
J. Serb. Chem. Soc. 71 (3) 313–321 (2006) UDC 669.15+669.787:621.791.05:620.19

JSCS – 3426 Original scientific paper

The influence of the oxygen equivalent in a gas-mixture on the

structure and toughness of microalloyed steel weldments

RADICA PROKI]-CVETKOVI]*#, ANDJELKA MILOSAVLJEVI]#, ALEKSANDAR

SEDMAK and OLIVERA POPOVI]

Faculty of Mechanical Engineering, Kraljice Marije 16, Belgrade, Serbia and Montenegro

(e-mail: rprokic@mas.bg.ac.yu)

(Received 21 April, revised 14 July 2005)

Abstract: Testings were carried out on two steels. The first was microalloyed with Nb
and second with Ti, Nb and V. The impact toughness of weld metals of these steels was
evaluated using an instrumented Charpy pendulum. Five different gas mixtures (Ar,
CO2, O2) were used to determine the optimal gas shielded metal arc process for both
steels. The oxygen equivalent was used as a representative parameter of a mixture to fol-
low, in particularly, its effect on the microstructure, toughness and crack propagation en-
ergy of the weld metal. For these investigated steels, the optimum gas mixture was es-
tablished (5 % CO2, 0.91 % O2, balance Ar), which provided the maximum crack prop-
agation energy, due to the microstructure which consisted dominantly of acicular ferrite.
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INTRODUCTION

Welding by the metal arc process with a mixture of shielding gases has been in-

creasingly popular in recent years. Mixtures of argon (Ar), carbon dioxide (CO2),

and/or oxygen (O2) are often used for the welding of microalloyed steels. The compo-

sition of the gas mixture significantly affects the weldment properties, especially the

weld metal toughness. Namely, increasing the presence of oxide inclusions in a weld

metal, at least to a certain extent, promotes nucleation of acicular ferrite, which is

well-known for its beneficial effect on both the weld metal toughness and strength.1

This effect has been investigated through the so-called oxygen equivalent (Oeq), intro-

duced according to empirical formulas available in the literature.2 The oxygen equiva-

lent indicates the effect of oxygen on microstructure and toughness of a weld metal.

The importance of impact toughness has been significantly increased after the

introduction of the instrumented Charpy pendulum, i.e., after the application of an

oscilloscope enabled the separation of the total impact energy into crack initiation
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and crack propagation energy: Eu = Einc + Elom, where Eu denotes the total impact

energy, Einc the crack initiation energy and Elom the crack propagation energy.

Even if two materials exhibit he same toughness value, i.e., total impact energy,

their behavior can be different from the point of view of crack initiation and propa-

gation. For example, although the total impact energy may surpass the critical

value, the initiation energy may be dominant, leaving only a small contribution for

the propagation energy. In such a case, the value of the total energy is in itself not

enough to guarantee the avoidance of catastrophic fracture.3 Thus, if a crack al-

ready exists, which is a reasonable assumption for many welded joints,4 the critical

toughness value should take into account only the crack propagation energy.

Hence, different values of the critical toughness, from 28 J,5–7 to 35 J1 and 40 J,8

specifically for microalloyed steels, can be found in the literature.

Therefore, the influence of the gas mixture on the microstructure, toughness

and propagation energy, in particular, of the weld metal has been investigated for

two hot-rolled microalloyed steels, welded by the metal arc process with five dif-

ferent mixtures of shielding gases, comprising Ar, CO2 and O2.

EXPERIMENTAL

Two microalloyed steels (hot rolled plates) were used for welding, one alloyed with Nb (de-

noted as N steel) of thickness 11 mm, and the other one alloyed with Nb, V and Ti (denoted as T

steel) of thickness 7.2 mm. The compositions of both steels are given in Table I.

Welding was performed by metal arc process with five different shielded gas mixtures, as

shown in Table II. The filler material, was commercially available electrode wire VAC 60 Ni, (made

by “Jesenice” – Slovenia), which has the classification G3Ni1, according to EN 440, SG-2 accord-

ing to DIN 8559 and ER 80 S-Ni1 according to ASME/AWS 5.28. Its composition is also given in

Table I. Preheating was not applied, since the C equivalent was CE = 0.20 (N steel), and CE = 0.34

(T steel). (using the relation CE = C +
Mn

6
+

Cr Mo V

5

Ni Cu

15

� �
�

�
)

TABLE II. Chemical composition of the gas mixture and their oxygen equivalent

No. of mixture Volume content/vol % Oxygen equivalent,
Oeq*CO2 O2 Ar

1 5.24 – Balance 1.76

2 5.00 0.91 Balance 2.54

3 4.70 2.30 Balance 3.78

4 10.30 – Balance 5.09

5 14.80 – Balance 8.90

* Oeq = –0.088 + 0.148 �CO2�
1.524 + �O2�, where �CO2� and �O2� are volume contents1

The input energy was kept in a narrow range 7–9 kJ/cm (using the formula Q =
60UI

V
� 103) to

exclude its influence since the weld metal toughness has been shown to be sensitive to input energy

for both steels.9 Coupon plates with V grooves of both steels were welded and used for testing. The

specimens for weld metal toughnees testing were cut out, with dimensions in accordance with their

thickness: 55�10�9 mm for the N steel, 55�10�6 mm for the T steel. A standard 2 mm deep V notch
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was machined along the 10 mm dimension. A Charpy instrumented machine capacity of 300 J was

used. Since the instrumented Charpy testing has not yet been standardized, the experimentally veri-

fied recommendations, prescribed by ESIS,10 were used instead. Testing was performed at room

temperature (20 ºC), and at two temperatures below zero, –40 ºC and –55 ºC.

RESULTS AND DISCUSSION

The obtained energies were scaled to the standard thickness of 10 mm. The de-

pendence of the toughness on the oxygen equivalent is shown in Fig. 1 for the N steel

and in Fig. 2 for the T steel. The dependence of the weld metal toughness on the testing

temperature for both steels, is shown in Figure 3, for each gas mixture separately.

316 PROKI]-CVETKOVI] et al.

Fig. 1. Total energy (Eu), initation energy (Einc) and propagation energy (Elom) vs. oxygen equiv-
alent for steel N at different temperatures.

Fig. 2. Total energy (Eu), initiation energy (Einc) and propagation energy (Elom) vs. oxygen equiv-
alent for steel T at different temperatures.



The total impact energy for both weld metals at room temperature was excep-

tionally high, as well as the crack propagation energy, which was much higher than

the initiation energy, as can be seen in Figs. 1a and 2a. The initiation energy of the

welded joints of steel T changed little with temperature down to –40 ºC, when it de-

creases significantly (Fig. 3). The initiation energy for the welded joints of steel N

behaved similarly, except for gas mixture 1, where the significant drop was notice-

able at –40 ºC (Fig. 3a). For both steels, at all testing temperatures, the initiation

energy was highest for mixture 2, i.e., for Oeq = 2.54 vol.%, indicating the exis-

tence of the optimal gas mixture composition. For steel N, drop in all energy values

for gas mixture 3 which was not further analysed, can be seen.

The propagation energy was high at room temperature (min. 79 J for steel N
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Fig. 3. Total energy(Eu), initiation energy (Einc) and propagation energy (Elom) vs. temperature
for different gas mixtures.



and 107 J for steel T), but it was significantly smaller at the lower testing tempera-

tures (Fig. 3). The propagation energy for both steels was higher than the initiation

energy at room temperature for all gas mixtures. At –40 ºC, the propagation energy

for steel N became lower than the initiation energy; this trend was even more ex-

pressed at –55 ºC. For steel T, this phenomenon occurred at –55 ºC, and even then

the values of the propagation energy were relatively high, at least for gas mixtures

1–3, with a minimum values above 30 J.

Since crack appearance in welded joints must not be neglected,4 the criterion

of a minimal total impact energy is not reliable, even if higher energies (35 or 40 J)

are required, as is often recommended for microalloyed steels.1,8 Thus, a more reli-

able criterion for microalloyed steels would be the recommendation of a high mini-

mal value, e.g. 40 J, of the propagation energy. For steel N at – 40 ºC, only gas mix-

ture 2 satisfies this criterion, whereas at –55 ºC, even this mixture is not acceptable

(Fig. 3b). For steel T at –40 ºC, all gas mixtures satisfy this criterion and at –55 ºC

gas mixture 2 is acceptable, while mixtures 1 and 3 would be acceptable with a

criterion 30 J (Fig. 3a–c).

The reason for higher propagation energy is the presence of acicular ferrite

(AF).11 Increasing the oxygen content in a gas mixture increases the number of in-

clusion sites and, thus, the number of acicular ferrite nucleation sites, Fig. 4, but

only up to a certain limit. Above that limit, the opposite effect is noticeable, namely

the AF content is reduced due to the increased content of other ferrite morpholo-

gies, such as ferrite with a secondary phase (FS) and proeutectoid ferrite (PF).12,13

For higher oxygen contents, PF has a typical course microstructure, appearing in

blocks.1 The microstructure of the two steels tested in this study consists of AF, PF

and FS, the contents of which are highly dependent on the gas mixture composi-

tion, i.e., on the oxygen content, as was shown previously.12 The highest content of
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Fig. 5. Mixed fracture: ductile and brittle transgranular.Fig. 4. Nucleation of AF on oxide in-
clusions.12



AF corresponds to the gas mixture 2 for both steels, which is in accordance with the

highest toughness also being obtained with gas mixture 2.

Fractographic investigation of the Charpy specimens indicated the same type of

fracture at one temperature, regardless of the gas mixture, in accordance with force

deflection diagrams previoundy obtained on a Charpy instrumented pendulum.12 At

room temperature, ductile transgranular fracture is dominant, with a small amount of

brittle transgranular fracture, Fig. 5. At lower temperatures, the amount of brittle fra-

cture is increased, as is to be expected due to the reduced propagation energy. Inter-

granular fracture becomes dominant for steel N and – 40 ºC, Fig. 6, whereas the same

phenomenon occurs at –55 ºC for steel T, Fig. 7. This is in agreement with the mea-

sured energy values, indicating that brittle fracture becomes dominant when the

propagation energy becomes smaller than the initiation energy.

Bearing in mind that transgranular fracture involves cleavage in certain

planes, while intergranular fracture develops due to brittle phases on grain bound-

aries or due to soluted atoms in the vicinity,14 it is obvious why intergranular frac-

ture appears at – 40 ºC for steel N and at –55 ºC for steel T. Namely, the microstruc-

ture of steel N weld metal has a higher content of PF and FS, initiated on austenite
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Fig. 6. Brittle fracture at –40 ºC; tran-
sgranular and intergranular (steel N).

Fig. 7. Brittle fracture at –55 ºC,
dominantly intergranular (steel T).



boundaries and grown toward the grain interior.15,16 Since both PF and FS are brit-

tle, their increased content obviously reduces the toughness of a steel.

CONCLUSIONS

Based on the analysis of the experimental results, the following conclusions

can be deduced:

– Increasing the oxygen equivalent is beneficial for weld metal toughness (to-

tal impact energy), but only to a certain limit, after which it becomes detrimental.

The same holds for the propagation and initiation energies, the effect being more

pronounced for the former one. The reason for this is the presence of acicular fer-

rite, nucleated at oxide inclusions.

– The propagation energy for steel N and – 40 ºC is sufficient only with gas

mixture 2, while no mixtures provided a sufficiently tough weld metal at –55 ºC.

Steel T has a significantly better toughness, since all mixtures resulted in a suffi-

cient propagation energy at –40 ºC and even at –55 ºC gas mixture 2 resulted in a

weld metal with satisfactory toughness.

– Fractography of Charpy specimens indicates an increase in intergranular

brittle fracture with decreasing temperature, in complete accordance with the ob-

tained energy values. The reduced energy values are a consequence of the in-

creased content of PF and FS, as brittle microstructures.

I Z V O D

UTICAJ EKVIVALENTNOG SADR@AJA KISEONIKA U ME[AVINI

GASOVA NA STRUKTURU I @ILAVOST METALA [AVA

MIKROLEGIRANIH ^ELIKA

RADICA PROKI]-CVETKOVI], AN\ELKA MILOSAVQEVI], ALKSANDAR SEDMAK I

OLIVERA POPOVI]

Ma{inski fakultet, Kraqice Marije 16, Beograd

Ispitivawa su izvedena na dva ~elika. Prvi je mikrolegiran sa Nb, a drugi sa: Ti,

Nb i V. @ilavost metala {ava navedenih ~elika je odre|ena na instrumentiranom

[arpijevom klatnu. Pet razli~itih me{avina gasova (Ar, CO2, O2) je upotrebqeno za

odre|ivawe optimalne za{titne atmosfere pri zavarivawu ispitivanih ~elika.

Ekvivalentni sadr`aj kiseonika je uzet kao parametar me{avine i ustanovqen je

wegov uticaj na mikrostrukturu metala {ava, `ilavost i energiju rasta prsline. Za

oba ~elika, kao optimalna me{avina gasova se pokazala (5 % CO2, 0.91 % O2, ostatak

Ar), koja obezbe|uje maksimalnu energiju rasta prsline, kao i dominantnu mikros-

trukturu acikularnog ferita.

(Primqeno 21. aprila, revidirano 14. jula 2005)
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