
Moisture Loss and Regain by Some 
Basic Flux Covered Electrodes 

Investigation relates data on moisture pickup to baking 
treatment and holding oven efficiency for controlling 
hydrogen in weld metal 

BY B. CHEW 

ABSTRACT. Measurements have 
been made of the effect of baking 
temperature on the loss of moisture 
from some SMA electrodes. Data has 
also been collected showing the influ
ence of atmospheric humidity on the 
rate of moisture reabsorption, and the 
effectiveness of holding ovens in 
suppressing this process. A diffusion 
model has been applied to the mois
ture regain results which adequately 
describes the absorption behavior up 
to 50% of the saturation value. 

Introduction 

Crack-l ike defects in a welded joint 
can result directly from the introduc
tion of dissolved hydrogen into the 
weld by the welding process (Ref. 1). 
Not only may these defects in them
selves be of unacceptable size, but 
even the smaller ones may form sites 
of incipient cracking which will prop
agate at a later date under conditions 
where creep or fatigue can occur. 

Where manual shielded metal-arc 
(SMA) welding of a high quality is car
ried out, basic flux covered elec
trodes are generally used. With these 
electrodes the mineral coat ing is 
made to adhere to itself and to the 
core wire by means of a silicate 
binder, commonly sodium silicate, 
and it is this binder that is the source 
of moisture from which the weld 
hydrogen comes (Ref. 2). 

The need to avoid cracking prob
lems by limiting the hydrogen con-
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cen t ra t i ons deve loped makes it 
necessary to apply some form of dry
ing or baking treatment to the elec
trodes before use. Equally, it is neces
sary to store the electrodes after bak
ing in such a way as to maintain as far 
as possible the degree of dryness that 
has been achieved. The second re
quirement arises since well dried 
electrodes will tend to take up mois
ture on exposure to the atmosphere 
(Ref. 3). 

The present work is concerned with 
these two aspects of electrode treat
ment and storage. The effect of bak
ing temperature on covering mois
ture and weld metal hydrogen con
tents has been studied. Both of these 
quantities are used in National Stan
dards to specify the hydrogen pro
ducing tendency of SMA electrodes 
(Refs. 4, 5). In addition the rate at 
wh ich baked e lec t rodes rega in 
moisture when exposed to various 
controlled humidities was measured, 
together with data on the amount of 
moisture uptake occurring at holding 
oven temperatures. 

Finally, the room temperature re-
absorption data is rationalized in 
terms of a diffusion model which is in
tended to shed some light on the 
mechanism of moisture uptake by 
baked electrodes. 

Experimental Data 

Electrode Baking 

All measurements were made on 
commercially available basic covered 
electrodes purchased in the normal 
way from the electrode manufac
turers. Two types were examined, the 
first of these, electrode A, deposited 

2CrMo weld metal and the second, 
electrode B was of the mild steel vari
ety. The electrodes were coded 
E9015-B3L and E619H.* 

A single container of each type was 
used and all the electrodes, after re
moval from their containers, were al
lowed to come to equil ibrium with the 
laboratory a tmosphere for many 
weeks before use. In fact, daily weigh
ings of a sample taken from one of the 
electrodes indicated that equil ibrium 
was attained within a matter of days 
rather than weeks, and only small ex
cursions in weight occurred there
after in response to atmospher ic 
humidity changes. The aim of this was 
to have all the electrodes in a similar, 
reasonably stable, starting condition 
representative of electrodes that had 
been stored without special precau
tions under normal conditions of tem
perature and humidity. Electrodes so 
treated are referred to subsequently 
as "laboratory condit ioned." 

Moisture determinations were car
ried out on the flux covering in a 
manner that has been described pre
viously (Ref. 6). The principle of the 
method involves combustion of the 
flux sample at 900-1000 C in a 
stream of pure dry oxygen and ab
sorption of the combustion products 
in weighed tubes containing an ap
propriate absorbent for H20. Mea
surements were obtained on sam
ples of both electrode coverings after 
baking for 1 h at 150, 250, 350 and 
450 C. Figure 1 shows the flux mois
ture content versus temperature of 

'For specifications see AWS A5.5-69 and 
British Standard 1719; Part 1: 1969, re
spectively. 
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Fig. 1 — Electrode covering moisture con
tent as a function of baking temperature 
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Fig. 2 — Weld metal hydrogen as a func
tion of electrode baking temperature 
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the 1 h bake. The values used are 
averages of at least four determi
nations. 

Whole electrodes baked for 1 h at 
150, 250, 350 and 450 C were then 
used for the determination of their 
weld metal hydrogen according to the 
procedure given in Ref. 4. On re
moval from the baking oven, elec
trodes were transferred rapidly to a 
sealed metal container for trans
portation to the welding site where the 
tests were carried out. It can be 
shown that the quantity of moisture 
available in the air space around the 
electrodes within the container, even 
if it were all absorbed, is insufficient to 
sensibly affect the moisture content of 
the electrode covering. In this way it 
was assured that the electrodes 
would not pick up any additional 
moisture between baking and testing. 
In Fig. 2 are plotted the weld metal 
hydrogen contents as a function of the 
baking treatment. Values shown in 
this instance are averages of at least 
six determinations. 

Moisture Regain 

Measurements were made on the 
two electrodes referred to above to
gether with electrode C, also desig
nated E619H. Again, a single packet 
of each type was used and all elec
trodes were allowed to equilibriate 
with the laboratory atmosphere. The 
aim of these experiments was to mea
sure the moisture uptake of samples 
of electrodes at room temperature 
under various humidity conditions. A 
series of constant humidity cham
bers was set up using dessicators 
containing saturated aqueous solu
tions of various salts. 
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Electrode samples, 35 mm long, 
were baked for 1 h at 250 C, then 
stored in sealed conta iners and 
weighed. The baking schedule was 
based on work reported in the pre
vious section and in addit ion was se
lected as the treatment that is be
coming increasingly used in practice 
in place of the 1 h at 150 C treat
ment. Approx imate ly 16 of these 
samples were transferred rapidly, one 
at a t ime, f rom their containers to the 
appropriate constant humidity cham
ber. They were removed at suitable 
intervals of time and weighed again in 
their sealed containers. The weight 
gain represented the quantity of mois
ture taken up by the sample during its 
per iod of exposure at the given 
humidi ty. The laboratory temper
ature did not move outside the limits 
20 ± 1 C during these operations. 

Separa te m e a s u r e m e n t s were 
made of the covering weight per gram 
of electrode by stripping the flux from 
10 samples of the same kind as were 
used for the humidity work. Using this 
information it was then possible to 
convert the weight gain for a given 
sample to a percentage increase in 
the covering weight. 

The results are plotted on Figs. 3-5 
for electrodes A, B and C. 

A further series of experiments was 
set up to investigate the extent of 
moisture absorption by baked elec
trodes when stored in holding ovens 
at constant temperature. Approx
imately 20 samples baked at 250 C 
and weighed as described above, 
were divided into two groups of ten. 
One group was placed at time zero in 
an air circulating oven previously set 
to the required temperature and at 
the same time the second group was 
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Fig. 3 — Electrode covering weight gain as a function of time and 
relative humidity after baking for 1 h at 250 C 

Fig. 4 — Electrode covering weight gain as a function of time and 
relative humidity after baking for 1 h at 250 C 
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F/g. 5 — Electrode covering weight gain as a function of time and 
relative humidity after baking for 1 h at 250 C 
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Fig. 6 — Comparison of electrode covering weight gain at room 
temperature and humidity with that in an air circulation oven at 
elevated temperatures. Electrode samples baked 1 h at 250 C 
before use 

exposed to the laboratory a tmo
sphere at the ambient temperature for 
comparison. 

At set intervals of t ime a sample 
was removed from the oven and re
turned to its sealed container; at the 
same time one of the control samples 
was taken and placed in its con
tainer. In this way it was possible to 
compare the moisture weight gain 
that had occurred in the holding oven 
with that which would have occurred 
had the sample been left exposed to 
the atmosphere at the ambient tem
perature and humidi ty. Figure 6 
shows the results of these measure
ments for the three electrodes. 

Discussion 

In general, the weld metal hydro
gen and flux moisture results show 
the expected trend that increasing 
baking temperature gives progres
sively lower covering moisture con
tent (Fig. 1) accompanied by reduced 
weld metal hydrogen concentrations 
(Fig. 2). In framing an overall recom
mendation to be included in a weld
ing procedure, to be certain of achiev
ing 10 ml H2 NTP per 100 g weld 
metal as required at present in the 
British Standard (Ref. 4), the mois
ture content for both e lect rodes 
should not exceed ~0 .4% and 1 h at 
250 C would be necessary. It may be 
shown in a particular case, as with 
electrode A, that some relaxation of 
this requirement is possible and in 

that case a less stringent baking 
schedule may be adopted. 

However, hydrogen levels ought 
not to be taken in isolation, but viewed 
as one aspect of a total welding 
procedure properly designed to suit 
the particular application. That is to 
say, there will be more critical situa
tions where the 10 ml level is inad
equate and higher baking temper
atures must be used. This is the basis 
of recent attempts (Refs. 7 and 8) to 
s u b d i v i d e h y d r o g e n levels in to 
classes corresponding to the ranges 
0-5, 5-10, 10-20 and > 20 ml NTP per 
100 g, termed "very low," " low," 
"medium," and "high." In these cases 
the recommendations would be 1 h 
at 450 C for the 0-5 ml range (~ 
0.2% moisture) 1 h at 350 C or 
250 C for the 5-10 ml range (~ 0.4% 
moisture), the former obviously being 
a safer more conservative choice, 
with 1 h at 150 C needed to bring 
electrodes into the 10-20 ml class. 

It has been shown previously (Ref. 
9) that there is a correlation between 
weld metal hydrogen and flux mois
ture, and this relationship has been 
interpreted using chemical thermo
dynamics (Ref. 10). Figure 7 shows 
the correlation found in the present 
work which agrees fairly well with that 
reported by Moreton, Parker and 
Jenkins (Ref. 9) and Holmberg et al 
(Ref. 13). There is less satisfactory 
agreement with the correlation shown 
by Smith (Ref. 11) who reports lower 
hydrogen levels for a given moisture 
content, particularly at the higher end, 

D Eltc'.od. A. U0A 

o Elcc'.odc 6, 180A 

• Elwttode A. I BOA 

Fig. 7 — Weld metal hydrogen as a func
tion of covering moisture content 

than is found in the present work. This 
could be due to the use by Smith of 
glycerine as a collecting fluid for 
hydrogen which has been shown to 
absorb this gas readi ly at a tmo
spheric pressure (Ref. 12). In the 
present work and that of Ref. 9 mer
c u r y was used as a c o l l e c t i n g 
medium. 

It is possible, therefore, to specify 
the hydrogen producing tendency of 
an electrode by reference to its flux 
moisture content. This is the ap
proach adopted in AWS A5.5-69 and 
some US Military Specifications in 
which maximum moisture levels are 
permitted in electrode coverings de
pending on the strength level of the 
deposi ted weld metal , increasing 
strength being coup led with de
creasing allowable moisture content. 
This recognizes the fact that sensitivi-

W E L D I N G R E S E A R C H S U P P L E M E N T ! 129-8 



ty to hydrogen cracking is greater in 
high strength steels than in low. 

The disadvantage of this approach 
is that it does not deal directly in 
terms of the controll ing parameter, 
namely the weld metal dissolved 
hydrogen concentration. Further, the 
thermodynamic treatment (Ref. 10) 
indicated that two electrodes having 
the same moisture content could in 
principle generate different hydrogen 
contents depending on the quantity of 
shielding gas produced by decom
position of the metal carbonates in the 
flux coating. There is some evidence 
also in Fig. 7 that welding current can 
affect the hydrogen concentrations 
developed so that differences can be 
obtained again at the same moisture 
content, although the differences ob
served in this work were not large. 

It must be stressed again that 
proper storage of electrodes after 
baking before use is essential to 
realize the benefits of any baking pro
cedure. It was with this in mind that 
the moisture uptake measurements 
shown in Figs. 3-5 were made. The 
extent of absorption at high hu
midities, >73%, for all three elec
trodes is large and shows little ten
dency to flatten out with increasing 
time during the period of the experi
ments. At < 4 7 % humidity there is a 
tendency for the uptake to level off 
after perhaps - 1 0 0 min. However, the 
extent of reabsorption after this time 
at which the electrodes could be said 
to be in a nearly stable condit ion, is 
unacceptably high. 

For example, electrodes A and B 
have t a k e n up s o m e 0 . 4 - 0 . 5 % 
moisture at 47% which must be added 
to the - 0 . 3 % already present after the 
250 C bake, Fig. 1. This results in a 
total moisture content in the region of 
0.7-0.8% which is greater for ex
ample than that remaining after a 1 h 
at 150 C bake, - 0 . 5 % . Thus, the 
beneficial effect of the 250 C bake 
has been lost and the electrodes now 
have a moisture content lying be
tween that after a 150 C bake and the 
original " laboratory cond i t i oned" 
state, which was 1.1% for electrode A 
and 1.6% for electrode B. 

Electrode C, whose baking char
acteristics were not studied, showed 
similar uptake behavior to the other 
two, with perhaps slightly less ab
sorption in the time available at the 
lower humidities. Clearly, the rate of 
uptake shown in Figs. 3-5 is such that 
it would be impossible to use baked 
electrodes that had been allowed to 
cool to amb ien t (20 C) qu ick ly 
enough to prevent significant mois
ture reabsorption. 

Several measurements of mois
ture absorption rate by SMA elec
trodes are reported in the literature. In 
the most recent of these Miller (Ref. 
14) describes the effect of relative 

humidity at 28 C and 40 C for the 
case of thirteen commercial elec
trodes which fall into either the E7016 
or E7018 categories. Higher absorp
tion rates were found at 40 C than 
those at 28 C, presumably because 
at the higher temperature not only is 
the kinetic process accelerated but 
the atmosphere is able to hold a 
greater quantity of moisture. The 
present measurements refer to a 
lower temperature (20 C) so that a di
rect comparison between the two sets 
of results is not possible. However, 
absorptions of comparable magni
tude at similar times are obtained, 
with those in this work being some
what lower as might be expected. 

Other measurements of moisture 
uptake found in the literature (Refs. 
11,15,3) have generally been ob
tained over a time scale of 100-200 h 
and detailed information covering the 
much shorter times of interest here is 
sparse. However, as far as can be 
judged from the initial portions of 
these curves uptakes of the same 
order as those reported in this and 
Millar's work were obtained. 

Thus, the electrodes studied reab-
sorb moisture in significant amounts 
relatively quickly, and therefore it was 
necessary to examine how reabsorp
tion could be suppressed by oven 
s to rage at h igher t e m p e r a t u r e s . 
Initially 90 C was chosen and it was 
found that even at this temperature, 
for electrodes A and C, Fig. 6, 0 . 1 % 
moisture was taken up and for elec
trode B, reabsorption amounted to 
some 0.2%. For comparison, the ex
tent of the coating weight gain at the 
prevailing temperature and relative 
humidity was also measured using the 
control samples and is plotted with 
the appropriate holding oven results. 

Since a regain of 0.2% moisture 
would be equivalent to a return to the 
1 h at 150 C baking position of 0.5% 
total moisture, the uptake at 90 C 
is still higher than is desirable, al
though the benefits of the holding 
oven storage compared with ex
posure to the atmosphere are clear
ly demonstrated. 

Accordingly, similar measurements 
were made with the holding oven at 
150 C. The results of these experi
ments show generally a final average 
moisture regain of about 0.05%. 
Whilst still representing a finite in
crease this is a reasonable compro
mise, short of storing electrodes at 
the original baking temperature at 
250 C in order to completely sup
press the reabsorotion of moisture. 

Several further points should be 
made. The use of an oven equipped 
with air circulation allows the elec
trodes to come to equil ibr ium at the 
holding oven temperature with the 
partial pressure of water vapor pre
vailing in the atmosphere at the time 

of the experiments. In fact, holding 
ovens not equipped with air circula
tion will be preferable since a lower 
partial pressure of water vapor will 
prevail in them if moisture is taken out 
of the oven atmosphere by absorp
tion into the electrode covering. This 
is in contrast with the electrode bak
ing situation where air circulation is 
beneficial, since it will help to remove 
evolved moisture f rom the vicinity of 
the electrodes. 

In holding oven experiments the 
humidity of the air entering the oven 
was not fixed and this was one of the 
reasons for using a series of control 
samples simultaneously. The levels 
of humidity during the experiments 
which were carried out during the 
summer months were fairly high, 
- 6 0 % at 21 C. Thus the data were 
obtained under somewhat humid 
condi t ions and e lec t rode storage 
precautions based on them would be 
adequate also for the lower humid
ities that are found, for example, dur
ing the winter months. 

The results throughout refer to 
electrodes that have been baked for 
1 h at 250 C. This is not the most 
severe schedule that could be ap
plied. It has been shown earlier that 
still lower moisture levels can be ob
tained by baking for 1 h at 350 C or 
even 450 C. These latter treatments 
will be called for in critical welding 
situations where the risk of hydrogen 
induced cracking is high, e.g., where 
there is a high carbon equivalent, 
high restraint, thick joint, etc. There 
is a need, therefore, to carry out a 
similar investigation on electrodes 
that have been baked at these high 
temperatures, with the aim of retain
ing the degree of dryness achieved. 

Finally, the absorption results 
cover only a limited number of elec
trodes, humidity and temperature 
conditions. They may, however, be 
regarded as typical and demon
strate clearly the importance of giv
ing careful attention to the handling 
and storage of baked electrodes. 

Moisture Absorption Model 

In this section the moisture ab
sorption data are interpreted in terms 
of diffusion theory. From this treat
ment it was hoped to gain some in
sight into the mechanism of moisture 
uptake by these electrodes and, as is 
usual with diffusion models, to be able 
to predict uptakes for other covering 
thicknesses and electrode sizes, and 
the distribution of moisture across the 
covering thickness during the uptake 
process. Moisture is assumed to exist 
at the surface of the sample at all 
t imes and diffusion into the covering 
takes place until the concentration 
gradient is removed. In mathematical 
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terms a solution to Fick's equation is which will satisfy the boundary con-
required: ditions 

C = Co at r = b 

6C 1 6 ( rD,)C \ m
 f ° r a l l t 

br 
(5t hr hx 0 at r 

where a is the radius of the core wire 
and b is the overall radius such that 
the covering thickness is b-a. The 
second condition above expresses 
the fact that the inner surface is im
permeable to transport of moisture. It 
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Fig. 8 — Fractional uptake at several humidities plotted against t'' 
according to equation (3) — Electrode A 

Fig. 9 — Fractional uptake at several humidities plotted against f la 

according to equation (3) — Electrode B 

Table 1 — Equilibrium Uptake of Moisture for Various Relative Humidities at 20 C 

98% rel. humidity 73% rel. humidity 47% rel. humidity 32% rel. humidity 15% rel. humidity 

Elec
trode 

A 

B 

C 

(a) These 

Time, 
days 

4 
6 
6 
7 
7 

3 
4 
5 
6 
6 
6 
7 

averages refe 

wt. 
gain 

% 
6.60 
8.88 
8.43 
9.53 
9.70 

4.68 
4.81 
4.89 
5.19 
6.01 
4.92 
5.56 

Avg 
wt. 

gain 
%(a) 

9.13 

5.31 

to data obtained frorr 

Time, 
days 

1 
2 
3 
5 
7 

4 
6 
6 
7 
7 

3 
4 
5 
6 
6 
6 
7 

Wt. 
gain 

% 
1.25 
1.58 
1.58 
1.55 
1.65 

4.24 
4.45 
4.24 
4.49 
5.19 

3.94 
4.24 
4.27 
4.39 
3.88 
4.01 
4.30 

day 5 onwards. 

Avg 
wt 

gain 
%<aj 

1.60 

4.59 

4.17 

Time, 
days 

1 
2 
3 
5 
7 

1 
2 
5 
6 
7 

3 
4 
5 
6 
6 
6 
7 

Wt. 
gain 

% 
0.53 
0.63 
0.59 
0.53 
0.68 

0.57 
0.61 
0.85 
0.81 
0.94 

0.60 
0.70 
0.86 
0.73 
0.79 
0.89 
0.75 

Avg 
wt. 

gain 
% (a) 

0.61 

0.87 

0.80 

Time, 
days 

4 
6 
6 
7 
7 

15 
15 

Wt. 
gain 

% 

0.77 
0.76 
0.67 
0.80 
0.80 
0.83 
0.70 

Avg 
wt. 

gain 

%(a) 

0.76 

Time, 
days 

4 
6 
6 
7 
7 

1 
2 
5 
6 
7 

3 
4 
5 
5 
5 
6 
7 

Wt. 
gain 

% 
0.30 
0.35 
0.33 
0.41 
0.33 

0.24 
0.32 
0.38 
0.39 
0.39 

0.37 
0.18 
0.28 
0.22 
0.19 
0.23 
0.17 

Avg 
wt. 

ga,in, 
% ( a | 

0.35 

0.39 

0.22 
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Fig. 10 — Fractional uptake at several 
humidities plotted against t' 2 according to 
equation (3) — Electrode C 
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Coaling moisture content, tf. 

Fig. 11 — Diffusion coefficient as a func
tion of moisture content 

has been shown elsewhere (Ref. 16) 
that the direct analytical solution of 
equation (1) for these boundary con
ditions is too cumbersome for easy 
application and a numerical method 
using the technique of finite differ
ences was adopted in preference. 

As a check on the validity of the 
procedure the technique was applied 
to a parallel-sided slab with one face 
impermeable for which there is a well 
known, relatively simple analytical 
solut ion (Bet. 17) with tabulated 
values of C/C0 as a function of Dt/L2. 
C and C0 are the average concentra
tions at t ime t and infinity respec
tively and Dt/L2 is a dimensionless 
parameter where D is the diffusion 
coefficient and L is the thickness of 
the slab. Close agreement between 
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Fig. 12 — Calculated moisture distribution 
across covering of thickness L 

Table 2 — Diffusion Coefficients for Mois
ture Transport Through Electrode Cover
ings at Various Humidities 

Diffusion coef., mm2s 
Rel 
Humi
dity 

%. 
98 
73 
47 
32 
15 

Elec
trode A 

1.55x10"' 
2.25x10" ' 
6.19x10" ' 

— 
2.95x10"' 

Elec
trode B 

4.30x10" ' 
3.14x10"' 
2.51x10"' 
3.01x10"' 

Elec
trode C 

6.41x10"' 
2.89x10- ' 
1.18x10"' 

— 
7.44x10"' 

the analytical and finite difference 
results for the slab was obtained 
which gave confidence in the validity 
of the method of finite differences 
when applied subsequently to the 
cylindrical geometry of the electrode. 

It was found that the C/C0 values 
when p l o t t e d as a f u n c t i o n of 
(Dt/L2)"2 , where L is now the cover
ing thickness, gave an excellent ap
proximation to a linear form with a 
correlat ion coeff ic ient of 0.9996. 
Thus, the finite difference technique 
resulted in the following equatiori 
relating fractional concentration to 
t ime, coating thickness and diffusion 
coefficient, 

C 

C„ 
1.342D1 t1 

(2) 

The data obtained previously are 
now treated in terms of equation (2). 

Applicat ion of Model 
The results obtained for the quan

tity of moisture taken up by the elec
trode samples at 20 C appear in Figs. 
3-5. For the present calculations up
takes approximating to infinite time 
are required. Therefore, a series of 
additional uptakes were determined 
on samples which were left for sev
eral days to come to equil ibr ium with 
the various humidities studied. 

These results appear in Table 1 to
gether with average values of those 
results taken beyond 5 days expo
sure. This period was deemed to be 
sufficient to ensure that at least 90% 
of the equil ibrium uptake had been 
reached. Unfortunately this assump
tion could not be checked until after 
the data had been obtained since 
values of the diffusion coefficient are 
required to do this. However, for 90% 
uptake it can be shown (Ref. 16) that a 
Dt/L2 value of 0.71 is required. In
serting 5 days for t and 1.35 mm for L 
leads to a D value of 3.0 X 10~6mm2s"\ 
Most of the di f fusion coeff ic ients 
listed in Table 2 are greater than this, 
several are of the same order and 
only one of them, electrode A at 98% 
relative humidity, is less. 

Therefore, it is concluded that most 
of the final average uptakes in Table 1 
represent > 90% of the equil ibr ium 
value. Additionally, the results after 5 
days do not show, within the pre
cision of the measurements any con
sistent increase after this t ime. 

Values of the ratio C/C0 were cal
culated by taking the % weight gain at 
various times and dividing these by 
the weight gains corresponding to the 
steady state_from Table 1. In this way 
graphs of C/C0 as a function of t , a 

were obtained as shown in Figs. 8-10. 
These plots correspond to equation 
(2) and the straight lines have been 
fitted by the method of least square 
applied to the data up to 50% uptake. 

Knowing the thickness of the elec
trode covering from measurements 
on whole and str ipped samples en
ables diffusion coefficients to be cal
culated from the slopes of these lines. 
These coefficients appear in Table 2. 

Discussion 
In general terms it can be seen 

from Figs. 8-10 that fair agreement 
with the diffusion model is obtained. 
This agreement is best over the first 
50% or so of moisture absorbed but 
after this point values lower than 
those predicted are obtained for elec
trodes A and B at all but the highest 
humidi t ies s tud ied. This is inter
preted on the diffusion model by say
ing that the effective diffusion coeffi
cient decreases with increasing con-
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centration of moisture. Examples of 
concentration dependent diffusion 
coefficients are common in the liter
ature; see for example Barrer (Ref. 
18). 

On Figs. 11a and 11b are plotted 
the diffusion coefficients as a func
tion of concentration. The value of 
concentration used for each point was 
the midpoint of the range over which 
the straight lines on Figs. 8 and 9 were 
fitted and from which the D values 
were obtained. Although Figs. 11a 
and 11b show a good deal of scatter 
the results do indeed suggest a de
crease in D with increasing concen
tration. 

In contrast with electrodes A and B, 
the plots for C, Fig. 10, show a reason
able fit with the model over the entire 
concentration range studied. Further, 
when D is plotted against concentra
t ion, Fig. 11c, hardly any variation is 
found. In this case then, D appears to 
depend less on concentration than in 
the other two cases. The reason for 
this is obscure particularly since the 
concentration ranges over which the 
data apply are similar. Further inves
tigation of this problem is hampered 
by a lack of information on the phys
ical make-up of these commercial 
electrodes and in what respect they 
differ f rom one another. The kind of 
information required would be, for in
stance, the particle size distribution of 
the constituent minerals and ferro
alloys, source and nature of these, 
quantity and type of silicate binder 
used, and finally the pore size distr i
bution of the finished covering. 

The latter would be necessary in 
order to treat the problem in a more 
complex manner using a model 
based on diffusion coupled with ad
sorption onto internal surfaces. The 
present situation, however, appears 
to be more complex than the usual 
case of diffusion through porous 
media. There, the nature of the ad
sorption isotherm plays an important 
role and diffusion coefficients of the 
order of 10"2mm2s"1 are obtained. 
These correspond to a process either 
of gas phase diffusion down a pore or 
diffusion along a film on the pore sur
face. In the present case we have D 
values of the order of 10_ 5mm2s" ' 
which are more indicative of transport 
through a crystal lattice. Thus, any de
tailed mechanism for moisture trans
port through these coverings is likely 
to be complex. This makes the s im
plified diffusion approach attractive 
because it reduces this complexity to 
a single D value which, together with 
the equil ibrium uptake C0, enables 
predictions of moisture reabsorption 
to be made. 

As mentioned earlier these simple 
predictions are reliable for at least the 
first 50% of moisture taken up. The 

usefulness of the data is in relation to 
hydrogen cracking problems, and in 
this context the range of moisture ab
sorption involved up to this 50%, par
ticularly at normal humidity levels, 
more than covers the range of inter
est. Beyond this point, and in some 
cases well before, the electrodes have 
become too wet' to be used and the 
rate of uptake becomes of academic 
interest only. 

For electrodes of other sizes pro
vided the ratio b/a remains constant, 
similar predictions can be drawn up 
using the parameter Dt/L2 with L the 
new cover ing th ickness and as
suming the same diffusion coefficient 
and equil ibrium value for the cov
ering moisture content. 

A further prediction can be made 
regarding the distribution of mois
ture throughout the covering thick
ness. The general curve, given in Fig. 
12, comes from the finite-difference 
results and shows the fractional con
centration plotted across the cov
ering thickness. On each curve are 
given the Dt/L2 value and the aver
age concentration, C/C0, at that value. 

These master curves may be con
verted to represent individual elec
t rodes at given % humidi t ies as 
follows. Taking electrode A at 47% 
humidity and knowing the average 
equil ibrium weight gain, C0, f rom 
Table 1 gives values for the ordinate C 
as a function of distance across the 
covering at particular values of Dt/L2. 
These latter may be converted to ac
tual times knowing the diffusion coef
ficient from Table 2 and the covering 
thickness. Each of the curves repre
sents also average concentrations 
which again may be obtained knowing 
C„. 

Several comments can be made on 
these curves. On the basis of the dif
fusion treatment it appears that the 
moisture content is not uni form 
across the covering during moisture 
reabsorption. For example, when the 
average concentration is 50% of the 
final value, the moisture level at the 
inner surface is still only 15% of the 
final amount, whereas close to the 
surface 90-100% is reached. This 
raises the question of whether all or 
only part of this moisture appears as 
hydrogen in the weld pool. That is to 
say would a moisture concentration 
corresponding to 50% saturation, if 
evenly distributed across the cov
ering, result in the same weld metal 
hydrogen level as would be obtained 
from a distribution such as is shown in 
Fig. 12. No experimental evidence on 
this point exists at the present t ime. 

The actual values for D obtained in 
this work range between 0.16 x 
10" 'mm2s"1 and 6.2 x l O - ' m m V 
and are similar in magni tude to 
results quoted by Barrer (Ref. 18) 0.7 

X 10" ' to 6.0 X 1 0 ' s m m V , de
pending on the concentration, for the 
diffusion of moisture through zeo
lites. These minerals have an open 
structure formed by the linking of S i0 4 

tetraheda, with some of the Si atoms 
replaced by Al atoms. The present 
diffusion coefficients are in accord 
therefore with the idea that moisture 
uptake by basic flux covered elec
trodes is attributable in the main to 
adsorption by the silicate network 
forming the binder which holds the 
coating together and to the core wire. 

Conclusions 

1. To ensure that electrodes gen
erate < 10 ml H2/100 g deposited 
weld metal ( - 0.4% moisture) as re
quired by the present "hydrogen-con
trolled" condition of BS1719 a baking 
treatment of at least 1 h at 250 C is 
necessary. To achieve levels of 0-5 ml 
(~ 0.2% moisture) 1 h at 450 C is re
quired. 

2. The commonly used baking 
schedule of 1 h at 150 C achieves a 
signif icant moisture reduct ion in 
damp electrodes but cannot guaran
tee hydrogen levels to the "hydrogen-
control led" criterion. More probably, 
values lying in the range 10-15 ml 
NTP per 100 g (~ 0.4-0.7% moisture) 
would be obtained after such a treat
ment. 

3. A rapid and significant uptake of 
moisture occurs when basic flux cov
ered manual metal arc electrodes are 
exposed to relative humidities in the 
range, 15-98%, at room temperature 
after baking for 1 h at 250 C. 

4. When electrodes are kept in an 
air circulating holding oven at 90 C 
sufficient reabsorption of moisture 
occurs to reduce the effectiveness of 
the 250 C drying treatment to that 
equivalent to a 150 C treatment. 

5. With the holding oven at 150 C 
moisture regain is kept to an accept
able level. At both temperatures the 
air entering the oven had a relative 
humidity in the range 55-62% at 
20-22 C. 

6. In general terms, the advantage 
of using a holding oven is clearly 
demonstrated by a comparison be
tween the uptake experienced by the 
control samples kept in the labora
tory atmosphere and those in the 
oven. 

7. Over the range of humidities 15-
98% at 20 C a diffusion model forms 
a rational framework for the uptake of 
moisture by some basic flux covered 
electrodes up to 50% of their satura
tion value. 

8. The values found for the dif fu
sion coefficient are consistent with the 
assumption that moisture absorption 
by these electrodes occurs through 
the silicate binder material. 
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AWS D10.10-75 
Local Heat Treatment of Welds in Piping 

and Tubing 

In the manufacture of welded articles or structures in the shop or in 
the field, it may be desirable, for a variety of reasons, to heat the weld 
regions before welding (preheating), between passes (interpass heating), 
or after welding (postheating). This document presents in detail the 
various means commercially available for heating pipe welds locally, 
either before or after welding, or between passes. The relative advantages 
and disadvantages of each method are also discussed. Although the 
document is oriented principally toward the heating of welds in piping 
and tubing, the discussion of the various heating methods is applicable 
to any type of welded fabrication. 

Topics covered include the following: 

• Measurement of Temperature 
• Induction Heating 
• Electric Resistance Heating 
• Flame Heating 
• Exothermic Heating 
• Gas-Flame Generated Infrared Heating 
• Radiant Heating by Quartz Lamps. 

The price of AWS D10.10-75, Local Heat Treatment of Welds in 
Piping and Tubing, is $3.50. Discounts: 25% to A and B members; 20% to 
bookstores, public libraries and schools; 15% to C and D members. Send 
your orders to the American Welding Society, 2501 N.W. 7th Street, 
Miami, FL 33125. Florida residents add 4% sales tax. 
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