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The corrosive effect of liquid mixed fertilizers on mild steel, stainless steel, and aluminum

alloys was determined.

Both mild steel and stainless steel were satisfactorily resistant

with practically all combinations of variables tested. Aluminum resistivity ranged from
unsatisfactory to satisfactory; conditions which had a significantly adverse effect were

high phosphate content, high temperature, and aeration of sample.
were presence of potash and use of inhibitor.

Beneficial conditions

There were some differences in resistivity

of the aluminum alloys, but the effects of solution variables were much more important.

PRODUCTION OF LIQUID FERTILIZERS
containing more than one plant
nutrient is a rapidly growing industry
(7, 8). Single nutrient liquids, such as
anhydrous ammonia and nitrogen solu-
tions, have been used in direct applica-
tion to the soil for some time, but liquid
mixtures is a relatively new field.

One of the problems facing the new
industry is that of corrosion of tanks and
equipment. For the manufacturing
plant proper, the choice of construc-
tion material is between mild and
stainless steel. Some plants have been
built entirely of the latter, but the
majority use mild steel for everything
except the reactor vessel, which is
normally built of stainless because raw
acid may be present at one stage of the
neutralization process. Even here, how-
ever, the trend has been toward reduc-
ing the amount of stainless used. Some
plants now have mild steel reactors
fitted with a small stainless steel ‘“pot”
or open-ended tube located near the
center of the main tank. Ammonia
and acid are reacted in the stainless
steel vessel and overflow into the larger
one. As the acid is neutralized by the
time it contacts the mild steel tank
wall, corrosion is minimized.

As far as is known, no test data
were available on the resistance of mild
steel when present plants were built,
The choice presumably was dictated
by economic considerations. However,
some of the plants have now been in op-
eration for 4 years or more and appear
to be holding up well.

A more difficult problem is in regard
to the use of aluminum tanks and appli-
cation equipment. This metal is less
resistant to liquid mixes and costs more.
Therefore, mild steel is used when such
mixes alone are handled. However,
distributors and users of nitrogen solu-
tions use aluminum equipment because
it is much more resistant to such solu-
tions than is mild steel. When dis-
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tributors take on the additional venture
of making or distributing liquid mixes
and farmers start using them, corrosion
becomes a problem because of the need
to handle the new product in the ex-
isting aluminum equipment.

The only available data on the use of
aluminum for liquid mixed fertilizers
were reported recently by Vreeland
and Kalin (70), who tested aluminum,
mild steel, and stainless steel in various
liquid mixtures. Stainless steel was
not measurably affected but mild steel
and aluminum were attacked; hence,
Vreeland and Kalin suggested use of
stainless steel for liquid mixed fertilizer
equipment. However, the use of mild
steel and aluminum is so firmly en-
trenched in industry practice that it is
desirable to know what degree of cor-
rosion will be found at varying levels
of such factors as solution composition,
temperature, aeration, welding, use of
inhibitor, and type of alloy.

Measurements

Test Procedure. The submerged im-
mersion type of corrosion test was used
(9). Most of the tests were carried
out in a thermal block test apparatus
(Figure 1) and conformed in general to
the procedure given in ASTM Designa-
tion A-224-46. Disk-type specimens ¥/,
to 2 inches in diameter and 1/5¢ to 1/
inch thick, each having a hole #/¢4 inch
in diameter at its center, were used.
Welded specimens were prepared by
cutting the disks in half, beveling the
cut edges, and welding the halves
together. The specimens were cleaned
with acetone or toluene and air-dried.

The specimens were hung on glass
lift rods centered in the test tubes and
extended nearly to the bottom. The
action of cams lifted and lowered the
specimens through a distance of 1 inch,
19 times per minute. Thus, the average
linear velocity of the specimens through
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the test solution was 3.16 feet per minute.
Cold water flowed through a condenser
in the top of each tube to prevent ex-
cessive loss of water from the solution.
When aeration of the solution was de-
sired, hollow lift rods were used and air
was passed through them at the desired
rate. Temperature of the solution was
controlled to within 3° F. of the de-
sired value in tests at elevated tem-
peratures; in those conducted at ambient
temperature, the test temperature varied
with the season, approximately between
30° and 100° F. Equipment limitations
prevented closer control in the latter
tests. The mean temperature during the
test period is the test temperature,

At the end of the 28-day test period,
the specimens were removed and
scrubbed with a soft wire brush to
remove corrosion products, after which
they were dried and weighed to de-
termine weight loss.

Tests carried out at 200° F. were
made in a bomb to prevent loss of
ammonia. Several specimens were
mounted in the bomb with glass spacers
between them and sufficient solution to
submerge the specimens was added.
The sealed bomb was submerged in a
constant temperature bath and oscil-
lated with a cam mechanism. The
cam turned 19 revolutions per minute
and lifted and lowered one end of the
bomb through a distance of 2 inches.
The specimens were handled the same
as for the thermal block apparatus.

Materials. The metals tested in-
cluded mild steel, stainless steel, and
various aluminum alloys. All the ma-
terials were from regular mill products
and were representative of commercially
available materials. Typical steel com-
positions are given in Table I.

The aluminum alloys were chosen
from the types currently used in storing
and applying nitrogen solutions as well
as those likely to be used for this pur-
pose in the future. Magnesium alloys
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Figure 1. Section through thermal
block, corrosion-testing apparatus

such as 5052 and 5154 are widely used
in tank construction and 6061 in making
piping. High-copper types such as 2011
are used in making parts on screw ma-
chines and a high-silicon type such as
4043 in making castings. In addition,
wrought aluminum (1100), a manganese
allov (3003), and a high-magnesium,
low-copper alloy were included. These
are used in various ways and are noted
for corrosion resistance. Typical com-
positions of the aluminum allovs are
given in Table II.

The liquid mixed fertilizer test solu-
tions were prepared from reagent grade
salts and deionized water. The salts
used were monoammonium phosphate,
diammonium phosphate, ammonium ni-
trate, urea, and potassium chloride.

Design of Experiments and Inter-
pretation of Data, Because of the large

number of variables which possibly could
affect corrosion rate, the tests were set up
in a statistical design. By this means,
identification of significance could be
made with a minimum number of tests
and any interactions between variables
could be identified. The factorial type
of design was used, and in many cases
“partial factorials’” were employed when
it was believed that the additional in-
formation which could be obtained
from a complete factorial was not worth
the time and cost of the additional tests.

High-order interactions are normally
considered to be the result of experi-
mental error rather than an actual re-
lation between variables; therefore, such
interactions were used in calculating the
experimental error. In addition, pre-
liminary tests showed that several of
the variables had no significant effect
on corrosion rate. As these tests were
in effect duplicates, they were also
used in computing the error. The
standard deviation was estimated by these
means to be about 25% of the corrosion
rate, which agrees with results from
previous work in which the same
method of testing was used.

As the corrosion rate approaches a
limiting value (zero), a logarithmic
rather than an arithmetic basis was
used in comparing results. The simple
interactions were identified and quanti-
tative expressions were derived for the
combined effect of variables on cor-
rosion rate for those metals which were
most susceptible to corrosion.

Corrosion of Aluminum Alloys

In tests on aluminum, the alloys listed
in Table II were tested with fertilizer

Table I. Composition of Steels Used in Corrosion Tests
Composition, T*
Type o Mn P s Ni Cr Mo Si
Mild steel

(AISI

C1042) 0.4-0.47 0.6-0.9 0.04 0.05 .... ...
316 0.1 2.0 0.04 0.03 10.0-14.0 16.0-18.0 2.0-3.0 1.0
430 0.12 1.0 0.04 0.03 ..... 14.0-18.0 1.0

¢ Composition in per cent maximum unless shown as a range.

solutions having plant nutrient ratios
of 1:1:1, 1:1:0, 1:3:1, and 1:3:0 (Table
III). The experimental design included
eight factors, discussed below, which
might have an effect on corrosion rate.
The conclusion as to significance in
each case is based on a 959 confidence
level.

Degree of Ammoniation. In prac-
tice, practically all liquid mix producers
react enough ammonia with the phos-
phoric acid 10 give an ammonia to
phosphoric acid mole ratio of about
1.69 (8). This corresponds to a 1 to
3 nitrogen to phosphorus pentoxide
weight ratio and is a good compromise
between loss of ammonia at higher am-
moniation rates and increase in raw
material cost if less of the relatively
cheap ammonia is used. However, the
1.69 ratio is not the best for solubility,
which is highest for many grades at a
ratio of about 1.55. As in some areas
salting-out temperature is of primary
importance, degree of ammoniation was
included as a test variable to determine
the effect on corrosion rate. Reducing
the ammonia to acid ratio lowers the
pH somewhat (Table IV). However, no
significant effect on corrosion rate was
noted for degree of ammoniation in the
1.69 to 1.55 range.

Phosphate-Nitrogen Ratio. The
phosphate content of the solutions was
one of the most significant factors studied.
The high-phosphate types (phosphorus
pentoxide to nitrogen weight ratio =
3) were considerably more corrosive
than the low-phosphate types (phos-
phorus pentoxide to nitrogen = 1).
The mean increase in corrosion rate
between the high and low levels was 3.3-
fold. This effect was independent of
other variables except welding, alloy
type, and potassium oxide to nitrogen
ratio.

There was a major interaction with
the potash content, the adverse effect
of high phosphate being much in pot-
ash-containing  solutions.  Similarly,
the high phosphate intensified corro-
sion to a greater degree with alloy
3003 than with other alloys. The high-
magnesium alloy was least affected by

Composition, T

Composition of Aluminum Alloys Used in Corrosion Tests®

Table II.
Type Si Fe

1100-H14 (1.00)®

2011-T3 0.40 0.70
3003-H14 0.60 0.70
4043¢ 4.5-6.0 0.80
5052-H32 (0.45)

5154-H32 (0.45)

6061-T6 0.40-0.80 0.70
High-Mg¢? alloy 0.20 0.20

« Composition in per cent maximum unless shown as a range (5).
¢ Casting alloy. Specimens were castings made for use as nozzle clamps.

Cu Mn Mg

0.20 0.05

5-6

0.20 1-1.5

0.30 0.05 0.05

0.10 0.10 2.2-2.8 0.

0.10 0.10 3.1-3.9 0.
0.15-0.40 0.15 0.8-1.2 0.

0.05 0.10-0.20 6.5-7.5

® Si + Fe.

Cr Zn Ti Others
0.10 0.15
0.30 0.15
0.10 0.15
0.10 0.20 0.15
0.35 0.20 0.15
0.35 0.20 0.20 0.15
0.35 0.25 0.15 0.15
0.00 0.10-0.25 Low

4 Sources of chemical analysis (4).
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Table Il
Temp., Test
Alloy °F Conditions®
1100-H14 64 A, CG
64 A, D, G
64 B, C, G
64 B, D,G
72 B, C
72 B,C,E
80 A, C
80 A, D
80 B, C
80 B, D
122 B, C
122 B, G, E
2011-T3 72 B, C
7 B, E
80 B, C, G
3003-H14 44 B, C
44 B,C,E
44 B.C,F
44 B, C, G
44 B,C,E,F
44 B,C,E. G
44 B,C,F,G
44 B,C,E,F,G
72 B, C
7 B,C, E
72 B, D
72 B,D,E
122 B, C
122 B, C, E
4043 80 B, C
5052-H32 72 B, C
72 B, C
72 B,C,E
80 B,C, G
122 B, C
122 B,C,E
5154-H32 72 B, C
72 B, E
80 B.C, G
6061-T6 72 B, C
72 B, E
80 B, C, G
High-Mg alloy 72 B, C
72 B,C E
122 B, C
122 B,C, E
+ A, mole ratio NH;: H;PO, = 1.55.
B, mole ratio NH;: H;PO, = 1.69.

Corrosion of Aluminum Alloys in Liquid Fertilizers

Corrosion Rate, Mils Penetration/Yr.

8-8-8 10-10-10 12-12-0 6-18-6 8-24-0
5.2 32.8
7.0 38.0°
6.7
6.7
5.0 48 .4
0.4 1.2 1.3
6.5
5.6
12.1 83.5
10.5
120.3 42.8
5.2 39 7e
6.2 35.3 16.5 61.8
39.6
5.9
1.6 24.2
1.4 1.9
29.7 147
12.9 13.2
1.0 7.4
1.4 3.1
6.7 25.9
2.3 1.4
32.2 18.5
0.4 7.7
34.4
1.2
14.6 280.5
4.2 5.6
9.2 76.1 22.5 86.8
7.0 38.7 16.8 99.6
31.1 18.9
0.1 3.2
7.0
9.1 353
12.9 2.8
9.0 40.4 16 104.4
3.4
8.9
6.6¢ 34.2 29.0 101.8
8.2
4.5
26.1 14.7
1.1 5.0
6.3 136
21.2 15.9

C, supplemental nitrogen (if any) supplied as ammonium nitrate.

D, supplemental nitrogen (if any) supplied as urea.

E, inhibitor (0.19, Na.Cr,O7) added to solution.

F, solution aerated at the rate of 0.02 cubic foot per minute.

G, specimen welded by the acetylene welding process with welding rod containing 94.0
to 94.5% aluminum and having silicon as the major impurity.

b Localized attack on weld.

¢ Uninhibited 8-24-0 at 175° F. gave a rate of >1600 mils per year.

pletely destroyed.

Sample was com-

¢ Pitted at rate equivalent to 117 mils penetration per year.

the phosphate to nitrogen ratio. High
phosphate content as a rule had the
most adverse effect when the other vari-
able was at its most beneficial level.
Potash-Nitrogen Ratio. One of the
more surprising results of the study was
the beneficial effect of potash. Corro-
sion was expected to increase because the
potash is associated with chloride, one
of the most corrosive agents to alumi-
num. However, the presence of pot-
ash (potassium oxide to nitrogen = 1)
reduced corrosion by as much as 839
as compared to nonpotash solutions.
There were interactions with phos-
phorus pentoxide to nitrogen ratio (as
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discussed above), presence of inhibitor,
and welding.

The beneficial effect of potash and a
low phosphate nitrogen ratio is shown
in Figure 2.

The mechanism of the protection by
potash is not clear. Samples exposed
to potash-containing solutions developed
a thin, white coating whereas those in
nonpotash solutions did not. The latter
often produced a white corrosion prod-
uct but it was dispersed in the solution
rather than attached to the alloy surface.
The adherent coating produced by the
potash solutions was removed easily by
the washing involved in the weighing
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Table IV. pH of Liquid Mixed
Fertilizers
Source of
NH3/H:PO; Supplemental
Grade Mole Ratio Nitrogen pH
12-12-0 1.69 NH.NO; 6.3
1.69 Urea 7.0
1.55 NHNO; 5.9
1.55 Urea 6.6
8-8-8 1.69 NH,NO; 6.5
10-10-10 1.69 Urea 7.0
8-8-8 1.55 NH,NO; 6.0
10-10-10 1.55 Urea 6.5
6-18-6 1.69 6.4
8-24-0 1.69 6.4
procedure. The aluminum corrosion

products were identified as ammonium-
alumino phosphates with part of the
ammonium replaced by potassium in
the product from potash-containing
solutions. Possibly the presence of the
potassium in the crystal lattice makes the
compound adhere more closely to alu-
minum. However, sufficient data to es-
tablish this were not obtained.

Urea vs. Ammonium Nitrate. Liquid
mixtures having a nitrogen to phosphorus
pentoxide weight ratio higher than 1 to 3
require a supplementary source of
nitrogen in addition to the ammonia
used in neutralizing phosphoric acid.
The majority of producers use urea
rather than ammonium nitrate because
higher solubility is obtained. How-
ever, some use ammonium nitrate and
there is a growing trend roward urea-
ammonium nitrate solution. The rela-
tive contribution of the two materials
to corrosion was one of the variables
considered in this study.

There was no significant difference
between corrosion rates in solutions con-
taining urea and those containing am-
monium nitrate. As shown in Table
IV, substitution of urea for ammonium
nitrate increased the pH by half a unit
or more. However, this was not suffi-
cient to affect corrosion significantly.

Use of Inhibitor. Inhibitors are
widely used for protecting aluminum
alloys. For example, strong calcium
chloride brines are successfully handled
by using sodium dichromate as an in-
hibitor (2). The mechanism involved
is polarization of anodic areas (3).

Addition of 0.19, sodium dichromate
to the solutions decreased corrosion in
most instances by about 909;. There
were slight differences in effect between
potash-containing and nonpotash solu-
tions, and considerable differences among
alloys and between temperatures. At
72° F. the corrosion rate was reduced
949, by the inhibitor; at 122° F. the
reduction was 849,. Alloy 5052 was
particularly well protected by the
inhibitor while the high-magnesium
alloy and 2011 alloy were least protected.
The inhibitor was not very effective
for 2011 alloy in 8-24-0.









Table VI.

Alloy without Inhibitor

Values for Constants in Equation for Corrosion of Aluminum by Liquid Fertilizers

Alloy with Inhibitor

High Mg High Mg
Constant 1100 3003 5052 alloy 1100 3003 5052 alloy
a —0.0664 0.3816 0.5079 0.6808 —2.3415 —0.6968 —2.1496 —1.4411
b 0.2604 0.2718 0.2767 0.2022 0.2604 0.2718 0.2767 0.2022
c —0.2075 —-0.9217 —0.4201 —0.1530 0.1265 —0.9217 —0.2537 0.3046
d 0.01475 0.00956 0.01078 0.00726 0.0259%4 0.00956 0.02389 0.02098
e —0.00531 0.00367 —0.00677 —0.00688 —0.00531 0.00367 —0.00677 —0.00688
Table VII. Some Calculated and Observed Corrosion Rates for Aluminum Alloys in Liquid Fertilizers®
Grode of Temp., Corrosion Rate, Mils Penetration per Yr.
Fertilizer °F. Inhibitor? 1100 3003 5052 High Mg alloy
12-12-0 72 No 18 0 22.0(32.2) 36. 3(34 9) 25.5(26.1)
72 Yes 0.6 4) 1.8 1.9
122 No 98.6 ( 20.3 66.1 125 58.7
122 Yes 1 5.5(4.2) 11.0(12.9) 20.9(21.2)
8-24-0 72 No 59.8 (48.4) 76.8 130(99.6) 64.6
72 Yes 2.0(1.3) 6.4(7.7) 2.5(3.2) 4.7(5.0)
122 No 327 231(280) 448 (353) 149 (136)
122 Yes 40.3(39.7) 19.3 39.3 53.1
8-8-8 72 No 4.6(5.0) 4.8 4.5(7.0) 5.7
72 Yes 0.3 0.4(0.4) 0.1(0.1) 1.2(1.1)
122 No 13.7 22.2(14.6) 7.2(9.1) 6.0(6.3)
122 Yes 3.7(5.2) 1.9 0.9 6.1
6-18-6 72 No 15.4 16.9(18.5) 6.1(17.6) 14.5(14.7)
72 Yes 1.1(1.2) 1.4 0.5 3.1
122 No 45.6(42.8) 77.6 25.6 15.2
122 Yes 12.1 5(5.6) 3.2(2.8) 15.5(15.9)
9-18-0 72 No 32.8 41 .1 68.6 40.5
122 No 180 124 237 93.5
7-14-7 72 No 8.5 9.1 8.5 9.1
122 No 25.0 41.5 13.5 9.5
8-16-4 72 No 16.7 19.3 24 .2 19.2
122 No 67.1 71.7 56.8 29.8
10-10-5 72 No 9.1 10.3 12.8 12.1
122 No 36.8 38.3 30.0 18.7
8-24-4 72 No 30.3 36.1 45.8 30.6
122 No 122 134 107 47.5

¢ Quantities in parentheses indicate observed corrosion rates.

5 0.1% Na:CryO-.

Table VIII. Comparison of Test
Data for 3003 Alloy

Corrosion Rate,
Mils Penetration per Yr.

Vreeland and Present
Solution® Kalin (10)? study®
6-6-6 21.3 33.0
10-10-5 38.9 54.1
8-24-0 300.6 308
3-9-9 37.1 16.2
¢ Supplemental nitrogen from ammo-
nium_ nitrate.  Solution temperature,
135° F.

® Computed on basis of submerged area.
¢ Calculated from Equation 1.

washed out well after use the life would
be extended and a nonacceptable or
dubious rating thereby changed to an
acceptable one. The same considera-
tion would apply to storage tanks if
they were emptied and washed at the
end of the busy season.

The above precautions are most
necessary with low-potash, high-phos-
phate solutions. To the extent that
these can be avoided, the situation would
be improved. Thus the corrosion prob-

lem will vary between areas because of
differences in grades used.

Corrosion of Mild Steel

Tests at Room Temperature. Use of
mild steel for storing and handling liquid
mixtures is apparently satisfactory (7).
However, as no data on corrosion
at ambient temperature are available,
some tests were included in the present
study (Table IX). Variables were in-
cluded as in the test on aluminum.

All the variable combinations tested
gave values well within the fully ac-
ceptable range. The corrosion rates
were so low that any effect of variables
had little practical significance. The
only one that gave an appreciable in-
crease in corrosion was high phosphorus
pentoxide to nitrogen ratio.

Although rates were very low, speci-
mens exposed to potash-containing solu-
tions rusted quickly on subsequent ex-
posure to air (Figure 4). A series of
tests was made to determine the extent
of corrosion which might result from
this cause in filling and emptying tanks
in practice as well as from tanks and
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equipment standing empty for extended
periods. The standard 28-day test was
used but the specimens were alternately
immersed in the solution and suspended
in air. During the first 14 days the
immersion period was 8 hours followed
by suspension in air for 16 hours; during
the last 14 days this was reversed. Thus
the specimens were suspended in air
for one half the time. After completion
of the 28-day test the specimens were
exposed to air for 6 months and the
weight loss determined (Table X).

Again all combinations of variables
gave values well within the fully resistant
range. Corrosion on further exposure
to air was negligible. In the initial
tests, the use of inhibitor had the most
significant effect of any of the variables,
reducing the corrosion rate by about
909 (mean value). However, the level
of corrosion is so low that use of inhibitor
would hardly be warranted.

A solution of potassium chloride was
included to test the eflect of potash
alone. The relatively high corrosion
rate obtained indicates a strong chemical
interaction between the potash and other
constituents in mixtures, as addition of
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