
The Corrosion Characteristics 
of Soft Solder Fluxes 

Some fluxes require reformulation 

BY L. P. COSTAS 

ABSTRACT. Using a new accelerated test 
method, 17 commercial fluxes were eval
uated. The range of penetration varied 
from a suggested acceptable value of 
0.10 mm (0.004 in.) or less to over 0.35 
mm (0.014 in.), which is equivalent to 
over half the wall thickness of commonly 
used Vi in. (12.7 mm) type M tubing. 
Results indicate many fluxes should be 
reformulated. 

Introduction 

This is a summary of a 3-4 year pro
gram on the corrosiveness of soft solder 
fluxes typically used to join copper and 
brasses in plumbing applications. The 
work was an outgrowth of water tube 
failure analysis in which a unique pitting 
corrosion pattern was observed to recur. 
At first, this pattern was attributed to 
aggressive water, but further study con
clusively showed that flux was involved. 

The study program encompassed 
three distinct phases. The first was the 
development of an accelerated test 
method whose description has been 
published (Ref. 1). The second was test
ing in air of 17 commercial fluxes for one 
year at room temperature as well as at 
elevated temperatures and humidity for 
32 days. This formed the basis for com
paring known field behavior of certain 
fluxes to the accelerated results. The third 
phase involved one year exposures in 
five potable waters to determine the 
effect of known benign and aggressive 
waters on flux corrosion. 

Details of phases 2 and 3 are sched
uled for publication as Copper Develop
ment Association Technical Reports. 

The Accelerated Test Method 

As mentioned, the description of this 
method has been published, but for the 
sake of convenience highlights are given 
here. 
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The sample is a 30 cm (11.8 in.) long, 
% in. (19.1 mm) diameter type M drawn 
copper water tube slit lengthwise along 
the diameter. One cc of flux is dispensed 
below both slit edges on the bore side 
along with a small amount of flux and a 
solder pellet at one end. The end with 
the solder is heated with a calibrated 
burner for 21 seconds (s) to achieve 
450°C (842°F). The specimen is slightly 
angled downward from the hot end so 
that molten flux collects at the bottom 
and runs towards the cooler side — 
Fig. 1. 

The result is a sample which has: 
1. Charred flux on one end. 
2. Warmed but non-molten flux at the 

other. 
3. Flux along the sides in between that 

has been subjected to a thermal treat
ment varying from warm to hot. 

4. A flux puddle on the bottom. 
In essence, the flux has been subjected 

to a continuous thermal gradient encom
passing all the temperatures that would 
be encountered even in a greatly over

heated joint. 
Attack depth was measured after 

cleaning by using the calibrated fine focus 
of a metallurgical microscope. 

Mention should be made that the 
majority of fluxes attack by pitting, both 
in the field and in laboratory studies. Very 
few produce an accelerated general 
attack. This point is extremely important, 
because in the past pitting has been solely 
associated with corrosive water and the 
contribution of flux to failures has been 
totally overlooked. It is not possible to 
quantify the fraction of all copper water 
tube failures attributed to flux, but there 
is no doubt that flux corrosion is far more 
prevalent than commonly realized. 

Testing of Commercial Fluxes in Air 

This section is divided into two subsec
tions. One deals with one year exposures 
in air at ambient temperature; the other 
with 32 day exposures at 40 and 60°C 
and 50 and 90% relative humidity to 
accelerate the corrosion reactions. 

Region of melted llux - ^ 

Flux deposits 
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Top View of Healed Sample 

«| Sample 

Burner inset 1cm from tube end 

Side View of Sample Preparation 

Fig. 1' —Preparation of corrosion specimens: B —shows the sample tilted so that the molten flux 
accumulates at the bottom and flows away from the heated end; the sample is positioned 10 cm 
(3.9 in.) above the burner whose gas flow is controlled, thereby defining the heat input. A — the 
principal zones of a specimen after heating: the charred end, the flux puddle, flux that has melted 
but not charred, and the warmed but not me/ted flux in the cooler end 
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Table 1-

Flux 

3 
4 
5 
6 
7 
8 

11 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

-Maximum Penetration At Ambient Conditions 

1 

— 
-
-
— 
-

.03 

-
-
.01 

-
-
-

-

X 

4 

-
.01 

-
.01 
.01 
.05 
.01 
.01 
.01 
.01 

-
— 

-

X 

Penetration in m 

16 

.01 

.01 

.03 

.01 

.01 

.09 

.01 

.01 

.04 

.01 

— 
.01 

.02 

X 

Days 
llimeters(a) 

64 

.01 

.03 

.03 

.03 

.03 

.15 

.03 

.03 

.03 

.01 

-
.04 

.01 

X 

180 

.04 

.12 

.05 

.20 

.16 

.15 

.04 

.06 

.07 

.09 

.07 

.17 

.06 

.10 

360 

.03 

.12 

.04 

.22 

.10 

.12 

.07 

.04 

.08 

.11 

.08 

.30 

.06 

.18 

-denotes penetration of less than 0.01 mm (0.0004 in.); x denotes that flux was not tested for this time period. 

Ambient Temperature Tests 

Originally, Vl and 3/4 in. (12.7 and 19.1 
mm) sizes of types K, L, and M tubing 
were used to determine the effect of 
diameter and wall thickness since heating 
characteristics vary somewhat with the 
mass and shape of the tube. However, 
essentially no differences were noted. 
Consequently 3A in. (19.1 mm) diameter 
type M drawn tube was selected as the 
standard for all further work in the 
humidity cabinet and in the later water 
immersion studies. 

The maximum penetration for the 17 
fluxes is listed in Table 1 and plotted in 
Figs. 2 and 3 for exposures ranging from 1 
to 360 days. 

Except for flux 8, all fluxes showed 
relatively mild attack of no more than 
0.04 mm (0.0016 in.) up through 64 days. 
For perspective purposes, the minimum 
wall thickness permitted for VT. in. (12.7 
mm) type M tube is 0.65 mm (0.0255 in.), 
and so the 0.04 mm (0.0016 in.) penetra
tion is equivalent to 6% of the wall. This 

percentage value will be listed after the 
penetration in the ensuing text. 

Flux 8 attacks rapidly, reaching 0.05 
mm (8%) in four days, 0.09 mm (14%) in 
sixteen days, and 0.15 mm (23%) in 64. It 
is interesting, however, that flux 8 ceases 
further attack after 64 days, whereas 
most others achieve their maximum at 
180 or 360 days. Note that fluxes 6, 17, 
and 22 have surpassed flux 8 after one 
year with penetrations of 0.22 mm (34%), 
0.30 mm (46%), and 0.18 mm (28%), 
respectively. These three fluxes are 
known to have caused failures in field 
installations and so the trends indicated 
by these laboratory tests parallel com
mercial experience. 

Also noteworthy is the complete 
absence of attack with fluxes 18, 20, and 
21. These three contain powdered solder 
in a "vehicle" that readily absorbs water 
and, therefore, the flux can change con
sistency with water addition. 

It should be mentioned that these tests 
were conducted in the laboratory, which 

was heated in the winter and aircondi-
tioned in the summer so that no extremes 
in temperature or humidity were encoun
tered. 

A cursory x-ray diffraction study of 
corrosion products revealed only two 
identifiable copper compounds—basic 
cupric chloride and cuprous chloride. The 
former is green; the latter, in pure form, 
white. Surprisingly, no cuprous or cupric 
oxides were detected. 

Location Of Attack. It is of interest to 
know where attack occurred. The first 
fact that emerged was that no significant 
corrosion occurred in the area heated to 
the highest temperature. 

The region of greatest attack de
pended on the flux, and the best overall 
correlation appeared with the demarka-
tion between the melted and non-melted 
zones. This demarkation was approxi
mately 15 cm (5.9 in.) from the hot end 
for all organic paste fluxes. Up through 64 
days, fluxes 3, 4, 5, 7, 11, 13, 15, and 19 
had most attack within the melted zone 
or just 1-2 cm beyond. Fluxes 8 and 14 
corroded along the length including the 
coolest portion. Fluxes 6 and 17 generally 
corroded within the melted zone, but pits 
were sometimes noted well beyond. 
Fluxes 18, 20, and 21 did not corrode. 

At 180 days only five fluxes restricted 
corrosion solely to within the melted 
zone; these were fluxes 3, 5, 11, 13, and 
19. At 360 days corrosion by fluxes 3, 5, 
7, 11, and 13 was limited to or 8 cm 
beyond melted zone. AH others attacked 
to the cool end except for fluxes 18, 20, 
and 21 which remained totally innocu
ous. 

Thus, the overall conclusions from 
ambient temperature testing are as fol
lows: 

1. There was a great variation in the 
corrosiveness ranging from no measur
able attack to 0.30 mm, i.e., 0.012 in. 
(46%). 

2. With one exception, all fluxes 
showed very little attack up to 64 days. 
However, at 180 days four fluxes had 

AMBIENT CONDITIONS 

AMBIENT CONDITIONS 

I I I I I I I I I I I I I I I 

Fig. 2 — Penetration for fluxes 3 through 13 under ambient conditions. 
Flux 8 is notable for its rapid attack up through 64 days whereas others 
delay attack until 180 to 360 days. The penetration by flux 6 after one 
year is in excess of 0.20 mm (0.008 in.) and equivalent to 'A of the wall 
thickness of 'A in. (12.7 mm) type M tubing 

f 

- * ^ r 
i 1—i—i 111II i i i 111 in 

Fig. 3 — Penetration for fluxes 14 through 22 under ambient conditions. 
This group behaves similar to most other fluxes in that essentially no 
attack occurs up through 64 days. However, flux 17has penetrated 0.30 
mm (0.012 in.) and flux 22 nearly 0.20 mm (0.008 in.) by 360 days. 
Solder — ' 'water soluble " flux combinations, 18, 20 and 21 resulted in no 
measurable attack 
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Table 2—Maximum Penetration At 40 C (104°F) and 50% Relative Humidity 

Penetration in millimeters 

Days 
Flux 

3 
4 
5 
6 
7 
8 

11 
13 
14 
15 
16 
17 
18 
19 
20 
21 

(a) 

.02 

.01 

.10 
(a) 

(a) 

(a) 

(a) 

(a) 

.03 
(a) 

(a) 

(a) 

(a) 

Ml 

(a) 

,02 
.02 
.02 
.13 
(a) 

.01 
(a) 

.03 

.03 

.07 
(a) 

I I I 

0 
0 

16 

[HI 

0 4 

02 
.04 
.04 
.15 
04 
.03 
02 
(a) 

.06 

.19 

.01 
(a) 

(a) 

(a) 

32 

.01 

.05 

.01 

.05 

.03 

.11 

.04 

.03 

.02 

.05 

.07 

.36 

0 
.01 
0 

.01 

:"'Penetralion of less than 0.01 mm (0.0004 in) . 

penetrat ions ranging f r o m 0.12 to 0.20 
m m , i.e., 0.0047 to 0.008 in. (18-31%) and 
at 360 days, t w o fluxes reached depths 
of 0.22 and 0.30 m m , i.e., 0.0087 and 
0.0012 in. (34-46%). 

3. At tack is predominant ly by pi t t ing, 
a l though the f lux show ing rapid initial 
corros ion also p r o d u c e d b road general 
attack as wel l . 

4. Most fluxes are most corros ive in 
the region w h e r e the f lux is just beginning 
to melt, a l though some also result in 
severe attack at the cooler region whe re 
the flux has not mel ted. In no case was 
measurable attack no ted in the charred 
area. 

5. The three fluxes showing the 
greatest attack after 360 days are k n o w n 
t o have caused failures in the f ie ld. There
fo re , the results correlate wel l w i t h expe
rience. 

Elevated Temperature Tests 

At 40°C (104°F) and 50% Relative 
Humidity. This cond i t ion is m o r e severe 
primari ly f r o m tempera ture standpoint 
since a relative humidi ty of 50% is not 
particularly " w e t . " 

Exposure t imes w e r e fo r 1, 4, 16, and 
32 days; the corrosion penetrat ion data 
are listed in Table 2 and shown in 
Fig. 4. 

As expec ted , the corros ion rates 
increase. Overa l l , howeve r , they are not 
significantly di f ferent f r o m those at ambi 
ent tempera ture after 64 days, except for 
flux 17. This f lux p roduced 0.03 m m 
(0.0012 in.) attack after one day and 
steadily increased to 0.36 m m , i.e., 
0.014 in., (55%) after 32 days. This 
p roved to be the first inkling of the 
enormous effect that e levated tempera
ture and humidi ty can have on the co r ro 
sion rate o f certain fluxes. 

At 40°C (104°F) and 90% Relative 
Humidity. Not much di f ference was 
expected over the previous run at 50% 

relative humidi ty . Af ter all, zinc chlor ide is 
very hygroscopic and, if the corros ion 
process depends on this agent absorbing 
water , then certainly 50% relative humid
ity should be adequate. The result, h o w 
ever, revealed significant di f ferences as 
s h o w n in Figs. 5 and 6 and Table 3. 

Af ter one day three fluxes can be 
classified as moderate ly aggressive w i th 
penetrat ions of 0.06 to 0.08 m m , i.e., 
0.0024 to 0.0031 in. (12%). At four days 
the most aggressive fluxes range f r o m 
0.08 m m (0.0031 in.) t o 0.18 m m , i.e., 
0.007 in. (28%). By 16 days four fluxes 
exceed the 0.18 m m (0.007 in.) max imum 
no ted at 4 days w i t h a n e w max imum 
recorded of 0.33 m m , i.e., 0.013 in. 

40"C — 50% RH 

(51%). Finally after 32 days, three fluxes 
emerged as being the most corrosive, 6, 
17, and 22 w i t h max imum pit depths 
ranging f r o m 0.20 to 0.37 m m , i.e., 0.008 
to 0.015 in. (57%). Fluxes 3, 5, 18, 19, 20, 
and 21 pe r f o rmed quite wel l w i t h very 
l o w rates o f less than 0.01 to 0.04 m m 
(0.0004 to 0.0016 in.). 

The locat ion, d e p t h , and t ype o f attack 
w e r e similar to those at ambient 
condit ions after one year. 

60°C (140°F) and 90% Relative Humid
ity. Increasing the tempera ture to 6 0 ° C 
(140°F) and retaining the 90% relative 
humidi ty should clearly indicate their 
ef fect on the corros ion reactions. The 
data are listed in Table 4 and s h o w n in 
Fig. 7, w i th the fo l low ing to be no ted : 

1. A f te r o n e day the level o f attack has 
increased fo r nearly all f luxes; values o f 
0.21 m m , i.e., 0.0083 in. (32%) fo r flux 6 
and 0.18 m m , i.e., 0.0071 in. (28%) fo r 
flux 22 are particularly n o t e w o r t h y . 

2. At 4 days the penetrat ion fo r flux 6 
has reached 0.31 m m , i.e., 0.012 in., 
(48%) and that for flux 16 0.29 m m , i.e., 
0.011 in., (45%). 

3. At 16 days the general t rend is 
upwards , a l though values for fluxes 6 , 1 6 , 
and 22 are d o w n w a r d . This, o f course, is 
not possible and reflects the need fo r 
more than three samples for each f lux. 
Flux 14 achieves the list o f the fairly 
aggressive w i t h penetrat ions o f 0.25 m m , 
i.e., 0.01 in. , (38%). 

4. By 32 days the general t rend is 
addit ional corros ion for the mildly aggres
sive fluxes, but no t t o an alarming extent. 
The previously highly corros ive fluxes 6 
and 22 remain so w i th penetrat ions o f 
0.33 and 0.36 m m , i.e., 0.013 and 0.014 

/ 

y 

y 
— — ' 

ALL OTHER 
FLUXES 

1 1 I I I rr 
8 9 10 

30 
I I I I I 

60 70 80 90 100 

Fig. 4-Penetration At 40°C (104"F) and 50% Relative Humidity. There are three outstanding 
features under these conditions. Flux 17 clearly establishes itself as extremely corrosive by 76 days; 
flux 8 does not produce a deeper attack than under ambient conditions, although significant 
penetration occurred within one day, and all other fluxes were relatively mild, including flux 6. Flux 
22 was not available for testing at time of these runs 
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40'C — 90% RH 40*C — 9 0 % RH 

-—~-5* „^A^ 

i — r n i i i i i i i—i i i i i i 
40 50 SO 70 80 90 100 

Fig. 5 - Penetration At40°C(104 °F) and 90% Relative Humidity - Group 
I. The increased attack by most fluxes is obvious except for the 
I'lux-solder combinations 18, 20, and 21. Flux 22 is clearly very 
aggressive 

Fig. 6-Penetration At 40"C(104 °F) and 90% Relative Humidity - Group 
ll. Paste fluxes 3, 5, and 19 continue to behave quite well, whereas flux 
17 becomes even more corrosive with attack reaching 0.37 mm (0.015 
in.). Flux 6 remains aggressive at 0.20 mm (0.008 in.) and flux 8 continues 
its rather constant level at about 0.15 mm (0.006 in.) 

Table 3—Maximum Penetration At 40°C (104°F) and 90% Relative Humidity 

Penetration In millimeters 

Flux 

3 
4 
5 
6 
7 
8 

11 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Days 

(a) 

(a) 
(a) 
.04 
.02 
.08 
.02 
.01 
.04 
.03 
.02 
.06 
(a) 

(a) 

(a) 

.01 

.02 
(a) 

.09 

.04 

.11 

.04 
(a) 

.04 

.06 

.13 

.18 
(a) 

(a) 

(a) 

(a) 

16 

.03 

.04 

.01 

.22 

.15 

.18 

.04 

.06 

.06 

.11 

.10 

.33 
(a) 

(a) 

(a) 

(a) 

.20 

32 

.03 

.08 

.02 

.20 

.11 

.14 

.10 

.11 

.08 

.11 

.12 

.37 
(a) 

.04 
(a) 
(a) 
.27 

' "Penetration of less than 0.01 mm (0.0004 in.). 

in. (55%); flux 16 is now included in this 
group with an attack depth reaching 0.30 
mm (0.012 in.). 

Somewhat surprising is the decrease in 
aggressiveness of flux 17 from the 0.37 
mm (0.0145 in.) at 40°C 90% relative 
humidity to the present 0.24 mm, i.e., 
0.009 (37%). 

Pitting remained the dominant form of 
attack and it occurred both in the melted 
and non-melted areas. 

The Effect Of Flux Quantity. All work 
to this point employed 1 cc of flux per 
sample. There was no specific basis for 
selecting this value; it was simply a conve
nient amount to spread along the sample 
length. It should be stated that the prima
ry purpose of the study was to determine 
the relative aggressiveness of various 
fluxes rather than to examine the corro
sion mechanism or to maximize corrosion 
rates. The work described in this section 

was a departure in that the effect of the 
amount of flux on corrosion penetration 
was the primary variable. 

Each of the 17 fluxes was applied at 1, 
2, and 4 cc levels per sample and 
exposed for 32 days at 60°C (140°F) and 
90% relative humidity. Only one sample 
per flux quantity was used as opposed to 
the three for all previous work. The 
results are shown in Fig. 8. 

In almost every case, the 4 cc per 
sample resulted in greater attack. Flux 22 
actually perforated the 3/i in. (19.1 mm) 
type M wall of .81 mm. Figure 9 illustrates 
the type of corrosion encountered. It is 
obvious that amount of flux used bears 
directly on the depth of attack. 

Overall View. Conclusions pertaining 
to elevated temperature testing are as 
follows: 

1. As expected, increases in tempera
ture also increase the corrosion rates; 

however, there is considerable variability 
depending on the flux and humidity. 

2. At 40°C (104°F) and 50% relative 
humidity, only one flux produced signifi
cantly higher penetration. It reached 0.36 
mm (0.0142 in.) depth in 32 days. 

3. At 40°C (104°F) and 90% relative 
humidity penetrations of 0.20-0.37 mm 
(0.008-0.0146 in.) were observed with 
the 3 fluxes known to have caused field 
failures. 

4. At 60°C (140°F) and 90% relative 
humidity, attack increased for nearly all 
fluxes. Penetrations of 0.18 and 0.21 mm 
(0.007 and 0.008 in.) were noted after 
only 1 day in two cases. 

5. Increasing the amount of flux gener
ally increases corrosion. One flux perfo
rated a 0.81 mm (0.032 in.) thick tube wall 
when 4 cc of flux were applied. 

Water Immersion Study 

Exposure and Locations 

Five sites were selected for this phase: 
Waterbury, Connecticut; White Plains, 
New York (a suburb of New York City); 
Laveme, California (a suburb of Los 
Angeles); Tucson, Arizona; and Brussels, 
Belgium. The selection of these sites was 
based on the character of the water and 
past corrosion performance. White Plains 
and Waterbury are surface waters that 
are non-corrosive. Tucson and Brussels 
are aggressive well waters. Los Angeles is 
a blend of two surface waters, 60% 
Colorado River and 40% Feather River, 
and is considered moderately corrosive. 
The compositions of the waters are listed 
in Table 5. 

The units at Waterbury, White Plains, 
Los Angeles, and Brussels were identical. 
The container was a rectangular plastic 
tank 0.75 m (2.46 ft) long, 0.6 m (2 ft) 
wide, and 0.3 m (1 ft) high. Water 
entered the bottom of one end and 
flowed out high on the other. A timer 
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Table 4—Maximum Penetration At 60°C (140°F) and 90% Relative Humidity 

Flux 

3 
4 
5 
6 
7 
8 

11 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

.03 

.03 

.02 

.21 

.02 

.13 

.04 

.03 

.11 

.07 

.08 

.09 

.04 

.05 

.04 
(a) 

.18 

Penetration In m 

4 

.05 

.05 

.05 

.31 

.06 

.19 

.07 

.05 

.14 

.08 

.29 

.11 
(a) 

.04 
(a) 

(a) 

Days 
llimeters 

16 

.08 

.07 

.04 

.22 

.09 

.21 

.05 

.07 

.25 

.11 
20 

.23 

.11 

.06 

.04 
(a) 

.13 .11 

32 

.08 

.16 

.11 

.33 

.07 

.19 

.07 

.07 

.21 

.18 

.30 

.24 

.10 

.05 

.07 

.01 

.36 

'" 'Penetration of less than 0.01 mm (0.0004 in.) 

contro l led valve a l lowed approx imate ly 
0.3 m 3 (10.6 ft3) o f wa te r t o f l o w th rough 
the unit three t imes a day for the entire 
one year exposure. The test units w e r e 
not pressurized and so the samples w e r e 
not exposed to water main pressures. 

Dupl icate or triplicate C122 alloy sam
ples w i th each flux w e r e tested. The 
samples w e r e held to four plastic shelves 
by means of plastic bolts; one at the coo l 
end of each sample and one th rough a 
hole dri l led at the sample mid-point . 
Thus, no sample touched another nor 
was there any coupl ing to any metallic 
components . 

Because of space limitations at the 
Tucson facility, the test unit was smaller, 

6 0 x — 90% RH 

and only dupl icate samples w e r e 
exposed. 

Prior to immersion the samples w e r e 
aged in air for one week or t w o months 
to simulate f ield condit ions w h e r e usage 
w o u l d occur soon after p lumbing, as wel l 
as after an ex tended delay. Aging 
occur red in the laboratory, w h e r e b o t h 
tempera ture and humidi ty w e r e c o n 
trol led for comfo r t . 

The As-Received Condition After Exposure 

The first i tem concerns the overal l 
appearances of the samples. Those 
exposed at W a t e r b u r y and W h i t e Plains 
we re practically f ree o f green copper 

3,5,7,11,13,18,19.20, Z ( 

i—i—r~r i i i i 
7 8 9 10 

DAYS 

i r i i I I i 
60 70 80 90 100 

Fig. 7- Penetration At 60"C (140°F) and 90% Relative Humidity. All fluxes result in increased attack, 
but 9 remain below 0.10 mm (0.004 in.). The most aggressive are fluxes 22, 6, and 16, the last 
reaching 0.30 mm (0.012 in.) for the first time. Flux 17 appears to have lost some of its capacity for 
deep attack over that shown at tower temperatures 

salts, whereas those f r o m Tucson w e r e 
coated f r o m end t o end w i t h vary ing 
thickness. The Brussels and Los Angeles 
specimens w e r e intermediate. 

The second i tem concerns the cond i 
t ion o f the remaining flux (except for the 
W a t e r b u r y case w h e r e these observa
tions w e r e no t made). Fluxes 8, 18, 20, 
and 21 w e r e f ound to d ry complete ly in 
air and literally c rumble t o the touch . 

Fluxes 6, 17, and 22 (which are k n o w n 
to have caused tube failures in the field) 
retain their waxy nature in the puddle at 
the b o t t o m of the heated end , but had 
nearly dr ied at the coo l end and b e c o m e 
quite flat and tacky. Even in the pudd le , 
their consistency was much thicker than 
w h e n initially appl ied. It is most interesting 
that these three behaved so similarly, 
suggesting that the organic const i tuents 
may play a role in the corros ion p ro 
cess. 

The o ther fluxes generally retained 
their original consistencies except at Tuc
son w h e r e all the fluxes behaved much 
like 6, 17, and 22 becoming tacky, nearly 
dry and qui te flat; this may have been 
due to the wa te r itself o r possibly to a 
probably higher average tempera ture . 

Corrosion Products 

An x-ray di f f ract ion study was made 
on the Tucson and Brussels samples in 
v i ew of the abundance o f green co r ro 
sion products . 

The green on b o t h the inner and outer 
surfaces — w h e r e f lux was absent —was 
malachite, the expected basic copper 
carbonate f requent ly f o u n d in we l l 
water . H o w e v e r , the green beneath the 
flux was basic copper chlor ide. O n e can
not distinguish the d i f ference visually 
since these t w o , as wel l as all o ther basic 
copper salts such as the sulfate, ni trate, 
and phosphate , are similarly green. 

The reddish-purple, wh i ch cove red 
most of the tube surface, was , o f course, 
cuprous ox ide. 

Handling of the Data 

Af ter examining the results f r o m the 
one week and t w o months air aging 
pretreatments, it became apparent that in 
most cases the di f ferences b e t w e e n the 
t w o w e r e negligible. There fore , the max
imum penet ra t ion f r o m each was aver
aged and listed in Table 6. 

W h e n the variat ion was greater than 
0.02 m m (0.0008 i n . ) - a n d this occur red 
in only 15% of the 84 cases —the varia
t ion is listed in Table 6. It must be empha
sized that the aging occur red in the 
laboratory w h e r e tempera ture probab ly 
never exceeded 25°C (77°F) and w h e r e 
the humidi ty was moderate ly l ow . O n e 
should not assume that aging dur ing c o n 
struct ion in hot summer months w h e r e 
temperatures can reach 40 C C (or higher) 
and w h e r e the relative humid i ty can 
approach 90 and 100% is un impor tant , 
howeve r . 
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Fig. 8 — Effect of amount of flux on penetration. These tests were conducted on single samples 
exposed at 60°C (140°F) — 90% RH for 32 days where the amount of flux was 1, 2, and 4 cc. Fluxes 
6, 8, 17 and 22 proved to be the most aggressive. Flux 8 would have perforated 'A in. (12.7 mm) 
diameter type M tube and flux 22 did, in fact, penetrate the 0.81 mm wall of the 3A in. (19.1 mm) 
type M sample used in the test 

Interpretation of the Data 

Recognizing that fluxes must be some
what corrosive to act properly, a pene
tration of 0.10 mm (0.004 in.) due to flux 
attack alone was considered the maxi
mum allowable since this is equivalent to 
15% of the minimum wall thickness of VT 
in. (12.7 mm) diameter M tube. 

The results at each site are discussed 
below using 0.10 mm (0.004 in.) as the 
criterion. 

Waterbury. Only two fluxes, 8 and 15, 
reached 0.10 mm (0.004 in.), and so the 
performance of all fluxes is considered 
satisfactory at this site. 

White Plains and Los Angeles. Two 
fluxes, 14 and 15, exceeded 0.10 mm 
(0.004 in.). 

Tucson. Here, fluxes 8, 15, and 22 
reached or exceeded 0.10 mm (0.004 
in.). 

Brussels. This water, which is acknowl
edged to be corrosive, resulted in 7 
fluxes exceeding 0.10 mm (0.004 in.); 
these were fluxes 6, 8,15,17, 20, 21, and 

22. 
At all five sites, the 0.10 mm (0.004 in.) 

level was equalled or exceeded 16 times 
by the following eight different fluxes: 6, 
8, 14, 15, 17, 20, 21, and 22. Of primary 
interest is whether a correlation exists 
between the attack in water and that 
observed in the "dry" laboratory studies. 
A correlation obviously does exist since 
the fluxes 6, 8, 14, 15, 17, and 22 proved 
to be aggressive in both. The corrosion 
observed with fluxes 20 and 21 in Brus
sels was quite surprising, in view of the 
almost total immunity shown in the "air" 
tests; this is discussed later. 

Although Table 6 is important since it 
lists penetration data, a comparison of 
how the attack progressed with respect 
to one year air exposures in the labora
tory is also of value. The first column in 
Table 7 lists the one year air penetrations. 
The remaining columns list the increase or 
decrease noted, obtained by subtracting 
the air result from the corresponding 
water immersion value, Table 6. Thus, a 
plus sign indicates increased corrosion 
due to water; those without the plus sign 

FLUX 17 

FLUX 2 2 

Fig. 9 —Appearance of tubes with 4 cc flux 
after testing. These 3 were subjected to 60°C 
(140°F) and 90% RHfor 32 days. The extent of 
corrosion is readily apparent. Flux 8 attacks the 
majority of the surface and severely in local 
areas. The relatively isolated pits formed by 
fluxes 17 and 22 are typical of most paste 
fluxes. Note the almost total absence of attack 
adjacent to the large pits. The large one of flux 
22 penetrated the wall 

decreased (the negative sign being 
understood). 

Of the 84 comparisons 59 (or 70%) 
either decreased or remained identical to 
the air exposure values. Thirteen of the 
remaining 25 increased by 0.02 mm 
(0.0008 in.) or less (the 0.02 mm is consid
ered reasonable scatter for this type of 
study), accounting for another 15%. 
Thus, 85% either decreased or increased 
by less than 0.02 mm (0.0008 in). 

Of the 12 remaining values over 0.02 
mm (0.0008 in.), 9 stem from the fluxes 
18, 20, and 21 which had 0.00 mm 
penetration after one year in air and so 
even relatively low penetrations of 0.03-
0.06 mm (0.001-0.002 in.) in water 
appear to be significant increases in Table 

Table 5—Water Composition 

Constituent 

Ca 
Mg 
Na 
K 
HCO3 
S0 4 

Cl 
NO3 
Free C 0 2 

0 2 

Si02 

pH 
Specific Conductance'* 

Brussels'3' 

114-119 ppm 
15-16 
11-14 

1-2 
319-337 

54-66 
26-38 

2-17 
4.2-13.7 
8.4-11.1 
13-15 

7.50-7.69 
592-620 

LaVerne"" 

29-60 
14-24 
52-85 
2.5-3.9 
94-126 
92-212 
54-85 
.5-2.6 
.7-1.4 

— 
9-14 

8.14-8.33 
510-865 

Waterbury'0 ' 

8 
2 
3 
1 
12 
7 
10 

.2 
0 

7 

-
7.4 

125 

White Plains'0' 

12 
6 

— 
— 
— 
2 
8 
1.7 
3.0 
4.7 
2 

7.1 
65 

Tucson'0' 

25 
6 

10 
4 

109 
1.8 

11 
12 
41 
9 
29 

7.0 
230 

la lRange based on five samples. 
(b)Range based on 12 monthly samples f rom Weymouth Plant. 
(c)Single analysis. 
(d)Units are micro-ohms/cm 
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Table 6—Penetration At The Five Locations—Depth of Attack in Millimeters'3 ' 

Flux 

3 
4 
5 
6 
7 
8 

11 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Waterbury 

.02 

.07 

.03 

.05 

.04 

.10 

.03 

.05 

.07 

.10 

.00 

.05 
.03 ± .03 

.04 

.00 

.00 
Not Tested 

White Plains 

.04 

.05 

.03 

.05 

.04 

.07 

.05 
.05 ± .03 
.14 ± .04 

.11 

.03 
04 
.02 
.02 
.00 
.02 

.08 ± .03 

LaVerne 

.03 

.07 

.04 

.05 

.05 

.08 

.03 

.04 
.10 ± .04 

.13 

.02 
.09 ± .04 

.06 

.03 

.02 
.07 ± .03 

.04 

Tucson 

.05 

.04 

.04 

.04 

.04 

.10 

.05 

.07 

.08 

.10 

.04 

.05 

.04 

.06 

.04 

.08 

.11 

Brussels 

.04 

.08 

.05 

.10 

.08 
.11 ± .04 

.04 
.08 ± .04 

.08 

.12 

.06 
.15 ± .05 

.06 

.07 
.10 ± .03 
.18 ± .04 

.12 

{a)The values are averages of the maximum noted in the 1 week and 2 months air aging series. The actual values of each are within ± 0.02 mm (± 0.0008 i 
shown. 

I except where variations are 

Table 7-

Flux 

3 
4 
5 
6 
7 
8 

11 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

-Change In Corrosiveness Compared To One Year Air Exposure 

Actual attack 
In air 

.03 mm 

.12 

.04 

.22 

.10 

.12 

.07 

.04 

.08 

.11 

.08 

.30 

.00 

.06 

.00 

.00 

.18 

Waterbury 

.01 

.05 

.01 

.17 

.06 

.02 

.04 
+ .01 

.01 

.01 

.08 

.25 
+ .03 

.02 

.00 

.00 
Not tested 

Decrease Of attack,'3' millimeters 
White Plains 

+ .01 
.07 
.01 
.17 
.06 
.05 
.02 

+ .01 
+ .06 

.00 

.05 

.26 
+ .02 

.04 

.00 
+ .02 

.10 

LaVerne 

.00 

.05 

.00 

.17 
,05 
.04 
.04 
.00 

+ .02 
+ .02 

.06 

.21 
+ .06 

.03 
+ .02 
+ .07 

.14 

Tucson 

+ .02 
.08 
.00 
.18 
.06 
.02 
.02 

+.03 
.00 
.01 
.04 
.25 

+ .04 
.00 

+.04 
+ .08 

.07 

Brussels 

+ .01 
.04 

+ .01 
.12 
.02 
.01 
.03 

+.04 
.00 

+ .01 
.02 
.15 

+.06 
+ .01 
+ .10 
+ .18 

.06 

(a)A plus sign in this data pool indicates attack increased in water over that listed in air. 

7. Hence, the only significant increases 
are w i th flux 14 in W h i t e Plains w i th a 
value of + .06 m m (+0 .002 in.), w i th flux 
20 at Brussels at 0.10 m m (0.004 in.), and 
w i t h flux 21 at Tucson and Brussels w i t h 
0.06 and 0.18 m m (0.002 and 0.007 in.), 
respectively. O n e of the major points of 
Table 7 is the p ronounced decrease 
attack no ted w i t h the very aggressive 
fluxes 6, 17, and 22. 

W i t h very f e w except ions, one must 
conclude that wa te r is not harmful and in 
most cases beneficial in mit igating flux 
corros ion. The water was, o f course, 
replenished daily. No in format ion was 
generated concerning stagnant water . 
Howeve r , if the wa te r is t ruly stagnant 
w i th no oxygen replenishment, it is di f f i 
cult to visualize that even this condi t ion 
w o u l d be harmful . 

Fluxes 18, 20, and 21 

The somewha t anomalous behavior o f 
flux 2 1 , and to a lesser extent that of flux 
20, deserves fur ther discussion. Both 

fluxes in the "a i r " laboratory studies 
s h o w e d no measurable attack (less than 
0.01 m m , i.e., 0.0004 in.) after one year, 
as did the similar flux 18, yet at Tucson 
and particularly at Brussels, significant 
corrosion t ook place. 

This suggests that the flux corrosivi ty 
test may not be applicable t o the " w a t e r 
so lub le" t ype of f lux-solder combina
tions. W h a t may be occurr ing is early 
act ivat ion of the surface to a wa te r w i t h 
corrosive characteristics. 

Overall View 

The conclusions pertaining to water 
immersion are as fo l lows: 

1. The most impor tant fact arising is 
that wa te r immersion is not detr imental 
t o d r a w n coppe r tube soldered w i t h 
paste fluxes. In fact, immers ion p reven ted 
the severe pi t t ing associated w i th three 
fluxes k n o w n to have caused field fail
ures. 

2. O n e of the so called " w a t e r solu
b l e " f lux-solder combinat ions, all o f 

wh ich behaved wel l in the "a i r " laborato
ry studies, p roduced a rather severe 
attack at Brussels. It is suspected that 
al though the flux itself is not corrosive, 
the const i tuents in this particular p roduc t 
may act ivate the surface to accelerated 
attack by certain waters. 

Overall Program Summary 

1. Commercia l ly available fluxes vary 
widely in corrosiveness. Some pene
trated as much as 0.30 m m (0.012 in.) in 
one year under ambient condi t ions. This 
dep th is equivalent to 46% of the mini
m u m al lowable wal l thickness fo r the 
common l y used VT in. (12.7 mm) d iame
ter t ype M copper wa te r tube. 

2. A 32 day accelerated test was 
deve loped that corre lated wel l w i t h f ield 
exper ience. 

3. The findings at 40 and 6 0 ° C (104 
and 140°F) at high humidi ty suggests that 
most attack in service occurs in the sum
mer months be fo re the tub ing is fi l led 
w i t h water . 

4. The extent of attack is dependen t 
on the amount o f flux present and, there
fo re , it is impor tant to limit the quant i ty t o 
the m in imum requi red. 

5. Immersion in wa te r generally 
reduces the corros ion rates o f f luxes, 
particularly the most aggressive ones. 
Therefore , it is r e c o m m e n d e d that 
p lumbed units be filled and f lushed soon 
after comp le t ion . 

6. It is obv ious that many fluxes 
require re formulat ion. 
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