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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,
CO,, O,) 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 % CO,, 0.91 % O,, 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 (CO»),
and/or oxygen (O,) 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. !
This effect has been investigated through the so-called oxygen equivalent (O), 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: E, = Ej,c + Ejom> Where £}, denotes the total impact
energy, Ej,. the crack initiation energy and Ej,,, 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, 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 J! 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, CO, and O,.

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 1.

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 G3Nil, according to EN 440, SG-2 accord-
ing to DIN 8559 and ER 80 S-Nil according to ASME/AWS 5.28. Its composition is also given in
Table 1. 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 + % + Cr I\;IO v + Ni :—SCu)

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

No. of mixture Volume content/vol % Oxygen equivalent,

Co, 0, Ar Ocq*
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

* Ogq =—0.088 + 0.148 [CO,]'22* + [0,], where [CO,] and [0,] are volume contents'
60UT

The input energy was kept in a narrow range 7-9 kJ/cm (using the formula O = 717 10%) to

exclude its influence since the weld metal toughness has been shown to be sensitive to input energy
for both steels.® 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: 55x10x9 mm for the N steel, 55x10x6 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,!? were used instead. Testing was performed at room
temperature (20 °C), and at two temperatures below zero, —40 °C and —55 °C.

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.
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Fig. 1. Total energy (E,), initation energy (£;,.) and propagation energy (Ejoy,) Vs. 0Xygen equiv-
alent for steel N at different temperatures.
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Fig. 2. Total energy (E,), initiation energy (E;,.) and propagation energy (Ejoy,) vS. 0Xygen equiv-
alent for steel T at different temperatures.
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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 °C, 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 °C (Fig. 3a). For both steels, at all testing temperatures, the initiation
energy was highest for mixture 2, i.e., for Ogq = 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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a) gas mixture 1 b) gas mixture 2 ¢) gas mixture 3
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Fig. 3. Total energy(E,), initiation energy (£;,.) and propagation energy (Ejoy,) vs. temperature
for different gas mixtures.
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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 °C, the propagation energy
for steel N became lower than the initiation energy; this trend was even more ex-
pressed at =55 °C. For steel T, this phenomenon occurred at —55 °C, 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, 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.!-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 °C, only gas mix-
ture 2 satisfies this criterion, whereas at —55 °C, even this mixture is not acceptable
(Fig. 3b). For steel T at —40 °C, all gas mixtures satisfy this criterion and at —55 °C
gas mixture 2 is acceptable, while mixtures 1 and 3 would be acceptable with a
criterion 30 J (Fig. 3a—c).

12

clusions.

The reason for higher propagation energy is the presence of acicular ferrite
(AF).!! 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.! 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.!2 The highest content of



MICROALLOYED STEEL WELDMENTS 319

Fig. 6. Brittle fracture at 40 °C; tran-
sgranular and intergranular (steel N).

.. Fig. 7. Brittle fracture at —55 °C,
dominantly intergranular (steel T).

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.!2 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 °C, Fig. 6, whereas the same
phenomenon occurs at —55 °C 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,!4 it is obvious why intergranular frac-
ture appears at—40 °C for steel N and at—55 °C 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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boundaries and grown toward the grain interior.!5-16 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 °C is sufficient only with gas
mixture 2, while no mixtures provided a sufficiently tough weld metal at —55 °C.
Steel T has a significantly better toughness, since all mixtures resulted in a suffi-
cient propagation energy at —40 °C and even at —55 °C 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.

U3BO

YTHUIAJ EKBUBAJIEHTHOI' CAIIP2KAJA KUCEOHUKA Y MEITABVHU
IF'ACOBA HA CTPYKTYPY U KMJTABOCT METAJIA IIABA
MUKPOJIETUPAHUX YEJIUKA

PATUIA ITPOKWR-IIBETKOBU'h, AHBEJIKA MUJTOCABJBEBU'R, ATIKCAHIAP CEIIMAK 1
OJIMBEPA TTIOTIOBUh

Mawuncku gaxyaiein, Kpamuue Mapuje 16, Beozpao

HcnuruBama cy n3BeneHa Ha fiBa yenuka. [1pBu je mukponerupasn ca Nb, a apyru ca: Ti,
Nb u V. 2KunaBocT MeTana IIaBa HaBeeHUX UYeJHKa je ofpeheHa Ha MHCTPYMEHTHPaHOM
IllaprjeBoM ki1aTHY. ITeT pasnmanTnx MemasuHa racosa (Ar, CO,, O,) je ynorpe6ipeHO 3a
ofpebuBame ONTUMAaNIHE 3AlITUTHE aTMocepe IpU 3aBapuBalby HUCIUTUBAHUX YEJIHKA.
ExBUBaNeHTHH cajipXaj KMCEOHHUKA je y3eT Kao IapaMeTap MeIlaBUHE H YCTAHOBILEH je
HErOB YTHUIIQ] HA MUKPOCTPYKTYPY MeTaja Il1aBa, >KMJIAaBOCT U EHEeprujy pacra npciuHe. 3a
00a yenrka, Kao ONTHMaJHa MelIaBHHa racoBa ce mokasana (5 % CO,, 0.91 % O,, ocraTrak
Ar), xoja 06e30ebyje MakCUMaJlHy €Heprujy pacra IpcluHe, Kao U IOMHHAHTHY MUKPOC-
TPYKTYPY alMKyJIapHOT (hepura.
(ITpumibeno 21. anpuia, pesupupano 14. jyiaa 2005)
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