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The fracture toughness of C-Mn weld metal (S.A.W) has been assessed
from the transition regime up to the upper shelf with the help of Charpy
impact tests and the J-integral concept. The weld metal oxygen
content has a strong influence on the resistance to brittle fracture and
the resistance to ductile crack extension. The results are interpreted in
terms of weld metal oxide inclusions and weld metal microstructure.

INTRODUCTION

Weld metal is usually considered as a preferential site for the initiation and propagation of brittle
fracture in H.S.L.A. steel structures (1, 2). Weld metal toughness requirements are specially
hard to meet in the case of high heat input single pass processes such as submerged arc
welding (S.A.W.). This process is characterized by high dilution of the base metal (60 to 70 %)
and low cooling rates which have a tendency to promote low toughness microstructure s in the
weld metal (3, 4). Nevertheless it has been clearly established that proper selection of the
welding flux can improve drastically the toughness of the weld metal(s, 6, 7, 8). Welding fluxes
are made of various oxides and must be used to ensure the stability of the arc. Furthermore
they act as a slag covering the liquid metal and may have strong metallurgical effects on the
weld metal properties (9, 10, 11, 12). Large amounts of oxygen, from 20 to 100 x 10 %
according to the flux composition, are picked up by the weld metal from the flux. These large
oxygen contents have been shown to have an effect on the weld metal microstructure (13 -
18), yielding in some cases a fine wacicular ferrite" structure which displays a good toughness
at low temperatures. )

We present here the results of a study on the S.A.W. weld metal toughness as a function of its

oxygen content. The results are interpreted in terms of weld metal inclusions and micros-
tructures.

EXPERIMENTAL METHOD

Unless otherwise stated, the results have been obtained with one 20 mm thick H.S.L.A. plate
and one welding wire whose compositions are indicated in table 1 along with the welding
parameters, base plate properties and some examples of welding fluxes and weld metal
compositions. The welding conditions and welding products are relevant to industrial practice.
The various weld metals have undergone identical welding thermal cycles and differ mainly in
their oxygen contents depending on the welding fluxes used. It has be noted that no post weld
heat treatment has been applied and that the fluxes used allowed no significant transfer of
microalloying elements such as titanium and boron.
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Charpy impact tests and Jjc measurements were carried out at different temperatures to
assess the fracture toughness of weld metal from the brittle (cleavage) up to the fully ductile
regime. ch measurements were performed on fatigue precracked single edge notched speci-

mens (S.E.N. B x 2B) 170 x 35 x 17,5 mm, in size. The tests have been conducted in a large
temperature range (from -120°C up to +60°C) and the load-displacement curves were inter-
preted according to the A.S.T.M. E 813-81 standard. J integral was calculated at initiation of
stable or unstable crack extension from the foliowing (19) :

_ U ) 2
J= WZW (J in MJ/m)

= area under load - load point displacement record in energy units
= specimen thickness
= specimen width

= original crack length, including fatigue precrack

[+1]
S = W cC

The A.C. potential drop method (20) was used to detect initiation of ductile crack extension
during loading. In this paper :

- ch i stands for ch measured at initiation of unstable crack extension by cleavage,

- ch i stands for ch measured at initiation of stable crack extension by ductile tearing.

The corresponding stress intensity factor Kyc is calculated from :

in MPa/m)

E
K = J,
Jc 1- \)2 Ic

(KJC

where E = Young's modulus

v = Poisson's ratio

We have determined the JR - Aa crack resistance curve in the fully ductile regime (+60°C)
by the interrupted loading method, as described in the ASTM E 813-81 standard. According to
this standard, the critical J value at initiation of ductile crack extension (ch i) is obtained
conventionally at the intersection of the best fit line (adjusted on the JR - Aa values inclu-

ded between two offset-lines) and the theoretical blunting line J = 2 cﬂow Aa,

Jic Values determined by this method are compared to J, _ values obtained at initiation by the

A.C. potential drop method.

Ic

RESULTS

As stated above, the weld metal oxygen content is strongly dependent on the chemical
composition of the welding flux. The flux is either fused or agglomerated and consists mainly
of oxides (table 1). We have assumed that the amount of less stable oxides in the flux would
control the quantity of oxygen picked up by the weld metal from the liquid slag layer during
welding. Among such oxides (21) SiO2 and MnO may be found in large amounts in commer-
cial fluxes. Figure 1 shows a clear relationship between the weld metal oxygen content measu-
red in our experiments and the total percentage of SiO_ and MnO in the flux. Hence the

oxygen level of the weld metal can be estimated from the flux composition.
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Weld metal oxygen will combine with deoxidants brought into the weld metal through base
plate dilution and will form inclusions. These inclusions have a detrimental effect on the resis-
tance to ductile fracture. Figure 2 a shows that the Charpy upper shelf energy decreases when
the weld metal oxygen content (i.e. inclusions content) increases.

A more appropriate description of the resistance to ductile crack extension in relation with the
oxygen content is given in figure 2b by the JR _ Aa curves. These results were obtained at
60°C for two oxygen levels (40 and 80 x 10—3 %). As expected from the Charpy V notch tests
in the upper-shelf, it appears clearly that increasing the oxygen level reduces markedly the
dJ E

da o 2
values derived from the ASTM E 813-81 method are significantly different while the A.C.
potential drop method yields similar J  values at initiation for the two materials. In fact, direct
S.E.M. observations of fracture surfaces indicate clearly that physical initiation of ductile crack

extension takes place at J values lower than that derived from the JR - Aa resistance
curve, according to the A.S.T.M. recommendation.

tearing modulus T = in the crack propagation regime. Furthermore, ch

To design safe welded structures, the brittle fracture of weld metal is of greater concem than
ductile fracture. We have shown that the resistance to brittle fracture does not decrease
continuously with oxygen content but reaches a maximum at a critical oxygen level This
appears in figure 3a vhere Charpy transition temperatures are plotted against the oxygen
content. The weld metal transition temperatures can be much lower than those of Heat
Affected Zones (H.A.Z.) submitted to the same thermal cycles and having similar compositions

but for their lower oxygen content (v 5 x 107" %) (figure 3a).

The K fracture toughness tests conducted at different temperatures on fatigue precracked
specimens cénfirm the influence of oxygen content as observed with Charpy specimens (figure
3b). The fracture toughness transition temperatures for the two oxygen levels considered (40

and 80 x 10°° %) are in satisfactory agreement with the Charpy transition temperatures as

infered from the correlation established previously for base metals (22). It appears therefore
that the fracture toughness K is strongly influenced in the transition regime (cleavage) by

the oxygen content. The influence of the oxygen content on fracture toughness (KJc b) at

initiation of ductile tearing is much reduced in the upper shelf regime, as indicated above. The
results of figure 3a have been checked by welding other H.S.L.A. plates of similar
composition. It appears that the critical oxygen level depends on the amount of deoxidants
brought into weld metal through base plate dilution. Figure 4 shows that, according to our
results, the critical oxygen content which yields the highest resistance to brittle fracture,
increases with the base plate aluminium content.

DISCUSSION

Weld metal oxygen combines with deoxidants to form inclusions. To predict the nature and
amount of these inclusions we have resorted to a thermodynamics model whose results are
supported by direct T.E.M. examinations and X ray microanalysis of weld metal (23). The
model describes the weld metal behaviour as it cools down to 1500°C. It takes into account
data of the Fe-Al-Si-Mn-O phase diagram, assuming that the equilibrium is reached at suc-
cessive decreasing temperatures during cooling. Table 2 indicates the results obtained in our
experimental conditions i.e. fixed base plate and wire compositions but various amounts of
weld metal oxygen. For each oxygen level, we haye obtained the amount and nature of
inclusions formed : aluminium oxide up to 40 x 10 ~ % oxygen and silicon - manganese -
aluminium compound oxides above. It can be observed that this change in inclusions nature
occurs around the oxygen level yielding the highest weld metal resistance to brittle fracture.
Equivalent results have been obtained for other base plate aluminium contents.
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The nature of weld metal inclusions has been observed directly by T.E.M. of carbon replica
with X ray microanalysis of extracted inclusions, Some examples are shown in figure 5,
Inclusions sizes range from 0.1 to 2 microns in all specimens examined. At lower oxygen levels,
most inclusions are aluminium oxides ; they are sharp comered since they occur as solid preci-
pitates within the liquid metal. Above 40 x 10'3 % oxygen, all inclusions are compound oxides
of aluminium, silicon and manganese ; they are globular since they occur as liquid precipitates
within the liquid metal. Their precise compositions depend on the amount of oxygen in the weld
metal. These observations substantiate the results of our thermodynamics model.

The resistance to ductile crack growth is known to decrease when the number of Inclusions per
unit volume increases (24, 25). So far we have not assessed the precise inclusions sizes
distribution in our experiments, Nevertheless, it seems that it does not vary much from one
specimen to another according to their oxygen contents. Increasing the oxygen content would
therefore mean increasing the volume fraction of inclusions and this would account for the
effect shown in figure 2. S.E.M. examinations revealed no drastic change in the ductile
fracture surface appearance according to the inclusions content. As shown in figure 6, it is
possible to observe isolated globular inclusions at the centres of the fracture surface dimples.

As stated before, the resistance of weld metal to brittle fracture has been related to its micro-
structure. The tougher weld metal microstructure contains a high percentage of fine inter-
locking ferrite grains usually referred to as "acicular ferrite” by welding metallurgists, Coarse-
ning of this structure and the presence of large proeutectold ferrite veins at prior austenite
grain boundaries drastically deteriorate the weld metal toughness (3, 15). This Is confirmed by
our results ; some examples of microstructures corresponding to different oxygen levels are
shown in figure 7.

The question now arises to know how the nature of oxide inclusions may be related to the weld
metal microstructure, in order to account for the results described above. We have first
assessed the effect of oxide inclusions on the austenite grain size, We have reheated weld
metal specimens up to 1300°C and 1400°C on a "Gleeble" R.P.l. machine, Specimens were
heated up to the peak temperature in 3 seconds, hold for 15 seconds and then water quen-
ched. At 1300°C the weld metal austenite grain size is of the order of 50 microns whatever

the oxygen content within the range 20 to 100 x 107~ %, Base metal of similar composition but
low oxygen level displays a 150 microns austenite grain size when submitted to the same
treatment. The austenite grain growth seems to be Impeded by oxide inclusions up to 1300°C in
all the weld metal specimens. At 1400°C the weld metal austenite grain size depends on its
oxygen content : 100 to 150 microns up to 50 x 10'3 % oxygen against 50 microns at higher
oxygen levels (figure 8). High oxide inclusions contents may be able to induce finer austenite
grain size. This in turmn would slightly raise up the transformation temperature and furthermore
would markedly increase the density of grain-boundary nucleated ferrite. As stated above the
proeutectoid ferrite veins are known to reduce the resistance to brittle fracture.

Further experiments have allowed us to observe the ferrite nucleation during the austenite
transformation. Weld metal specimens have been submitted to heat treatments up to 1400°C to
simulate welding. The controlled cooling (At;gg = 120 s) has been interrupted by quenching to
room temperature from 575°C. This procedure makes it possible to observe the nucleation sites
for ferrite at different oxygen levels as shown in figure 9. Below the critical oxygen level,
ferrite nucleation occurs mainly at austenite grain boundaries resulting in large elongated ferrite
grains. Around the critical oxygen level, ferrite nucleation occurs both at austenite grain
boundaries and at numerous sites within the grains, As suggested by other authors (15, 26),
these nucleation sites may be oxide inclusions as indicated in figure 10. This enhanced nucle-
ation results in fine interlocking ferrite particles impeding each other's growth. At higher
oxygen levels, intragranular nucleation of ferrite becomes more sluggish and the finer austenite
grain size increases the amount of grain boundary nucleated ferrite.
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To assess more precisely the nature of weld metal microstructure at different oxygen levels we
have prepared thin foils for T.E.M. The weld metals had oxygen contents of 27, 48 and

82 x 10'3% i.e. below, around and above the critical oxygen level. In all the specimens, the
microstructures are composed essentially of elongated ferrite grains indispersed with
carbide-ferrite agregates or in some cases retained austenite. The structures of 27 and

82x 10 "% oxygen weld metals are practically identical and we present for comparison in
figure 11 some micrographs of the 48 and 82.10'3 % oxygen weld metals. The ferrite grains
are significantly finer in the tougher weld metal (48 x 10~ % oxygen), suggesting that
intragranular ferrite nucleation was indeed enhanced in this case. In the sample containing
82.107% o oxygen, electron diffraction showed some constituents that could be retained
austenite or a compound M.A. (martensite-austenite). Figure 12 suggests that at this
48-10'3 % oxygen level, intragranular ferrite nucleation méy have occurred at oxide inclusions.
At the higher and lower oxygen levels, the ferrite grains do not seem to be related to the oxide

inclusions. The lathlike ferrite grains observed are probably the result of grain boundary
nucleation.

CONCLUSION

According to the amount of oxygen provided by the flux and the amount of deoxidants
provided by the parent steel plate, S.A.W. weld metal contains various amounts of different

oxide inclusions which have been identified. These inclusions have significant effects on weld
metal toughness.

In the ductile regime, increasing the amount of oxide inclusions reduces the resistance to
ductile crack extension without altering the J;. values at initiation.

Furthermore the oxide inclusions have some influence on the weld metal microstructure. The
higher oxide inclusions contents restrain the austenite grain growth at very high temperatures.
This increases the density of proeutectoid ferrite veins which are detrimental to the weld
toughness in the transition regime. Additionally it raises slightly the transformation temperatures
yielding coarser ferrite structures.

On the other hand, some particular oxide inclusions appear to favor the intragranular nucle-
ation of ferrite, thus yielding a much finer and tougher microstructure.

As expected from these two opposite effects a ncritical oxygen level" provides the higher weld
metal toughness in the transition regime.
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TABLE 1
1.a : Welding conditions : D.C. Wire A.C. Wire
U 32 volts 36 volts
| 900 amps 930 amps
v 1m/mn 1m/mn
At;gg 120 seconds

1.b. : Compasitions of base plate, wire, weld metals 510_3 W %)
C Mn Si s P Al Mo N O Nb

Baseplate © 173 1415 268 12 13 53 - 9 2 37
Wire 70 1000 20 20 10 - 500 -
Examples of |15 1160 280 10 14 31 265 7 27 24
weld metal 151 1280 320 13 16 30 160 7 4k 34

133 1330 370 12 17 26 165 8 67 18

* base plate : YS = 395 MPa, UTS = 560 MPa, TK, = -65°C

1.c.: Exémples of fluxes compositions (W %) )
sio. P.O_ ALO_, CaO Nazo KZO MnO MgO TIO2 FeO CaF

2 25 23 2
39 0.1 2.5 21 - - 20 3 3 1 10
26 0.1 22 10 1 1 8 16 3 1 12
15 0.1 17 8 0.1 2 0.3 30 1 2 21

TABLE 2 - Predictions of the nature and amounts of oxides inclusions in_our experimental
conditions as a function of oxygen content.

Total oxygen | Dissolved oxygen Dissolved aluminium | Inclusions types Amount of
content at equilibrium at equilibrium at equilibrium inclusions
at 1500°C at 1500°C at 1500°C
w2ww | a?ww (107> w %) 1072 W%
10 0.18 ‘26 aluminium oxide 21
20 0.26 14.8 o 42
30 0.60 0.40 % 62
aluminium oxide
40 2.7 0.41 compouﬁd oxides 78
of Al, Si, Mn
50 2.9 0.37 " 96
60 4.2 0.17 compounds oxide 113
of Al, Si, Mn
70 ) 4.2 0.16 » 132
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1

Fig. 1 : Variation of weld metal oxygen with Fig. 2a : Charpy V upper shelf energy
% SiO, * % MnO in the fluxg. versus oxygen content,
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oxygen (10 *%)
(ec)
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Fig. 3a : Charpy V transition temperatures as

Fig. 4 : Weld metal critical oxygen
a function of oxygen content.

content versus base metal
aluminium content,
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Fig. 3b : Fracture toughness as a function of temperature for two oxygen levels.
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Fig. 6 : Ductile fracture surface - 80 x 10 ~ % O2 - S.E.M, - 800 x.
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S s R ‘ A S
Fig. 7 : Microstructures corresponding to :
a) 27x 1072 %0,
b) 44x 107> % O,
o 67x 1077 %0,
500 x
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Fig. 9 : Nucleation of ferrite
a) 27x 1072 % o,

b) 44 x 107> o ®, 500 x

Fig. 10 : Possible nucleation of ferrite at oxide inclusions - 44 x 10'3
S.E.M. - 5000 x.

%02-
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s Fig. 11 = Microstructures (T.E.M.) : ‘
a) 48 x 1073 % 02

b) 80 x 107> % o,

3600 x

(b)

(a)
d at oxide inclusions - 48 X 10'3 % O2 §

ig. 12 : Fine ferrite grains apparently nucleate

Fig. 12
a) 7250 x, b) 14000 x
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