
ANSI/AWS E7024 SMAW Electrodes: The Effect 
of Coating Magnesium Additions 

Operational behavior, diffusible hydrogen and all-weld-metal mechanical 
properties and microstructure of E7024 SMAW electrodes were examined 

BY E. SURIAN 

ABSTRACT. Three rutile electrodes with 
iron powder in the covering, ANSI/AWS 
A5.1-91 E7024 type, adequate for man- 
ual and gravity feed welding, were pro- 
duced with the addition of 0, 2 and 4% 
magnesium metal powder to the coating 
at the expense of iron powder, in such a 
way as to obtain the same levels of Mn 
and Si in the deposits. The all-weld-metal 
tensile properties and Charpy-V impact 
properties were measured. It was found 
that as coating Mg content increased, the 
all-weld-metal oxygen content de- 
creased and toughness improved. Oper- 
ational behavior was not worsened. Dif- 
fusible hydrogen also decreased with the 
incremental increases in covering Mg 
content, which produced an increase of 
slag Mg content, and, as a consequence, 
an augmentation of slag basicity. Metal- 
Iographic studies with the optical micro- 
scope, as well as hardness measure- 
ments, were carried out. 

Introduction 

Despite the fact that rutile electrodes 
have been produced for a long time, 
there is little basic information about 
them. Only during the last few years have 
several papers been issued. These publi- 
cations deal with systematic studies on 
the relationship among coating con- 
stituents, all-weld-metal chemical com- 
position, mechanical properties, mi- 
crostructure, diffusible hydrogen of the 
deposits, and operational behavior (Refs. 
1-12). 

Previous studies (Ref. 1) performed 
with the electrode used in this work have 
shown the effect of the addition of carbon 
to an ANSI/AWS A5.1-91 E7024 manual 
electrode coating, which resulted in an 
all-weld-metal carbon variation from 
0.03 to 0.13%. With intermediate all- 
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weld-metal values of 0.06-0.10% C, for 
0.70% Mn and 0.25% Si, the unified re- 
quirements of the International Classifi- 
cation Societies (ICS), such as ABS, BV, 
DnV and LRS (Ref. 13), for an E7024 
Grade 3 were obtained very easily. 

On the other hand, with ANSI/AWS 
A5.1-91 E6013 rutile-type electrodes, 
there was the possibility of improving all- 
weld-metal toughness through at least 
two different ways: 

1 ) Increasing the slag basicity by rais- 
ing the CaCO~ coating content (Refs. 2, 
3) or by replacing SiO2 with CaO (using 
wollastonite [50% CaO-50% SiO2] in- 
stead of quartz [100% SiO2]) (Ref. 4). In 
both cases, the all-weld-metal oxygen 
content decreased and toughness in- 
creased. Only in the second case (Ref. 4) 
were some microstructural changes also 
produced that might have accounted for 
the increment of toughness. The opera- 
tional properties of the modified slag 
electrodes maintained the excellent 
characteristics of rutile electrodes and 
there was even an improvement when 
welding in the vertical position (Refs. 2, 
4). Good arc stability was maintained on 
DC and improved on AC welding (Ref. 5). 

2) With the incorporation of strong 
deoxidants such as Mg and Ti powders 
(Refs. 9-12) to the coating, to obtain 
lower levels of oxygen, in some cases 
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close to those achieved with basic coated 
electrodes (Ref. 10). Again, microstruc- 
tural changes took place resulting in an 
improvement of toughness. 

The importance of keeping all-weld- 
metal Si content under a certain value, to 
assure good toughness was shown (Refs. 
6,7,11,12).  

Another interesting fact deriving from 
the slag variation of rutile electrodes was 
that as the slag basicity increased, diffusible 
hydrogen of the deposited metal de- 
creased, having the electrodes been elabo- 
rated with the same batches of raw materi- 
als and dried simultaneously (Ref. 4). 

All of this recent knowledge has in- 
creased the interest in rutile electrodes as 
they seem to be more appropriate for un- 
derwater wet welding than the basic ones 
(Refs. 14-16). Besides, most all-position- 
welding flux cored wires belong to the 
rutile type. Consequently, the informa- 
tion generated with manual electrodes, 
which is a cheaper way of researching, 
could be transferred to them. 

Bearing the above elements in mind, 
an investigation has been initiated to 
study the effect that the addition of metal- 
lic Mg powder, a strong deoxidant, to the 
E7024 electrode coating may have on the 
all-weld-metal properties, the electrode 
operational characteristics and the dif- 
fusible hydrogen of the deposited metal. 
Mg was chosen because, apart from 
being able to decrease oxygen content in 
weld deposits (Refs. 8, 9, 17, 18), it is 
principally transferred to the slag, in- 
creasing its basicity (what could influ- 
ence the mentioned properties). 

Experimental Conditions 

The Electrodes 

To avoid any interference from the 
multiplicity of variables that are known to 
affect the all-weld-metal toughness, the 
relatively simple formulation used in pre- 
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vious work (Ref. 1) has been chosen. 
Table 1 presents the coating constituents 
of the three electrodes. To prevent the 
weld metal from uncontrolled carbon 
transfer, Mn powder was used as the only 
source of Mn instead of the habitual fer- 
romanganese powder with 1-1.5% C. As 
the covering Mg powder quantity in- 
creased, and due to the fact that it is a 
strong deoxidant, it was necessary to de- 
crease the coating Mn powder and Si- 
bearing material contents in such a way 
as to obtain approximately the same val- 
ues of Mn and Si in the deposited metals 
of the electrodes. This was done to avoid 
incorporating another variable to the sys- 
tem. Iron powder was used to complete 
the dry mix formula. Figure 1A shows the 
relationship between coating Mg addi- 
tions and coating Mn, content as well as 
the deposit Mn content, the latter re- 
maining approximately constant. Except 
for the Mn and Mg powders, the formula 
was free from any other deoxidant, such 
as Fe-Si, Fe-Ti and/or 50AI-50Mg, which 
is used in some E7024 products. 

The mild steel core wire chosen to 
elaborate the electrodes was a relatively 
low carbon variety with 0.055% C. Table 2 
presents the wire chemical composition. 

Welding Conditions 

Using 3.25-mm-diameter electrodes, 
all-weld-metal test assemblies were 
welded according to Fig. 2 in ANSI/AWS 
A.5.1-91 (Ref. 19), on both alternating 
current (AC) and direct current negative 
polarity (DCEN) to the electrode, with 
30-32 V, 165-175 A and average heat 
input of 1.0-1.2 kJ/mm. 

The operational behavior was studied 
on AC and DCEN in the flat welding po- 
sition and the horizontal welding posi- 
tion for fillet welds. 

Testing 

All the mechanical property test spec- 
imens were radiographed and tested as 
welded. Only the specimen for tensile 
property determinations was dehydro- 
genated for 16 h at 250°C. 

A Minitrac (Ref. 20) tensile test speci- 
men (total length = 55 mm, gauge length 
= 25 mm, reduced section diameter = 5 
mm, ratio of gauge length to diameter = 
5:1), a transverse cut for metallographic 
studies and enough Charpy-V impact 
specimens to construct the absorbed en- 
ergy vs. test temperature curve between 
20 ° and -40°C, were machined from 
each all-weld-metal test specimen. Ten- 
sile properties were measured at room 
temperature. 

Hardness measurements were per- 
formed in the transversal cuts used for 
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Table 1 --Coating Constituents and Slag Chemical Composition 

Coating Constituents (%) 
Electrode Mg-0 Mg-2 Mg-4 

Ruffle 13.6 13.6 13.6 
Si-bearing materials 12.5 11.0 9.2 
Carbonates 7.5 7.5 7.5 
Extrusion aids 1.5 1.5 1.5 
Fe powder 57.4 58.8 60.2 
Mn powder 7.5 5.6 4.0 
Mg powder 0 2 4 

Slag Chemical Composition (%) 
CaO 0.30 0.34 0.35 
A1203 3.8 3.7 4.0 
FeO 13.1 10.2 9.8 
MnO 17.6 12.6 8.9 
TiO2 26.6 27.4 27.8 
K20 1.34 1.49 1.39 
SiO2 30.0 28.1 25.2 
MgO 6.8 13.3 20.2 
BI '~ 0.53 0.65 0.76 

( a )Bas i c i t y  I n d e x  c a l c u l a t e d  according to B o n i s z e w s k i  (Ref.  24 ) .  
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Fig. 2 - -  Bead photographs. A - -  Flat welding position; B - -  horizontal welding position. (Electrodes: 6606 = Mg-O and 6609 = Mg-4, lbr AC welding.) 

Table 2--Wire and All-Weld-Metal Chemical Composition 

Mg-O Mg-2 Mg-4 
Wire DCEN AC DCEN AC DCEN AC 

C 0.055 0.044 0.043 0.046 0.050 0.055 0.059 
Mn 0.29 0.66 0.67 0.72 0.70 0.72 0.72 
Si 0.04 0.25 0.26 0.28 0.29 0.29 0.28 
P 0.013 0.010 0.011 0.011 0.011 0.012 0.011 
S 0.025 0.012 0.013 0.011 0.010 0.009 0.011 

ppm 
120 140 143 147 159 187 167 

Cr 333 219 193 224 223 264 247 
Ni 475 395 405 393 399 393 400 
AI 70 10 106 50 129 126 - -  
Nb 10 30 11 70 32 82 50 
Mo 89 77 78 76 75 77 75 
V 10 83 85 112 108 136 140 
N 76 149 130 142 135 127 122 
O 235 960 945 778 761 694 613 

metallographic studies, only from test as- 
semblies welded on AC. 

Metallographic Studies 

These studies were carried out on a 
cross section of all-weld-metal test as- 
semblies welded on AC. To quantify the 
columnar zone microstructural con- 
stituents in each weld, 30 fields of 100 
points were measured at 640X by optical 
microscopy (Ref. 21 ). The percentages of 
columnar and refined zones were mea- 
sured at 500X at the Charpy V-notch lo- 
cation. The columnar grain width was 
determined at 100X in the top bead. The 
evaluation of recrystallized grain size 
was carried out according to the Linear 
Intercept Method (Ref. 22). 

Diffusible Hydrogen Measurements 

On AC, the diffusible hydrogen con- 
tent of the deposited metal was deter- 
mined, according to IIW-IIS Doc. II- 
1155-91 (Ref. 23), by having the 
electrodes dried for 2 h at three temper- 
atures: 150°C, 350°C (the habitual drying 
temperature for this type of electrode) 
and 450°C (temperature close to that 
used to dry basic coated electrodes). 

Results and Discussion 

From now on the electrodes will be 
identified as follows: 

electrode Mg-0 Mg-2 Mg-4 
coating Mg 

addition (%) 0 2 4 

Operational Properties 

Independently from the coating Mg 
addition, all the electrodes presented 
good operational properties. They all 
showed a stable, soft, crackly and well- 
directed arc, spray transfer and little, fine, 
cold spatter. The slag presented self- de- 
tachment and did not interfere with the 
weld pool. The bead had good confor- 
mation with fine and smooth waves. 

As the Mg content increased, slight 
differences could be seen (understanding 
that Mg-2 electrode properties were in 
between the other two): 

• On DCEN, the most regular bead 
with straight borders was obtained with 
Mg-0, but the cleanest one, with less 
spatter, with Mg-4. Some porosity ap- 
peared in this last one when performing 
the operational control in the horizontal 
welding position for fillet welds. It is nec- 

essary to remark that porosity did not ap- 
pear in any of the six all-weld-metal ra- 
diographs (three on DCEN and three on 
AC). 

• On AC, the smoothest bead, espe- 
cially in the horizontal welding position 
for fillet welds, was achieved with the 
Mg-4 electrode, although it presented 
some more spatter and some porosity in 
this position. 

Typical beads are presented in Fig. 2. 

Chemical Analysis 

Table 1 presents the slag chemical 
composition of the three electrodes. The 
slag was obtained on AC, after the fifth 
bead, in order not to dilute it with the 
base metal. The slag chemical composi- 
tion was expressed in oxides that were 
calculated from the analysis of metal el- 
ements present in the slag, determined 
with an Inductively Coupled Plasma 
Atomic Emission Spectrometer (ICPAES), 
after fusion and acid attack. This was 
done to be able to calculate the slag ba- 
sicity index (BI) according to Bon- 
iszewski (Ref. 24). 

As expected, the coating Mg addition 
has been reflected on the slag composi- 
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Fig. 3 - -  Microstructure of  the columnar regions• A - -  
Mg-O (top), Mg-4 (bottom) 100X; B - -  Mg-O (top), Mg- 
4 (bottom) 400X. 

tion through the increase of slag 
MgO content• The relationship 
was directly proportional, as can 
be seen in Fig. 1B. The same be- 
havior was shown by the basicity 
index. Figure 1C exposes the ap- 
proximately linear increment of 
basicity indexes with coating Mg 
additions. 

CaO, AI20~, TiO 2 and K20 slag 
contents remained almost con- 
stant, but MnO and SiO2 slag con- 
tents decreased. This was proba- 
bly due both to their diminution 
in the coating and the decrease of 
oxygen in the arc. This last effect 
was less noticeable with respect 
to Ca, AI, K and Ti because they 
have higher reduction potential 
(they are stronger deoxidants) but 
seemed to be confirmed by the 
fact that FeO slag content de- 
creased, although Fe powder was 
increased in the coating (Fe has 
lower reduction potential than 
those last-mentioned elements). 

All Weld Metal 

Table 2 gives the deposited 
metal chemical composition de- 
termined on the all-weld-metal 
mechanical property test speci- 
mens. It could be observed that as 
coating Mg content increased, 
oxygen content decreased due to 
the strong deoxidant effect of Mg. 
This effect can be seen in Fig. 1D. 
Mn and Si obtained contents 
were approximately the same 
(provided the mentioned de- 
crease of Mn powder and Si-bear- 
ing materials in the coating). In 
the three test specimens similar N 
values were obtained for both 
types of welding current, repeat- 
ing previous results (Ref. 1). 

Ni and Mo were approximately 
the same in all the deposits. Ti 
and Cr showed a slight increase 
with the basicity increment, as 
well as AI, V and Nb, which pre- 
sented more marked augmenta- 
tions. Again, they have lower re- 
duction potentials. (This effect 
was previously found in Refs. 2 
and 12.) Large differences in AI 
values were detected between 
the deposits made on DC and on 
AC. The author does not have an 
explanation for such differences. 

C seemed to have had a little 
increment, because Mg has a 
higher reduction potential than 
C. Normally, Mg and AI protect 
the transfer of C to the weld metal 
due to the fact that they are 
stronger deoxidants. 

Table 3--Average Width of the Columnar 
Grains in the As-Deposited Regions 

Average columnar grain 
Electrode width (l~m) 

Mg-0 131 
Mg-2 111 
Mg-4 85 

Table 4--Percentage of Different 
Microstructural Constituents in the 
Columnar Regions 

Electrode AF 

Mg-0 0 
Mg-2 0 
Mg-4 2 

AF: acicular ferrite 
FS: ferrite with second phase 
PF: primary ferrite 
FC: ferrite carbide aggregate 

FS PF FC 

32 60 8 
39 49 12 
44 40 14 

Table 5--Mean Linear Intercept for the 
Grains in the Fine-Grained Areas of the 
Reheated Regions 

Electrode I (mm-U2) 

Mg-O 7.74 
Mg-2 7.87 
Mg-4 7.94 

Metallographic Study 

As-DePosited Re~ions 

The microstructures of the columnar 
zones of electrodes Mg-0 and Mg-4 are 
shown in Fig. 3 as they appeared after 
etching in Nital at a magnification of 
100X and 400X. The fol lowing facts 
were noticeable as coating Mg content 
increased: 

1 ) A progressive refinement of the mi- 
crostructural units. The average width of 
the columnar grains decreased, as shown 
quantitatively in Table 3 and Figure 4A. 
The relationship between the prior 
austenite grain size and all-weld-metal 
oxygen content also can be observed in 
Fig. 4B: as the latter increased, so did the 
former. 

2) Three principal constituents were 
identified: primary ferrite (PF), ferrite 
with second phase (FS) and ferrite car- 
bide aggregate (FC). Practically no acic- 
ular ferrite (AF) was found. With Mg ad- 
ditions an increase of both FS and FC was 
produced at the expense of PF, but in 
general no important microstructural 
variations were observed (Table 4). 

Refined Zones 

As a result of the increasing coating 
Mg content there was also a progressive 
microstructural refinement in the re- 
heated regions subjected to austenitizing 
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Table 6--Percentage of Columnar and Reheated Regions at the Location of the Charpy V- 
Notch 

Refined Zones 
Electrode Columnar Zone Coarse Fine Total 

Mg-0 0 2 98 1 O0 
Mg-2 0 0 100 100 
Mg-4 0 13 87 100 

temperature by the subsequent passes. 
Figure 5 shows examples of the fine- 
grained areas in the reheated regions for 
the two extreme values of Mg additions: 
0 and 4%. 

Table 5 lists the quantitative data for 
the mean linear intercepts measured in 
those fine-grained areas at the three Mg 
additions. A slight increase in these fig- 
ures, translated as a slight reduction of 
the grain size, could be observed. 

Similarly, Fig. 6 shows the mi- 
crostructure of those areas within the re- 
heated regions that reached the austeni- 
tizing temperatures close to the solidus, 
for the two extreme values of Mg addi- 

tions. Again, a general grain refinement 
could be noticed. 

Microstructure at Charpy 
V-Notch Location 

Figure 2 in the ANSI/AWS A5.1-91 
specification (Ref. 19) requires that the V- 
notch of the impact specimen be located 
along the centerline of the weld. As the 
SMAW is a manual operation, there may 
be some variation in the way the two 
passes meet at the center of each layer. 
Therefore, it is of interest to determine the 
macrostructure, that is to say, the quan- 
tity of both the "as deposited" (columnar) 
and "reheated" (refined) regions under 

the Charpy V-notch. Table 6 shows the re- 
sults of such measurements. All elec- 
trodes presented 100% of the recrystal- 
lized region. This fact was expected due 
to the design of the ANSI/AWS A5.1-91 
all-weld-metal specimen and the diame- 
ter of the electrode (Ref. 25). 

Mechanical Properties 

The six all-weld-metal specimen radi- 
ographs were free from defects. 

Hardness Survey 

A Vickers hardness survey at 10-kg 
load was carried out down the centerline 
of the weld metal deposited in the groove 
assembly. The results of the measure- 
ments obtained are shown in Fig. 7. 

As expected, there was no marked vari- 
ation in the hardness values obtained tak- 
ing into account both the practically con- 
stant chemical composition and 
microstructure and the results presented in 
Ref. 1, showing no noticeable modifica- 

408-S I OCTOBER 1997 



~" _ . j  . , , ~  .z: ~ , ~ , ~  ,, .' • ~', . ,y . " , 
c.s'\(- ~ "--' - " \, "- .) \', • - t  ~"- " . . 

" , . , r "  . ,  , ~ - ~ :  / ,  L , : . , )  ~ ,.' ,) ~,', . j  %,:,:. \ 

i " / ; )  t • )'_~t " "" " ~  S "l "" " /  " " ~ ' , x T ' ) "  " ' ] , " /  " " ""  "C  ; " 
I ' "  ; ," : "  : : ' y - , , . . r r /  .t':-~),~'.. ~',:.,.._. , : -- ' . : '  

I" .... "~: ~ :" "/) ' ./--" : >.'~ ~-" b, ":, ,,", 

I f : ' , ,  ' ~' ".,C-.- /~,  ,s  / / . ,  .: ~ i  . : .  { , . :  . , , , : >  

Ik :; : , ' . : " : . , '  r ,  .! . -  I ':': -, : ' ", ,".: '.." ; -.,' 
I-, ~ ~ .:~ .... . . -  : : ' :  "-  : ,> , : - '  t , ' . . ' . ,  .~',<' , "  , 

[~':~ "--':,/,~:- ; ' , - : -  - : ' ' r = ' , ; - y : " ) ' .  - ;  ~,, " . , I .  - 7 ,  I 

1, l" ~ :  • : ' :  - , ;  . . . . .  - , / :  - ~:  , ~ ;  -\. ,! 

', ~/.: -." :. i . ':. &',:: ",,, :; ;4: s ' ,• ':;: •:~,~ ',':•':.: :'v, ". 

-" f~:::;',~,/'-3, ~ ),, .:1 .,(.:. ~:~("~-:~.-t " " , " ~ ' / , ' ,  " 

. .  ,, . ,  , • : , "  , . -  , .  - "  . I - - . , L :  ~ ' - " .  • ' -'. - " , , "  - c .  

%'-:, . ' / "  " ) ,  ' - * ' / , ~ ' 2  .~ '~ .  ":.. t'-.:,'-') ', - 4 " . . ' ; >  

. : ,  ~ ~ , ' : "  " • *, ) , [ • -  ' ' - . i ' "  f ' ~  " , ~ ' . 1 . .  , . " . . , , "  

r, I~ . .~,~ .... • ~ "'~,-X ",':' ",,#~..l~#p,,. , , ~  [ .... ",. 

.... ..,.; (.:/,~, ..-~- .~ .:-~.. ,4~,):!.:: . J,, : .,.'., ~,.'. ~ 

Fig. 6 - -  Photomicrographs o f  the coarse-grained areas o f  the reheated regions. A - -  Mg-O; B - -  Mg-4 (200X). 

tion in hardness figures for 0.03 and 0.05% 
C along the transversal test specimen cut. 

Tensile Properties 

Table 7 gives the tensile properties for 
the all-weld metals at the different Mg ad- 
ditions and also compares the figures 
achieved with the minimum require- 
ments in ANSI/AWS A5.1-91 (Ref. 19) for 
E7024-1 electrodes, which must deliver 
a higher elongation value (22% mini- 
mum) than the ordinary E7024 classifi- 
cation (17% minimum). 

On AC, all the test specimens have 
satisfied (too tightly in some cases) the 
AWS requirements. This was not so on 
DCEN: the Mg-0 electrode did not fulfil l 
the minimum tensile and yield strength 
requirements. This electrode would 
probably accept a small increase of C 
(Ref. 1) to achieve the minimal tensile 
properties without any risk. Elongation 
was easy to achieve in all cases. 

Charpy-V Impact Toughness 

The individual test results and the cal- 
culated averages for different test temper- 
atures are given for the record in Table 8. 

As the Mg addition increased, an aug- 
mentation of toughness could be no- 
ticed, especially in comparing electrodes 
0-Mg and 4-Mg. Figures 8 and 9 show the 
curves of absorbed energy vs. test tem- 
perature on both currents, as well as the 
AWS and ICS requirements, all of them 
perfectly satisfied. 

Toughness figures were slightly better 
on AC than on DCEN weldments in spite 
of the fact that the values were very close. 

It is generally accepted that toughness 
depends on several factors (Refs. 18, 
26-28): chemical composition, hardness 
values, tensile properties and microstruc- 
tural characteristics, as well as type, quan- 
tity and size distribution of inclusions. 

In this case, hardness and tensile val- 
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Fig. 7 - -  Vickers hardness survey carr ied out along the centerl ine o f  the al l -weld-metal  deposits. 
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ues were very similar for the three elec- 
trodes on both types of current. The 
macrostructure of the Charpy V-notch lo- 
cation was 100('/o refined zone. The mi- 
crostructure did not present important 
variations, but showed a general refine- 
ment. This could have helped to improve 
toughness. Besides, in spite of the ab- 
sence of a systematic analysis of inclu- 
sions, from Fig. 10, that are micropho- 

tographs taken from the last bead in the 
joint, there was a decrease in number and 
size of inclusions. This could also account 
for toughness improvement. (Ref. 18) 

Diffusible Hydrogen 

Table 9 presents the results of dif- 
fusible hydrogen measurements ob- 
tained from electrodes dried at different 
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Fig. 10 - -  Typical appearance and incidence of  nonmetall ic inclusions in all-weld-metal deposits, as polished• A - -  Mg-O; B - -  Mg-4. (100X). 

Table 7--All-Weld-Metal Tensile Properties 

Electrode Mg-0 Mg-2 Mg-4 AWS 
Current type DCEN AC DCEN AC DCEN AC requirements 

Tensile strength (MPa) 473 498 498 511 501 492 482 min. 
Yield strength (MPa) 383 428 399 435 400 422 399 min. 
Elongation (%) 23.6 26.0 30.7 25.2 25.0 29.1 22 min. 

Table 8--All-Weld-Metal Charpy-V Results 

Temperature °C Individual Values (J) Average (J) Individual Values (J) Average (J) 

AC DCEN 
Electrode Mg-0 

20 110-100 105 93-98-104 98 
0 89-104 96 95-100-85-95 94 

-20 75-60-70-69 68 75-81-83-40 70 
-30  45-15-50-50 40 41-55-59 52 
-40  55-11-31-52-48 39 60-40-50 50 

Electrode Mg -2 
20 116-114 115 120-106-102 109 
0 108-100 104 110-102-95-98 101 

-20 70-75-78-80 75 69-71-83-68 73 
-30 63-49-66-68 61 78-68-50-79 69 
-40 45-51-62-30 47 50-29-61-65 51 

Electrode Mg -4 
20 132-114 123 132-124 128 
0 118-116 117 108-102-126-110 112 

-20  110-80-100-98 97 95-70-78-75 80 
-30 68-70 69 85-50-100-86 80 
- 40 51-95-60-57 65 60-39-49-65 53 

Table 9--Diffusible Hydrogen Results a diminution of diffusible hydrogen con- 
tent• Similar effects were found in Ref. 4, 

Electrode Mg-0 Mg-2 Mg-4 where the slag basicity of a ruti le 

Drying 2h@ 2h@ 2h@ 2h@ 2h@ 2h@ 2h@ 2h@ 2h@ ANSI/AWS A5.1-91 E6013-type elec- 
time °C 150 ° 350 ° 450 ° 150 ° 350 ° 450 ° 150 ° 350 ° 450 ° trode was modified through the replace- 

Diffusible H 49.3 42.4 26.5 42.6 39.8 23.7 39•5 29.5 19•5 ment of SiO2 with CaO in the coating. 
(mL/100 g) 

temperatures• It can be observed that dif- 
fusible hydrogen figures diminished as 
the slag basicity increased with the in- 
crement of coating Mg content• Taking 
into account the slag chemical composi- 
tion and the fact that all electrodes were 
produced with the same batches of raw 

materials, and had undergone the same 
process, and dried simultaneously at the 
same temperature, this variation in dif- 
fusible hydrogen values could only be 
explained in terms of the slag composi- 
tion variation. As expected, the incre- 
ment of the drying temperature produced 

Conclusions 

The coating composition of a standard 
ANSI/AWS A5.1-91 E7024-type elec- 
trode was modified through the addition 
of Mg powder. As the coating Mg powder 
content and, consequently, the slag MgO 
content increased, the fo l lowing facts 
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were observed: 
• The operat ional behavior of the 

electrode was not modified, thus main- 
taining the typical characteristics of rutile 
ones. 

• The al l -weld-metal  oxygen con- 
tents decreased for DCEN and AC, the 
latter being lower. 

• No important variation in the hard- 
ness values. 

• No marked variat ion in tensile 
properties, within the expected values for 
this type of electrode. 

• An important increase in toughness 
for both currents, especially noticeable 
on AC welding 

• Practically 100% of refined zone at 
the Charpy V-notch location. 

• A general grain refinement: the 
prior austenite grain size and the fine re- 
fined grain size measurements showed a 
decrease. 

• A decrease in number and size of 
inclusions (no quantitative study). 

• A marked decrease in the diffusible 
hydrogen content of the deposited metals, 
as well as a decrease with the increment 
of the electrode drying temperature. 
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