
The Effect of Carbon in E7024 SMAW Electrode 
All Weld Metal 

This high iron powder manual electrode offers economical operation and 
reasonable toughness when the carbon content is controlled 

BY E. SURIAN, E. MARANIELLO A N D  T. BONISZEWSKI 

ABSTRACT. Four rutile electrodes with 
iron powder in the coating, E7024 type, 
adequate for manual and gravity weld- 
ing, were produced in such a way as to 
obtain nominal carbon contents of 0.03, 
0.06, 0.10 and 0.13% in the deposited 
metals, while the rest of the alloying ele- 
ments remained constant. The all-weld- 
metal mechanical properties were evalu- 
ated according to AWS requirements, 
and it was found, as a general tendency, 
that as the carbon content increased, the 
tensile and yield strengths increased and 
the ductility and toughness decreased. It 
is possible to obtain a Grade 3 weld 
metal (with minimum 47 J at-20°C) with 
up to 0.10% carbon. Metallographic 
studies with the optical microscope and 
hardness measures were also carried out. 

Introduction 

Despite competition from gas 
shielded flux cored arc welding (FCAW- 
GS), there is a continuing demand for 
high iron powder rutile shielded metal 
arc welding (SMAW) electrodes of E7024 
classification, which are commonly used 
for fillet welding in flat (ASME 1F) and 
horizontal (ASME 2F) positions. In ship- 
building and the construction of other 
large steel structures, where it is difficult 
to protect the welding arc from air cur- 
rents that disturb the gas-shielded 
process, the E7024 electrode offers oper- 
ational advantages over FCAW-GS. 

E7024 electrodes with 5-mm-diame- 
ter core wire can be normally operated at 

E. SURIAN and E. MARANIELLO are with 
Conarco Alambres y Soldaduras S.A., Buenos 
Aires, Argentina. T. BONISZEWSKI is a private 
Consultant, Kent, England. 

currents of 250 to 300 A, which corre- 
spond to the low-to-middle range values 
for 1.6- and 2.0-ram-diameter FCAW-GS 
welding wires of E70T-1 classification 
(Ref. 1). The deposition rate is primarily 
dependent on the welding current, and 
with the above-mentioned current range, 
the following deposition rates can be ex- 
pected at 100% arc time (Ref. 1 ): E7024, 
5.0-mm electrode - -  3.3 to 4.0 kg/h; 
E70T-1, 1.6- mm FCAW wire - -  4.0 to 
5.2 kg/h. 

Naturally, one can expect some vari- 
ation in the deposition rates between 
E7024 electrodes from different manu- 
facturers, as the electrode efficiencies 
may vary between 150-180%. Real pro- 
duction experience reported from The 
Netherlands (Ref. 2) shows that the cur- 
rent range of 250 to 300 A gives the de- 
position rates of 3.85 to 4.8 kg/h, respec- 
tively. 

E7024 electrodes with 6 mm (1/4 in.) 
core wire can be operated at currents of 
about 400 A, at which the deposition rate 
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can reach about 6 kg/h (13.2 Ib/h) (Refs 
2, 3). Furthermore, high iron powder 
electrodes produce an increased length 
of weld bead per rod and this increases 
the duty cycle (the operating factor), with 
the following values having been re- 
ported (Ref. 4): SMAW iron-powder, 15 
to 25%; Semiautomatic FCAW, 20 to 
35%. 

Thus, there is some overlap between 
the E7024 electrode and the FCAW 
process in their productivity perfor- 
mance. 

Because of the high (about 50%) iron 
powder content of their coverings and 
thick coating diameters (D/d > 2), E7024 
electrodes develop deep cups within 
which their arcs can operate without 
being too disturbed by wind. Further- 
more, the edge of the cup can be rested 
against the workpiece, thus enabling the 
so-called "contact mode" operation, 
which ensures a constant arc length and 
uniform weld quality (Ref. 2). Conse- 
quently, welders using E7024 electrodes 
need not be as highly skilled and quali- 
fied as those operating the FCAW-GS 
process, and with high-current welding, 
the use of E7024 electrode is not as tiring 
as that of the FCAW-GS. The contact 
mode of arc operation enables the use of 
mechanized "gravity welding" in which 
E7024 electrodes 700 mm (27.6 in.) long 
are employed. This facility gives further 
improvements in productivity. 

The economic attractions of E7024 
electrodes have been accompanied by 
evolving technical requirements, espe- 
cially as regards the Charpy V-notch im- 
pact toughness of the weld metal. Until 
1981, there were no Charpy require- 
ments for the E7024 classification. In 
AWS A5.1-81 specification (Ref. 5), a 
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new variant identified as E7024-1 was in- 
troduced for those E7024 electrodes that 
were required to deliver 27 J at-18°C (20 
ft-lb at 0°F), and the same E7024-1 re- 
quirement is continued in the latest AWS 
A5.1-91 specification (Ref. 6). 

In shipbuilding and other construc- 
tions subject to surveillance by Lloyd's 
Register of Shipping (LRS) and other clas- 
sification certifying authorities, depend- 
ing on the design and service conditions, 
electrodes of three different grades for 
Charpy V-notch impact toughness are 
used (Ref. 7). Grade 3 is the most de- 
manding one, requiring the all-weld- 
metal toughness at -20°C (-4°F) to be 47 
J average minimum. This is certainly 
more difficult to achieve consistently 
from batch to batch with the same pro- 
duction formula than the AWS E7024-1 
requirement. Furthermore, recently some 
European shipyards have been demand- 
ing that E7024 electrodes deliver 47 J m in 
at -30°C (-22°F) and 28 J minimum at 
-40°C (-40°F). It would appear that with 
the increasing use of tougher and tougher 
steel plates, the constructors wish to have 
weld metal of matching toughness even 
in fillet welds. 

Bearing all the above economic and 
technical issues in mind, an investigation 
has been launched to study systemati- 
cally the various metallurgical factors 
that influence primarily the Charpy V- 
notch impact toughness of E7024 all- 
weld metal. 

This report is the first in a series. It 
deals with the effects of the varying car- 
bon content, with the welding having 
been done under alternating current (AC). 
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Experimental Procedure 

The Electrode 

To avoid any interference from the 
multiple variables which are known to 
affect the all-weld-metal toughness, the 
following relatively simple flux formula 
was chosen: Iron powder 55%, Mn pow- 
der 10%, carbonates 7.5%, rutile 14%, 
silica-bearing materials 12.5%, CMC 
1%. All chemical compositions in this 
paper are given in weight-percent, ex- 
cept when ppm are indicated. 

To avoid uncontrolled carbon transfer 
from the flux to the weld metal, pure Mn 
powder was used as the only deoxidant, 
instead of the traditional ferromanganese 
with 1 to 1.5% C. For the same reason, 
no cellulose was used, and the extrusion 
aid was carboximethylcellulose (CMC), 
which gives a negligible C-transfer to the 
weld metal. Apart from the Mn powder, 
the formulation was free from any 
stronger deoxidants, such as Fe-Si, Fe-Ti 
and 50AI-50Mg, which are used in some 
E7024 products. 

The mild steel core wire, chosen for 
the experiments, was of relatively low- 
carbon variety with 0.055% C (Table 1 
shows the complete chemical analysis of 
the wire). The weld metal carbon content 
was varied by the addition of graphite to 
the dry powder. Four batches of elec- 
trodes with different graphite additions 
were produced as follows: No. 5448 nil; 
No. 5092, 0.2%; No. 5093, 0.4%; No. 
5094, 0.6%. 

Figure 1 shows how the C content in- 
creased in the weld metal with the addi- 

tions of graphite to the electrode coat- 
ings. It should be noted that with the nil 
graphite, the weld metal carbon content 
was lower (= 0.028%) than that in the 
wire (0.055%), presumably as a result of 
dilution by the iron powder and a certain 
degree of oxidation of C that was acting 
as a deoxidant, as the coating had no 
other one. 

Welding Conditions 

Using 3.25-mm (1/8-in.) diameter 
electrodes, all-weld-metal test assem- 
blies were made according to Fig. 2. Op- 
erating on the AC, the current value was 
150 A and the arc voltage was 30 V. The 
heat input was 1.0 kJ/mm (25 kJ/in.). 

Testing 

All the tests were carried out in the as- 
welded condition. The mechanical prop- 
erties measured were: yield strength, ten- 
sile strength, elongation at room 
temperature, and Charpy V-notch impact 
toughness over the temperature range 
from 120 ° to -70°C (248 ° to -94°F). 

Microstructure was examined and 
quantified on metallographic sections nor- 
mal to the welding direction and obtained 
from the all-weld-metal assemblies. 

Results 

Chemical Analysis 

Table 1 gives the all-weld-metal 
chemical compositions determined on 
pads for chemical analysis. Although this 
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report deals with the testing of the weld 
metal deposited with AC, some analysis 
results given in Table 1 were obtained 
from samples deposited also with elec- 
trode on DC- (negative). They are re- 
ported here to enhance the confidence in 
the consistency of carbon variation. 

It is very gratifying to see that as the C 
content increased with graphite addi- 
tions from batch to batch, the manganese 
and silicon contents remained essentially 
similar in all the four test welds. The only 
marked effect of the increasing C content 
was to lower the oxygen content in the 
weld metal, with the trend having been 
plotted in Fig. 3. Such an inverse rela- 
t ionship between carbon and oxygen 
contents is well known in general steel- 
making (Refs. 8, 9), and it has also been 
observed (Ref. 10) in  a low-alloy-steel 
weld metal of high strength 
(E10018/E11018-M). This inverse rela- 
tionship confirms the reducing action of 
carbon in the shielded metal arc welding 
of steel. 

Mechan ica l  Properties 

Hardness Survey 

Vickers hardness survey at 10-kg load 
was carried out down the centerline of 
the weld metal deposited in the groove 
assembly - -  Fig. 2 . The location of the 
line of measurements and the results ob- 
tained are shown in Fig. 4. 

As could be expected, there was an 
overall increase in the weld metal hard- 
ness with the increasing carbon content. 
However, it is of interest to note that at 
the two lower carbon contents (nomi- 
nally 0.03 and 0.06% C), the hardness 
level remained approximately constant 

throughout the depth of 
the plate, including the 
top bead. As the carbon 
content increased to- 
ward 0.1% and above, 
there was a marked hard- 
ening in the top bead, 
relative to the deeper 
layers of the weld metal. 

A note should be 
taken of this increased 
tendency to hardening in 
the top bead when the 
weld metal carbon con- 
tent approaches 0.1% 
because there are some 
E7024 electrodes giving 
0.09%C in the weld 
metal. This may be im- 
portant in single-pass fil- 
let weld ing on thick 
plate (stiffener attach- 
ment) because the high 
weld-metal  hardness 
may be conducive to hy- 
drogen cracking in the 
weld bead, as opposed 
to the normal expecta- 
tion and control of such 
cracking in the HAZ of 
the base metal. 

Tensile Properties 
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Fig. 3 - -  Effect o f  the increasing carbon content on the decreas- 
ing oxygen content in E7024 al l -weld metal, with AC welding. 

Table 2 gives the tensile properties for 
all-weld metal at the four different car- 
bon contents and compares the values 
measured with the min imum require- 
ments in AWS A5.1-91 (Ref. 6) for E7024- 
1 electrode, which must deliver a higher 
elongation value (22% min) than the or- 
dinary E7024 classification (17% min.). 
The data from Table 2 have been plotted 

as a function of carbon content in Fig. 5 
to enable a clearer perception of the 
trends. 

At the lowest C content of 0.029(/o 
(about 0.03%), the tensile strength was 
slightly below the minimum value spec- 
ified (482 N/mm 2) by the AWS standard 
(Ref. 6), but the yield strength was well 
above the required min imum (399 
N/mm2). The elongation value was inad- 
equate, and this was associated with 
some porosity in the tensile specimen, 

Table 1 - -  Chemical Composition of E7024 All-Weld Metal with Four Different Carbon 
Contents 

Element Wire 5458 
% AC DC- 

C 0.055 0.029 0.027 
Mn 0.36 0.73 0.73 
Si 0.07 0.25 0.24 
S 0.022 0.011 
P 0.010 O.008 

Batch 5092N°" and Current TYpe 93'50 5094 
AC DC- AC DC- AC DC- 

0.058 0.068 0.10 0.11 0.125 0.132 
0.68 0.73 0.70 0.72 0.68 0.76 
0.23 0.25 0.25 0.25 0.24 0.25 
0.014 0.012 0.013 
0.013 0.014 0.015 

ppm 
O 151 839 867 809 748 
N 74 100 127 125 126 
Ti 135 166 154 180 161 154 155 152 158 
AI <10 <10 <10 <10 <10 <10 <10 <10 <10 
Nb <10 <10 <10 <10 <10 <10 <10 <10 <10 
Cr 212 198 140 182 167 130 139 153 120 
Mo 155 81 71 74 70 66 74 62 56 
V <10 82 84 86 82 85 81 84 83 
Ni 320 350 307 358 351 322 318 308 303 
Cu 710 733 716 988 1047 1026 1025 904 917 

Table 2 - -  Tensile Properties of E7024 
All-Weld Metal with Four Different Carbon 
Contents Compared with AWS 
Requirements for E7024-1. 

Property 
0.2% Elon- 

Weld Yield Tensile gation 
Metal Strength Strength (1 ~o 4 d) 

Item C (%) (N/ram 2) (N/mm 2) (%) 

E7024-I - -  399 482 22 (a) 
A5.1-91 

Batch 5448 0.029 430 475 20.5 (hI 
Batch 5092 0.058 457 518 25.2 
Batch 5093 0.100 505 569 26.8 
Batch 5094 0.125 513 576 21.7 

(a) For ordinary E7024:17% minimum. 
(b) Some porosity in the tensile piece. 
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evidently leading to premature rupture. 
The porosity had resulted presumably 
from the CO formation on solidification 
because of still high oxygen activity in 
some pockets of the molten pool at the 
low-carbon-content area. It is important 
to take into account that the coating for- 
mula has no deoxidants other than Mn 
powder, so C, coming from the wire 
and/or from the rest of the coating con- 

stituents, will play this role 
too. 

As the carbon content 
increased from about 0.03 to 
the 0.06-0.10% levels, both 
the yield strength and tensile 
strengths increased almost 
linearly. It is noteworthy that 
the elongation also in- 
creased, showing that in- 
creases in metal strength 
need not always be accom- 
panied by falling ductility. 
The strengthening is natu- 
rally the result of increased 
hardenability and hardening 
by the increasing carbon ad- 
dition, and the improved 
ductility would seem to be 
associated with the benefi- 
cial effect of carbon on sup- 
pressing the oxygen activity 

...... and deoxidizing the metal - -  
,utalon~ Fig. 3. 

With the C content in- 
creasing from 0.10 to 
0.13%, the increase in the 

_ _  strength parameters started 
to level off, indicating the di- 

minishing effect of carbon as a useful 
strengthener. At the same time, the elon- 
gation fell sharply from the peak value of 
nearly 27%, down to only 21.7%, which 
is near the minimum value required for 
the E7024-1 electrode. Therefore, to en- 
sure the compliance with the E7024-1 
property requirements, the carbon con- 
tent in E7024-1 weld metal should not be 
allowed to rise much above 0.10%. 
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Fig. 5 -  Effect of the increasing carbon content on changes 
in the tensile properties ofE7024 all.weld metal 

Charpy V-notch Impact 
Toughness 

The individual test results 
and the calculated averages 
for different test temperatures 
are given for the record in 
Table 3. These values have 
been processed as follows: 

1) The test data (as full 
points) and the averages (X) 
have been plotted to deter- 
mine the shape of the aver- 
age transition curve passing 
through the middle of the 
scatter band, for each batch. 
By way of examples, this is 
shown in Figs. 6 and 7 for the 
two weld metals with the 
nominal carbon contents of 
0.03% (Batch 5448) and 
0.06% (Batch 5092) 

2) For each batch, a tran- 
sition curve has also been 
plotted along the minimum 
values recorded at each tem- 
perature, thus giving an en- 

velope for the low side of the scatter 
band. Such a curve is referred to as "the 
lower bound" of the scatter band. In Figs. 
6 and 7, the lower bound curves are 
shown as dashed lines. In addition to the 
average curves, these lower bound 
curves are of interest because in some 
specifications the permissible individual 
minimum values are imposed in addition 
to the average minimum requirements 
(Ref. 7). 

To obtain a perception of the effect of 
changing carbon content on Charpy V- 
notch impact toughness at a given tem- 
perature, the energy values at that tem- 
perature have been read from the 
average transition curves. These values 
are plotted in Fig. 8 for four different tem- 
peratures, and the resulting curves are 
compared with the level of 47 J, which 
determines the Lloyd's Grade 3 at -20°C 
(Ref. 7). 

Similarly, Fig. 9 has been produced by 
using the individual minimum energies 
along which the lower bound transition 
curves were drawn. Here, the energy lev- 
els at different carbon contents are com- 
pared with 33 J, which is specified by 
Lloyd's (Ref. 7) as the individual mini- 
mum test value. 

The curves in Figs. 8 and 9 indicate 
that to maximize Charpy V-notch impact 
toughness, the carbon content should be 
controlled at the optimum value of about 
0.06%. Although at 0.03% C, the tough- 
ness level appears to be close to that as 
at 0.06% C, the tensile strength and elon- 
gation are inadequate for E7024-1 classi- 
fication - -  Fig. 5. As the carbon content 
rises above 0.06%, there is a marked fall 
in the level of Charpy V-notch impact 
toughness. 

M i c r o s t r u c t u r e  

As-Deposited Regions 

The microstructure of the columnar 
regions is shown at four different carbon 
contents in Fig. 10, as it appeared after 
etching in Nital at a magnification of 
100X. The following changes are notice- 
able with the increasing carbon content: 

1 ) There is a progressive refinement of 
the microstructural units. As the carbon 
content increased, the average width of 
the columnar grains decreased, as shown 
quantitatively in Table 4. Also, the size of 
crystallites within those columnar grains 
and at their boundaries became progres- 
sively smaller with the increasing carbon 
content - -  Fig. 10. 

2) The general darkening of the mi- 
crostructure shows the diminishing vol- 
ume fraction of ferrite at the expense of 
carbides. Table 5 lists the results of quan- 
titative measurements of the volume frac- 
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tions of different microstructural con- 
stituents. As seen in Fig. 10, there is a 
sharp fall in the quantity of the primary 
ferrite, from 58 to 27%, as the carbon 
content rises from 0.03 to 0.06%. 

As can be seen from both Fig. 10 and 
Table 5, the as-deposited microstructure 
in the E7024 weld metal studied con- 
tained no acicular ferrite up to about 

0.1% C, and only at 0.13% C a small 
amount of the acicular ferrite could be 
seen (perhaps 3%). This is in contrast 
with E7018 weld metal, which even at 
Iowcarbon contents (0.03, 0.045 and 
0.059%) and a slightly lower Mn content 
(0.66, 0.65 and 0.60%, respectively; 
compare with Table 1 ), shows fairly mea- 
surable amounts of acicular ferrite. In 

one paper (Ref. 11 ), about 20% acicular 
ferrite was reported for the composition 
of 0.03% C-0.66% Mn, and in another 
paper (Ref. 12), 3-4% acicular ferrite was 
reported for 0.045% C-0.65% Mn and 
0.059% C-0.60%Mn, respectively. 

The low-C, Iow-Mn weld metal de- 
posited from E7018 electrodes has an 
oxygen content just below 500 ppm (Ref. 
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Table 3 - -  Results of Charpy V-Notch Toughness Tests for E7024 All-Weld Metal with Four 
Different Carbon Contents 

Test 
Temperature °C Individual Results, J Average Values, J 

Nominal C-content = 0.03%, Batch 5448 
+20 89 88 96 91 

0 89 90 86 86 
-10 72 79 83 86 80 
-20 51 50 57 81 86 73 66 73 67 
-3O 53 34 56 48 
-40 39 19 42 66 52 44 
-50 36 8 13 36 39 26 
-60 13 10 20 14 
-70 163 104 8 

Nominal C-content = 0.06%, Batch 5092 
+20 96 80 101 93 93 

0 79 89 85 79 83 
-10 75 93 78 78 84 79 81 
-20 79 61 81 79 65 53 77 71 
-30 42 56 41 57 42 49 48 
-40 54 46 29 42 43 
-50 22 41 33 41 34 
-60 30 24 12 40 26 
-70 23 26 14 18 20 

Nominal C-content = 0.10%, Batch 5093 
+20 79 78 89 80 82 

0 83 71 73 82 77 
-10 79 75 83 76 75 57 63 67 72 
-20 50 40 63 66 57 61 65 57 
-30 54 60 57 61 41 46 39 51 
-40 34 15 32 30 
-50 22 20 14 33 22 
-60 20711 24 16 
-70 7 23 12 5 14 

Nominal C-content = 0.13%, Batch 5094 
+20 72 78 68 70 72 

0 82 83 80 72 65 66 76 75 
-10 67 52 47 57 56 
-20 53 51 45 48 49 
-30 43 38 35 40 39 
-40 35 23 36 27 30 
-50 32 32 28 11 26 
-60 27 26 18 14 21 
-70 17 10 11 16 13 

11), whereas, the E7024 weld metals 
studied have 750-870 ppm oxygen 
(Table 1). This high oxygen content is 
likely to be inimical to the formation of 
fine particles (usually with Ti) conducive 
to the nucleation of acicular ferrite. 

As shown in Table 5 and Fig. 10, apart 
from the primary ferrite, the bulk of the 
as-deposited microstructure is composed 
of ferritic allotriomorphs and side-plates, 
the constituents which normally do not 
give as high toughness as that produced 
by acicular ferrite. 

Reheated Regions 

In the reheated regions, which had 
been subjected to austenitizing tempera- 
ture by the subsequent passes, there was 
also progressive microstructural refine- 
ment with the increasing carbon content. 
Figure 11 shows examples of the fine- 
grained areas in the reheated regions for 
the two carbon contents of 0.03 and 

0.10%. These are the areas that had been 
autenitized somewhat above the A c tem- 
perature. 

Table 6 lists the quantitative data for 
the mean linear intercepts measured in 
those fine-grained areas at the four car- 
bon contents. 

Figure 12 shows simi lar ly the mi- 
crostructure of those areas within the re- 
heated regions which reached the 
austenitizing temperatures close to the 
solidus. At 0.03% C, the microstructure 
is predominantly ferritic (Fig. 12A), with 
only limited islands of ferrite carbide ag- 
gregates. At 0.10%C (Fig. 12B), the prior 
austenite grains can be discerned be- 
cause their interiors, enriched in carbon, 
transformed to acicular Widmanst~tten 
ferrite and bainitic constituents. 

Microstructure at Charpy V-notch Location 

Figure 2 in the AWS A5.1-91 specifi- 
cation requires that the V-notch of the im- 

Table 4 - -  Effect of Carbon Content on the 
Average Width of the Columnar Grains in 
the As-Deposited Regions of E7024 All-Weld 
Metal 

Carbon Average columnar 
in Weld (%) grain width (pm) 

0.029 124 
0.058 98.9 
0.10 61.8 
0.125 54.3 

Table 5 - -  Effect of Carbon Content on the 
Volume Fractions of Different 
Microstructural Constitutents in the 
Columnar Regions of E7024 All-Weld Metal 

Ferrite Ferrite 
Carbon Primary with Carbide Acicular 
in Weld Ferrite Second Aggregate Ferrite 

(%) (%) Phase (%) (%) (%) 

0.029 58 31 11 - -  
0.058 27 60 13 - -  
0.10 26 53 21 - -  
0.125 30 37 30 3 (a) 

(a) Informative. 

Table 6 - -  Effect of Carbon Content on the 
Mean Linear Intercept for the Grains in the 
Fine-Grained Areas of the Reheated Regions 

% C in Weld I (mm) 

0.029 5.1 
0.058 5.4 
0.10 6.7 
0.125 7.2 

pact specimen is located along the cen- 
terline of the weld. As SMAW is a man- 
ual operation, there may be some varia- 
tion in the way the two passes meet at the 
center of each layer. Therefore, it is of in- 
terest to determine the macrostructure, 
i.e., the quant i ty of the as-deposited 
(columnar) and reheated regions under 
the Charpy notch. 

Table 7 shows the result of such mea- 
surements. With the except ion of the 
weld with 0.06%C, there were no colum- 
nar regions at the location of the Charpy 
notch. In the weld with 0.06% C, the 
notch passed through about 12% of the 
colunmar microstructure. It might be ex- 
pected that this could be detrimental to 
the toughness measured. However, as 
can be seen in Figs. 8 and 9, at 0.06% C 
the Charpy V-notch impact toughness 
was at its highest very consistently. 

Nonmetallic Inclusions 
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The inclusions were examined in the 
as-polished condition. It is not easy to de- 
cide on the weld bead areas which are 
the most representative of the size and 
distribution of the inclusions because of 
the natural inhomogeneity of the weld 
metal. 

However, it is considered that Fig. 13 
gives a fair representation of the non- 
metallic inclusions in the four weld metal 
samples with different carbon contents, 
as far as this could be achieved with a 
single photomicrograph. It was clearly 
noticeable that at the two lower carbon 
contents, accompanied by the higher (= 
850 ppm) oxygen contents (Table 1, Fig. 
3), there were very large inclusions with 
diameters of 100 to 140 tJm, as shown in 
Fig. 13A and 13B. At the two higher car- 
bon contents, as the oxygen decreased 
to 800-750 ppm (Table 1), the inclu- 
sions were mainly 20 pm in diameter, 
and they did not exceed 60 [am diam- 
eter as shown in Fig. 13C. 

Discussion 

For basic low-hydrogen electrodes 
of E7018/7018-1 (Refs. 12-14) and 
E7016/7016-1 (Refs. 15 and 16) clas- 
sifications, the effects of the various 
compositional changes on the me- 
chanical properties and microstruc- 
ture of the weld metal have been stud- 
ied quite systematically. However, 
this has not been the case with futile 
(and cellulosic) electrodes, which are 
still important economically, despite 
the increasing use of semiautomatic 
welding. 

It is true that rutile electrodes are 
not used for as demanding structural 
applications as is the case with 
E7016-1 and E7018-1 electrodes. This 
is reflected in no or lower Charpy re- 
quirements for futile electrodes com- 
pared to the low-hydrogen electrodes, 
as evident in some specifications (Ref. 
6). However, in 1981 the designation 
E7024-1 was introduced (Ref. 5) with 
the requirement of 27 J min. at -18°C 
(-3°F) for these rutile electrodes for 
the first time. Also, the minimum 
elongation requirement was raised 
from 17% for E7024 to 22% for 
E7024-1. This means that some 
knowledge is necessary on how to 
control the elongation and toughness 
in E7024 classification if the E7024-1 
requirements are to be achieved con- 
sistently and with confidence. 

As far as the authors are aware, this 
paper is the first step in the systematic 
study of compositional factors that in- 
fluence the properties and microstruc- 
ture of rutile weld metal. Starting with 

the carbon content, it has been shown 
that it is possible to vary its level between 
about 0.03 to 0.13%, while maintaining 
constant Mn at 0.7% and Si at 0.25%. 

As the carbon content increased, the 
weld metal hardness (Fig. 4), yield 
strength and tensile strength (Fig. 5) in- 
creased progressively. However, the 
elongation did not change monotoni- 
cally - -  Fig. 5. It followed a peak curve, 
with the elongation reaching the maxi- 
mum of just over 26% at the optimum C 
content between 0.06 to 0.10%, and 
falling below the minimum requirement 
of 22% at the extremes of C-content: 
0.03% and 0.13%. 

Combined with low hardness and 
strength, Charpy V-notch impact tough- 
ness was found to be highest at the lower 

C contents of 0.03 to 0.06% (Figs. 8, 9), 
but bearing in mind the inadequate elon- 
gation at 0.03% C, the target of 0.06% C 
appears to be the optimum level for max- 
imizing both the Charpy V-notch impact 
toughness and elongation simultane- 
ously. As the carbon content increased 
toward 0.10 and 0.13%, the Charpy V- 
notch impact toughness decreased pro- 
gressively, but even at 0.10% C the 
E7024-1 requirements could be met. 
Likewise, the more demanding require- 
ment (47 J at -20°C) of the classification 
(Ref. 7) could be met with carbon con- 
tents between 0.06 to 0.10% quite com- 
fortably (Figs. 8, 9). This wide range for 
the control of the C content is good news 
for the manufacturers. 

Usually rutile electrodes are not ex- 

Fig. I 0 - -  Effect o f  carbon content on the microstructure o f  the columnar regions in E7024 all weld 
metal. A - -  0.03% C; B - -  0.06% C; C - O. 10% C; D - -  O. 13% C. 
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Table 7 - -  The Volumes of Columnar and Reheated Regions at the Location of the Charpy 
V-Notch, i.e., the Center of the All-Weld Metal Assemblies 

Refined Regions 
Carbon in Columnar Coarse Fine 
Weld (%) Regions (%) Grain (%) Grain (%) 

0.029 0 51 49 
0.058 12 21 67 
0.10 0 30 7O 
0.125 0 24 76 

pected to produce as tough weld metal as 
that obtainable from low-hydrogen elec- 
trodes. However, this work demonstrates 
that between 0.06 to 0.10% C and with 
0.7%Mn-0.25%Si in the weld, an E7024- 
1 electrode can deliver ductil i ty and 
toughness as high as the minimum re- 
quirements for the ordinary E7016 and 
E7018 electrodes, i.e., 27 J min. at -29°C 
(-22°F) (Ref. 6) - -  Figs. 8, 9. 

This achievement of the E7024-1 
electrode studied is not too surprising. At 
the Mn content of less than 1%, the mi- 
crostructure of E7018 weld metal is not 

all that different from what has been ob- 
served in this work - -  Figs. 10-12. Of 
course, the E7024-1 weld metal is higher 
in oxygen (Table 1) than E7018 weld 
metal (Refs. 11, 17) and thus the latter 
will normally be tougher than the former. 
However, future studies may show a way 
to further toughness improvements for 
E7024-1 weld metal. 

It seems unlikely that the microstruc- 
tural changes observed in this work have 
a controlling effect on the weld metal 
toughness. The beneficial effect of grain 
refinement (Fig. 11 and Table 6) with the 

increasing C content would be counter- 
acted by the simultaneous increase in the 
yield strength. At the high oxygen, oxide 
inclusion content and the increasing car- 
bide content, which provide nucleation 
sites for void-coalescence and cleavage 
fractures, the increasing yield strength is 
normally detrimental to toughness. In 
these respects, the situation in E7024-1 
weld metal appears to resemble what has 
been observed (Ref. 18) in the submerged 
arc (SA) weld metal deposited under acid 
manganese-silicate flux. Such SA weld 
metal contains oxygen levels compara- 
ble with those in the E7024-1 weld metal. 
Under such conditions, the toughness 
changes result from the interplay be- 
tween the yield strength and the volume 
of particles (oxides and carbides), which 
can nucleate cracking. The highest 
toughness is obtained in the softest weld 
metal. Microstructure becomes impor- 
tant only when substantial amount of aci- 
cular ferrite can be generated at oxygen 
contents below 500 ppm. 
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Conclusions 

The present study of a given 
E7024 electrode has led to the fol- 
lowing observations: 

1} With 0.055% C in the core 
wire, it is possible to vary system- 
atically the carbon content in the 
weld metal between 0.03 to 0.13% 
by the addition of graphite to the 
flux, while maintaining constant 
Mn (0.7%) and Si (0.25%) levels. 

2) The increasing C content in- 
creases the hardness, yield strength 
and tensile strength of the weld 
metal. 

3) For maximizing the elonga- 
tion above 22% minimum required 
for E7024-1 designation, the opti- 
mum C content is between 0.06 to 
0.10%, and the extremes of 0.03 
and 0.13% C are inadequate. 

4) The Charpy V-notch impact 
toughness appears to peak at 
0.06% C, at which C content 70 J 
was achieved on average at 
-20°C,and the lowest energy 
recorded was just above 50 J. 

5) In the as-deposited regions, 
the width of the columnar grains 
decreased with the increasing car- 
bon content. 

6) The as-deposited microstruc- 
ture was composed of primary fer- 
rite and ferrite with second phases 
and carbides. Only at the highest C 
content of 0.13%, a few percent 
(perhaps 3%) of acicular ferrite was 
measu red. 

7) The main effect of the in- 
creasing C content was to reduce 
the volume fraction of the primary 
ferrite. 

8) In the fine-grained areas of re- 
heated regions, progressive grain 
refinement occurred with the in- 
creasing carbon content. 

9) In the coarse-grained areas of 
reheated regions, the polygonal 
ferrite decreased and the interme- 
diate transformation products in- 
creased with the increasing C content. 

10) As the carbon content increased 
above 0.06%, there was a noticeable fall 
in the oxygen content from about 850 
ppm to 750-800 ppm, and this was re- 
flected in fewer large nonmetallic inclu- 
sions with diameters of about 100 pm. 

11) Considering all the data together, 
it would appear that the Charpy V-notch 
impact toughness is controlled by the in- 
terplay between the yield strength, and 
oxides and carbides, which are sites for 
crack nucleation. Low yield strength is 
beneficial to toughness, and microstruc- 
tural changes do not seem to be impor- 
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Fig. 13 - -  Typical appearance and incidence of nonmetallic inclusions in E7024 all-weld metal with 
four different carbon contents and four respective oxygen contents. A - -  0.03% C, 839 ppm O; B 
- -  O.06 % C, 86 7 ppm O; C - -  O. l O% C, 809 ppm O; D - -  O.13 %C, 748 ppm O. 

tant, unlike in E7016 and E7018 weld 
metals. 
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