CaO.ALO, pri T=1600KC

activities and computed thermodynamic activity data for ALO,
and CaO at 1600°C is demonstrated,

5, Conclusion

The Gibbs energy minimization model (GEMM) is used
with the corresponding thermodynamical data base to calculate
the predicted composition of solids, liquids (non-ideal solu-
tions). and the vapour phase.

The calculated composition of the CaO, A1,O,, and Si0), are
taken as the activity. Numerous comparisons between model and
the expenimental activities in the systems Ca0-ALO, and CaO-
ALO.-S10. at different temperatures have confirmed the realia-
bility of this approximation.

Considering the large number of the data base components,
and the cumulative errors in the thermodynamic functions, the
possibility exists that the present data base is not unique.

However. as has been pointed out by J. Hastie and D.
Bonnell", the author expects that some future modifications of
the data base will be relatively minor.
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Slovensko drustvo za materiale je bilo ustanovljeno z namenom, da se v njem
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polimeri in kovinski materiali), da bi v javnosti delovalo kot asociacija, ki mora biti
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Composite Mechanism of Scale Adhesiveness
Kompozitni mehanizem oprijemljivosti $kaje

B. Kosec, L. Kosec, FNT, Odsek za metalurgijo in materiale, Ljubljana

In the sca

e which is formed on the surface of alloys during the annealing process,
metallic and oxidic phases are interwoven in various ways, which are characterized by
the shape, portions, and size of both phases. Ductile scale component enables certain
aeformation of the scale, and it hinders propagation of cracks in the brittle oxidic phase.
Key words: scale, composite material, crack, propagation, separation, adhesiveness

Kajl, Ki nastane med Zarjenjem na povrsini zlitin, se kovinska in oksidna faza
prepletata na razlicne nacine, ki jih karakterizira oblika, deleZ in velikost obeh faz

Duktilna sestavina $kaje omogoca dolo¢eno deformacijo $kaje in preprecuje Sirjenje
razpok, nastalih v krhki oksidni fazi,

é
Kljucne besede: Skaja, kompozit, razpoka, napredovanje, loditev, oprijemijivost.

Scale 1s product of the high temperature oxidation of metals
and alloys. Structure of scale depends on the chemical composi-
tion of alloy, temperature atmosphere and on the time of anneal-
ing. The scale which adheres to metal during working and ser
vice reduces in most cases the quality of the surface of product.
I'herefore it should be removed in single stages of technological
process. The most simple ways of scale removal are mechanical
forces which appear due to temperature changes or in working.

Scale and metal differ in their physical properties, among
others, also in all mechanical properties and in thermal expan-
sion, Great differencess in thermal expansion dunng the temper-
ature changes cause stresses which practically separate both con-
stituents, or they fractured only oxide. Scale adhesiveness
depends on the microstructure, geometry of constituents, and the
boundary with the metallic matrix

““"’”P:";“'”'L"“:“i['"-' way how scale constituents are in Fig, 2: Scale reg on with pronounced composite structure. with long,
terwoven, and depending on its properties, the scale can be treat- wide and overlapping metallic lamellac which successfully stop the
ed as a composite material propagation of cracks (200 x)

Composite materials have different properiies i comparison Slika 2: Del Skaje 7 izrazito kompozitne zgradbo, dolgimi, Sirokimi in
to the properties of constituents. One of essential characteristics prekrivanin famelami kovine, ki dobro zaustavljajo razpoke (200 x)

N
Fig, 1: Well defined simple boundary between scale and parent metal Fig. 3: Weak regions in the scale on the boundary between composite
in carbon steel (200 x) and oxide part
Slika I: Dobro definirana enostavna mega med $kajo in kovino v Slika 3: Sibka mesta v Skaji na meji, ki loci oksidni del od
oglpkovem jeklu (200 x) Kompozitnega
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Fig. 4: Compaosite scale with a great amount of metal phase which is
not able 10 stop the erack propagation (100x)

Slika 4: Kompozitna skaja 2 veliko kovinske komponente, ki
nisposobna ustavijati razpoke (100x)

Kosee: Composite Mechanism of Scale Adhesiveness

of composite matenals is crack arrest. In composite materials
with ductile matrix (¢.g. metallic or of polymers) cracks appear
usually in rigid constituents of the armature (most frequently in
fibres), while in composite materials with ceramic matrix and

ductile fibres the situation s reversed.

In the scale the nonmetallic constituents are alwa
brittle than the metallic ones, and they have also more defects
which appear already during the growth, Portion. way of be
interwoven, and geometry of both constituents determine 1
ability for stopping crack propagation and thus the obstinacy
with which the scale resists to separation from the metal. In the
cases, ilustrated in Figs 2, 5 and 6. the microstructure has such
of both

portions of metallic constituent. and such combination
phases, that separation on the boundary with pure metal cannot
be expected. and scale can be removed only by additonal ma
chining of the surface. On pure metals the scale has usually a wel
defined boundary with the metal, The oxide metal boundary 15
the weak point for ideal fracture and thus good separ:
scale from metal (Fig. 1). In alloys the metallic and oxidic con

fion ol

Fig.5.6: Weak directions for cruck propagation in the compositescale with variously big metal “fibers™, and along boundaries rich

with oxide

of alloying element (Cr) €200x)

Sk 5.6: Sibki mesti na meji dveh kompozitnih con 2 razlicnovelikimi “vizkni " kovine in vzdolz mey, bogatth z oksidom
legimega elementa (Cr) (200x)

o nap. v Skaji
—.— pot razpoke

!

]

/':/ Ac;/""_.‘_‘ 7/ "«-&"’_.i
|

v

Fig. 7: Scheme of microstructural composition of some scales with composite sructure

Slika 7: Shema mikrostruktume zgradbe nekaterih Skay s kompozitno zgradbo (3a.b.4)
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Fig. 8: Vanations in mechanical characteristics of oxyde and metal
i the scake

Slika 8: Razlike v mehanskih lastnostih oksida m kovine

Fig. 9: Arrest of erack propagation in oxide on the metallic fibres

Stika 9: Ustavljanje Sirjenja razpok v oksidu na viaknih kovine

stituents are most frequently interwoven, the boundary between
scale and metal is not even which highly renders the separation
of both phases more difficult (Fig. 2).

In steels composed of elements with thermodynamic proper-
ties different from those of iron, the scale of heterogeneous com-
position is formed. In the lower pant of scale. metal and oxide
particles are interwoven. This part behaves under mechanical
loading identically 1o composite materials, The stresses which
appear due to temperature variations or other loads can cause
cracks in the oxide, Their propagation can be stopped by suitably
distributed metal in the scale, and thus the fracture of scale is pre-

. Kosec, L. Kosee: Composite Mechanism of Scale Adhesiveness

$kaja 7/ / //

o 7 AIH I,

/’I;,//’Z,:
S

Fig. 10: Crack propagation in composite scale with unfavourable
geometry of metallic phase

SL 10: Sirjenje razpok v kompozitni $kaji 2 neugodno geometrnjo
kovinske faze.

vented. The weak point in such scales is the surface between the
composite zone and the upper scale layer being without metal
(Fig. 3).

Some heterogeneous lower scale parts have infavourable
shape of metallic phase to stop the crack propagation in oxide. In
such i scale crack propagates betweeen metallic grains, and it
can even cut some thin grains (Fig. 4).

In the oxide grains of parent metal there are also oxides of al-
loying elements, being either dispersed or predominantly pre-
cipitated in centain directions or in form of a net which corre-
sponds to metal grain boundaries before the oxidation. These
directions are mechanically weak points in the scale and cracks
can propagate along them to parent metall matnx (Figs. 5, 6).

Some patterns how the boundary scale metal region is
formed. are presented in Fig. 7.

Interwoven mineral and metal constituents give 1o scale all
the characteristics of composite materials with the usually pre-
dominant oxidic phase also in the respect of microstructure while
in the boundary with metal often metatlic phase in the scale is
prevathing (Figs. 7. 9 and 10},

Rigid mineral components render rigidness and compression
strength to oxide, but they are very sensitive 10 various flaws
which appear during the growth of such oxide, Metallic matrix
of suitable geometry is able to stop cracks. and it increases the
adhesiveness of scale (Fig. 9).

If a scale which will easily separate from metal is 1o be ob-
tained, 1t must be composed mainly of mineral constituents.

Metallic particles being interwoven in the scale, especially if
they are also connect with parent metall, can only increase the
scale adherence.
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Vacuum Brazing

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

ADVANTAGES

* Flux free process yields clean, high integrity joints
* Reproducible quality
* Components of dissimilar geometry or material type may be joined

¢ Uniform heating & cooling rates minimise distortion

Fluxless brazing alloys ensure strong defect free joints
* Bright surface that dispense with expensive post cleaning operations
* Cost effective

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

Our experience in value engineering will often lead to the use of Vacuum Brazing

as a cost effective solution to modern technical problems in joining.

INDUSTRIES

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

QUALITY ASSURANCE

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

The high level of quality resulting from this tightly organised activity is recognised by government
authorities, industry and International companies.
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Embrittlement of Copper Wire Due to Oxygen

Krhkost bakra zaradi kisika

L. Kosec, V. Gontarev, B. Kosec, FNT, Odsek za metalurgijo in materiale, Ljubljana

N. Miakar, Kolektor, Idrija

An example of the reversible oxygen embrittlement of copper is described in the paper.
This phenomenon is combined with the drastic reduction of ductility and workability. It
appeared at the low temperature annealing (500°C) of copper in the nitrogen
atmosphere with a low oxygen concentration (5 ... 6 ppm), when diffusion of oxygen in
copper took place preferentially on grain boundaries. During the cooling to the
surroundings temperature oxygen precipitated from the saturated solution in the form of
copper oxide (Cu,0) on the grain boundaries, thus the conditions for the intergranular

dimple fracture have been created.

Key words: oxygen, grain boundary diffusion, supersaturation, precipitation,
intergranular dimple rupture, reversible embrittiement due to oxygen.

V prispevku je opisan primer reverzibilne krhkosti bakra zaradi kisika. Pojav je povezan
Z drasticnim zmanjsanjem duktilnosti in preoblikovalne sposobnosti bakra. Nastal je pri
nizkotemperaturnem (500°C) Zarenju bakra v dusiku z majhno koncentracijo kisika

(5 ... 6 ppm), med katerimi je prislo do prednostne difuzije kisika po kristalnih mejah
bakra. Med ohlajanjem na temperaturo okolice je kisik iz nasi¢ene raztopine precipitiral
v obliki bakrovega oksida (Cu,0) na kristalnih mejah in ustvaril pogoje za interkristalni

prelom z jamicami.

Kljucne besede: kisik, difuzija po kristalnih mejah, prenasicenje, izlo¢anje,
intergranularni jamicasti lom, krhkost zaradi kisika.

1. Introduction

Copper and some its allays represent of high ductile and well
cold workable materials. These properties can be usually ob-
tained by annealing in the protective atmosphere. But there exist
frequent exceptions. They are numerous since many products
are made by advanced technology of the bulk shaping instead of
machining. Limited ductility in the bulk shaping allowed only &
certain amount of plastic deformation. Further plastic deforma-
tion initated cracking tll final fracture of matenial (Fig.1).

These problems are often caused by oxygen which concen-
tration could be detected by the metallographic analyse of oxide
inclusions or chemical™*'. The copper oxide inclusions well fol-
low the deformation of metal if extreme degrees are not exceed-
ed.

Oxygen in the solid solution which simultaneously hardens
copper and reduces its ductility is harmful. In some cases the
chemically measured differences in the oxygen concentration
between ductile and brittle copper are very small, even within the
measuring error. In such cases oxygen is expected to be concen-
trated on certain sites in the microstructure, for instance on the
grain boundaries, but it could be detected only by an analitical in
situ method.

Before rolling. the copper wire of 12.8 mm in diameter have
been annealed for | hour at S(0FC in the nitrogen atmosphere
with 5 . 6 ppm of oxygen. During the annealing proces the av-
erage concentration of oxyvgen in the copper increased from ap-
proximately 0.001% 1o approximately 0.002%.

Already after first or second pass through the grooved roll
(round - square} the surface cracked. It was an obviously sign
that further rolling was not possible any more. The cracks were
approximately in the radial direction with characteristic changes
of directions on the short sections. In single areas the surface
damages were so intensive that even some small metalic parti-
cles split off. The wire with the limited ductility had the same
strength and the yield stress as that which was be shaped into the
demanding sections. The reduced ducnlity was explained by
fracture surfaces and by the careful analysis of the microstruc-
ture. The contraction of the copper wire before annealing was ap-
proximately 90%, and it was reduced to less than 30% after the
annealing process. Essential difference between the two wires
was in the form of fracture. Not annealed copper wire exhibited
ductile transgranular dimpled fracture with characteristic deep
unidirected dimples (Fig. 6). On the fracture surface of the test
bar broken in the air, the adsorbed carbon and oxygen have been
measured (Fig. 9). After anncaling the ductility was rapidly re-
duced while the fracture was completely mtercrystalline.
Intergranular fracture surface consisted of many fine and shal-
low dimples with inclusions of copper oxyde (Fig. 2-3).

High oxygen concentration on that fracture surface was
proved by the AES analysis. Oxygen was distributed obviously
deeper under the fracture surface when compared with the no-
tannealed copper (Fig. 10)

The oxygen concentration on the surface corresponded to the
composition Cu,0O and was rapidly reduced away from the grain
boundaries. The initiation of cracks in the annealed copper is
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Yy Yy 9 g

Figure 1: Cracks on copper wire surface alter cold rolling (hiest step Figure 3: Intergranuliar dimple rupture in copper wire resulting fros
of reduction); 100x microvoids coalescence at gramn boundaries (7 = 25% 12 200y
Slika 1: PoveSing bakrene zice 2 razpokami po prvi redukeip Shika 3: Intergranulama jmmcasta povrsim preloma
qm valjanju: 100y bakrene Zice (Z. = 25% ), 20y

b 02

Figure 2: Inergranular dimple rupture in copper wire resulting from Figure 4: Detail of intergranular rupture surface with copper oxy de
microvoids coalescence at grain boundanes; 100x inclusions in dimples (fig.3): 6000x
Slika 2: Intergranulama jammicasta poveSina preloma Slika 4: Detaly intergranularne prelomne povrsine 2 vkluch Cu. 0
valjane bakrene zice; 100y v jamicah (sL3) 6000
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Figure 5: Smull cracks on gram boundines and copper
onyde precipatates: 200x

Shika 5: Krutke razpoke na Keistalnih mejah s precipitati
bakrovega oksida; 200x

Figure 6: ¢ opper oxyde precipitates on gram boundary: 6000

Shika 6: Precipitan bakrovega oksida na knsialnn meji: 6000x

connected with the inclusions of copper oxide on the grain
boundaries (Fig, 3.5). As reference. also the surface of copper
wire which has been covered with thin laver of cormrosive prod
uets during storing has been analysed. The composition wis not
the same on the whole surface. On one section of the surface the
chemical composition of the corrosive products corresponded 1o
the CoO copper oxide (Fig. 13). The layer is thin and it adheres
1o the unchanged metal at a high oxygen concentration gradient.
In the other surface area. there was found a layer with high car-
bon concentration and it was thicker than that rich n oxygen
(Fig. 14). The oxygen embrittlement of copper exhibited re
versibility. Annealing in the vacuum  (5.10%mbar, 850°C. 10
hours) essemttaly increased (Z = 75% ) the copper ductility. The
fracture surtace of that annealed copper was predominantly
transgranular dimpled ductile fractured with & very small amoum
of residual intergranular dimpled fracture (Fig. 8). The chosen
anncaling conditions in the vacuum were obviously not so

S LL. 2 Y g

Figure 7: Ductile fracture of copper wire (7= 9046y 1000y
Stika 7: Duktdng prelom bakrene Zice (7 = 0% 1 1000y

Figure 8: Fracture surface of copper wire after vacuum annealing
(Z = N¥EE ) 200x

Slika 8: Prelomng poveing 2ice po Zarenju v vakuumuy
(7 = 75% ) 200x

favourable enough to remove all the oxygen accumulated i the
copper dunng the annealing in the nitrogen atmosphere, The not
uniform removal of oxygen was proved also by the AES analy-

325



L. Kosee. V. Gontarev, B, Kosee, N. Mlakar: Embnttlement of Copper Wire Due to Oxygen

3
{
T
|

8
|
I
I

"
SOo

4

1
—

+

Concentration Cu, O, C [at %]
)

0o 2 4 6 8 10 12 u
Sputter time [min)

Figure 9: Copper. oxygen and carbon concentration distribution on
fracture surfaces of high ductility copper (Z = 904
Slika 9: Profil koncentraci) bakra, kisika in ogljika na prelomu bakra
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Figure 10: Copper and oxygen concentration distribution on fracture
surface of copper after anncaling in nitrogen (5 ... 6 ppm O2)
Slika 10: Profil koncentracij Kisika in bakra na prelomu bakra
z maghno duktilnostjo po Zarjenju v vakuumu (5 ... 6 ppm O2)

i temperaturi S0°C

sis of oxygen and ol other elements on the tracture surtace. The
effect of the oxygen removal by the annealing in vacuum has
been estimated by the comparison of the oxygen concentration
on the fracture of the vacuum annealed copper wire and those
when the fracture surface of the brittle copper was annealed in
vacuum (Fig. 12,13). During the vacuum annealing much more
oxygen has been removed from the fracture surface than from the
bulk wire sample.

2. The Mechanism of the Copper Embrittlement

ALSOOC, the grain boundary diffusion in the copper is pref-
crential to the diffusion inside grains'™.

The solubility of oxygen in copper is about 10 ppm' at
500°C. At the annealing temperature of S0'C the grain bound-
ary diffusion rate of oxygen is higher for few orders of magni-
tude 1o the bulk diffusion rate inside grains, Thus mainly grain
boundaries become enriched with oxygen. After completed an-
nealing the temperature of copper droped to the surroundings
temperature, Major amount of oxygen was precipitated in form
of the copper oxide Cu,0 on the grain boundaries. The precipi-
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Figure 11: Copper, oxygen and other elements concentrution
distribution on fracture surface of copper after vacuum annedling
(fracture after anncaling )

Slika 11: Profil koncentracij bakra, Kisika in drugih elementoy i
prelomu bakra z maghno duktilnostjo po Zarjenju v vakuumu
(prelomljeno po zarjenju v vakuumu)
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dgure 12: Cooper. oxygen and other elements distribution on fracture
surface after vacuum anncaling (fracture betore annecaling)
Stika 12: Profil koncentraciy bakra, Kisika in drugih elementoy na
prelomu bakra z majhno duktilnostjo po Zargenju v vakuumu:
(prelombjeno pred Zarenjem v vakuumu)

tation from solid solution is characterized by the formation of
many fine particles distributed on the grain boundaries. At suit-
able stresses or deformation, pores appear on the boundary be
tween the precipitates of the copper oxide and the metal matrix
along the grain boundaries. Since precipitates are numerous the
dimples are small and shallow, The oxygen embrittlement is a re-
versible phenomenon if oxygen enriched copper is annealed un-
der the condinons which enables the oxygen removal below the
solubility limit at the surroundings temperature.

3. Conclusions

In anncaling copper in the atmosphere with a very low par-
tial pressure of oxygen at a temperature favourable for the grain
boundary diffusion, higher oxygen concentrations has been de-
tected only on grain boundaries. During the cooling to the sur-
roundings temperature oxygen precipitated from the metal in the
form of the copper oxide (Cu,0). Such & formation of the copper
oxide favours the formaiion of a great number of fine precipi-
tates. On the boundary between the precipitates and the metal
matrix pores appear at a suitable high deformation. and they
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Figure 13: Copper and oxygen distribution on wire surface before
annealing in nitrogen
Slika 13: Profil koncentracij Kisiki in bakra ns povesini bakrene zice
pred Zanenjem v dudiky
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Figure 14: Oxygen. copper and other elements concentration
distribution on wire surface before annealing in nitrogen
Slika 14: Profil Koncentract) kisiku, bakrs in dragih clementov na
povrsini bakrene 2ice pred Zarjenjem v dudiku

propagate into o intergranular fracture with the small micro-
scopic and macroscopic degree of deformation. The phenome-
non of the oxygen embrittlement of copper is reversible, If the
oxygen is removed from the metal below the solubility limit at

-

l To

Figure 15: Mechanism sequences of copper wire embrittlement
Slika 15: Mchanizem krhkosti bakrene Zice

the surroundings temperature, there exist conditions for the for-
mation of the intergranular dimpled fracture. In the analyzed
case the oxygen was found to be distributed uncvenly in the met-
al and predominantly on the grain boundaries. Thus it is essen-
tial the reduced oxygen concentration on the grain houndaries
and not the average oxygen concentration in the bulk metal,
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NOVO NA IMT!

Rezonantni pulzator CRACKTRONIC,
naprava za raziskave v mehaniki loma ter
merjenja kinetike propagacije utrujenostnih
razpok.

Naprava je racunalnisko vodena, omogoca
pa merjenja na preiskusancih, ki niso vecji
od charpyjevih preiskusancev za merjenje
udarne zilavosti.

S to napravo prihranite cas in denar.

Racunalniska obdelava rezultatov dosledno
uposteva zahteve ASTM standardov.

Na osnovi meritev z rezonantnim
pulzatorjem CRACKTRONIC lahko uspesno
ol L A — : i ol .1 napovedujemo preostalo zivljenjsko dobo
dinami¢no obremenjenih konstrukcij.
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slovenske Zelezarne am g cmmams e

+386 64 861-441
tel, direkdor: +386 64 861443
tel. komerciala: 4356 64 861474
Fax: +386 64 861-379

n W e IGZELINS! Slevenija

OUR PRODUCTION PROGRAM
INCLUDES:
% ?eneral structural steels
* finegrained and HSLA

structural steels
* carbon and alloyed steels
- for quenchig
and tempering
- case herdening

* silicon steels for electrical
sheets
* stainless steels

* hot rolled plates, wide and
slit strips and bars

* cold rolled sheets, wide and
slit strips

* cold rolled sections

* metal door posts

* blanks

WE ALSO OFFER:

* hot and cold rolling

* blankig

* torch cutting by drawing

* straightening

* heat treating of plates, strips
and sheets
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