
CORROSION IN FERTILIZER EQUIPMENT 

Corrosion of Metals by Liquid 
Mixed Fertilizers 

J. D. HATFIELD, A. V. SLACK, 
G. 1. CROW, and H. B. SHAFFER, Jr. 

Tennessee Valley Authority, 
Wilson Dam, Ala. 

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. Beneficial conditions 
were presence of potash and use of inhibitor. There were some differences in resistivity 
of the aluminum alloys, but the effects of solution variables were much more important. 

RODUCTION O F  LIQUID FERTILIZERS P 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 a t  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- 

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 '/ le to l / '4  

inch thick, each having a hole 23/~4 inch 
in diameter a t  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 

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. 
M'hen 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 constructii2n and 6061 in making 
piping. High-copper types such as 201 1 
are used in making parts on screw ma- 
chines and a high-silicon type such as 
4043 in making (castings. In  addition, 
wrought aluminum (1 loo), a manganese 
alloy (3003). and a high-magnesium, 
low-copper alloy were included. These 
are used in various \vays and are noted 
for corrosion resistance. Typical com- 
positions of the aluminum alloys are 
given in Table I1 

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 lvhich 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 a n  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 

I n  tests on aluminum, the alloys listed 
in Table I1 were tested with fertilizer 

Table 1. Composition of Steels Used in Corrosion Tests 
composition, - 

Type C M n  P S  N i  C r  Mo Si 
Mild steel 

(AIS1 
C1042) 0.4--0.47 0.6-0.9 0 . 0 4  0 .05  , . , , . . . . .  . . .  . . .  

31 6 0 . 1  2 . 0  0 . 0 4  0 . 0 3  10.0-14.0 16.0-18.0 2 .0-3 .0  1 . 0  
430 0 .12  1 . 0  0 . 0 4  0 . 0 3  . . . . . 14.0-18.0 . . . 1 . 0  
a Composition in per cent maximum unless shown as a range. 

solutions having plant nutrient ratios 
of l : l : l ,  1:1:0, 1:3:12 and 1:3:0 (Table 
111). 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 95% confidence 
level. 

Degree of Ammoniation. In prac- 
tice, practically all liquid mix producers 
react enough ammonia with the phos- 
phoric acid to 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 I\'). 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 

Table II. Composition of Aluminum Alloys Used in Corrosion Tests" 

Composifion, % 
Type Si Fe c u  M n  M g  C r  Z n  ri Others 

1100-H14 (1 . O O ) *  0.20  0 .05  
201 1 -T3 0.40  0 70 5-6 

0 .10  
n R n  

0 .15  
n i i  " . J V  V .  I., - _  

3003-H14 0 .60  0 : 7 0  0 . 2 0  1-1.5 0 .10  0 .15  
4043. 4 .5-6 .0  0 .80  0 .30  0 . 0 5  0 .05  0 . 1 0  0 .20  0 .15  
5052-H32 (0.45)b 0 . 1 0  0 .10  2.2-2.8 0.15-0.35 0 .20  0 .15  
5154-H32 (0.45)b 0 .10  0 .10  3 1-3.9 0.15-0.35 0 . 2 0  0 .20  0 . 1 5  
6061-T6 0.40-0.80 0 . 7 0  0.15-0.40 0 .15  0 .8-1 .2  0.15-0.35 0 .25  0 . 1 5  0 .15  
High-Mgd alloy 0 . 2 0  0 . 2 0  0 . 0 5  0.10-0.20 6 .5-7 .5  0 . 0 0  0.10-0.25 Low 
a Composition in  per cent maximum unless shown as a range (5). * Si + Fe. 

Casting alloy. Specimens were castings made for use as nozzle clamps. d Sources of chemical analysis ( J ) .  
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Table 111. Corrosion of Aluminum Alloys in liquid Fertilizers 
Test Corrosion Rote, Mils PenefrofionlYr. T e m p ,  

Alloy F .  Condif ionP 8-8-8 70-10-10 12-12-0 6-18-6 8-24-0 

11 00-H14 64 A, C, G 5 2  32 8 
64 A. D, G 7 0 38 O b  
64 B, C .  G 6 7  
64 B, D, G 6 7  
-2 B, C 5 0  48 4 
72 B, C, E 0 4  1 2  1 3  
80 A, C 6 5  
80 A ,  D 5 6  
80 B. C 12 1 83 5 
80 B: D 10 5 

122 B, C 120 3 42 8 
122 B, C, E 5 2  39 7c 

2011-T3 

3003-H14 

4043 

72 B, C 6 .2  
72 B, E 
80 B: C, G 5 . 9  
44 B, C 1 . 6  
44 B: C .  E 
44 B? 
44 B, 
44 B, 
44 B. C :  
44 
44 
72 
72 
72 
72 

122 
122 
80 

6 .7  

0 . 4  

1 . 2  
14.6 

9 . 2  
5052-H32 72 B, C 7 . 0  

72 B, C, E 0 . 1  
72 B, C 

80 B. C. G 7 . 0  
122 B; C' 9 . 1  
122 B? C, E 

35.3 16 .5  61.8 
39.6 

1 4  
29.7 
12 9 

1 9  
14 7 
13.2 

24.2 

7 .4  
3.1 

2 5 . 9  
2 . 3  1 . 4  

32.2 18 .5  

34.4 
7 . 7  

280.5 

76.1 22.5 86 .8  
4 .2  5 .6  

353 
12.9 2 . 8  
40.4 16.3 104.4 

3 .4  

605 1 -T6 72 B, C 6.bd 34 2 29 0 101 8 
72 B. E 8 .2  
80 B, C, G 4 .5  

A,  mole ratio NH3:H3POa = 1.55. 
B3 mole ratio "3: H3POI = 1 .69. .. ~ 

C, supplemental nitrogen (if  any) supplied as ammonium nitrate. 
D: supplemental nitrogen (if any) supplied as urea. 
E, inhibitor (0.1 % Na2Cr207) 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 

Localized attack on weld. 
to 94.5Yo aluminum and having silicon as the major impurity. 

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

Pitted at rate equivalent to 117 mils penetration per year. 

Sample was com- 
pletely destroyed. 

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 Jvith 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 83% 
as compared to nonpotash solutions. 
There were interactions with phos- 
phorus pentoxide to nitrogen ratio (as 

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 \vhite 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 \\'as removed easily by 
the Lvashing involved in the Lveighing 

Table IV. pH of liquid Mixed 
Fertilizers 

Source o f  
NH3/H3POd Supplemenfol 

G r a d e  M o l e  Rofio Nifrogen p H  

12-1 2-0 1 69 ",NO, 6 3 
1 69 Urea 7 0  
1 55 NH4N03 5 9 
1 55 Urea 6 6  

8-8-8 1 69 NH4SOq 6 5 
10-10-10 1 69 Urea 7 0  
8-8-8 1 5 5  NHJO? 6 0 
10-10-10 1 55 Urea 6 5  
6-1 8-6 1 69 6 4  
8-24-0 1 69 6 4  

procedure. The aluminum corrosion 
products \vere identified as ammonium- 
alumino phosphates lvith part of the 
ammonium replaced bv potassium in 
the product from potash-containing 
solutions. Posqibly 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 us. Ammonium Nitrate. Liquid 
mixtures having a nitrogen to phosphorus 
pentoxide Lveight 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 toivard urea- 
ammonium nitrate solution. The rela- 
tive contribution of the t\vo 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 
IT', substitution of urea for ammonium 
nitrate increased the pH by half a unit 
or more. However, this \\as 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 a n  in- 
hibitor (2). The mechanism involved 
is polarization of anodic areas (3) .  

.4ddition of 0.1% sodium dichromate 
to the solutions decreased corrosion in 
most instances by about 90%. There 
were slight differences in effect between 
potash-containing and nonpotash solu- 
tions. and considerable differences among 
allovs and between temperatures. At 
72' F. the corrosion rate was reduced 
947, by the inhibitor; a t  122' F. the 
reduction \vas 84%. Allov 5052 was 
particularlv \vel1 protected by the 
inhibitor \vhile the high-magnesium 
alloy and 2011 alloy \.rere least protected. 
The inhibitor was not verv effective 
for 201 1 allov in 8-24-0. 
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As the sodium dichromate was ef- 
fective, other commonly used inhibitom- 
such as other chromates, gelatin, or 
sodium silicate-were not tested. Pos- 
sibly a lower concentration of the di- 
chromate would he adequate, but this 
was not investigated. Another consid- 
eration is that a lower chromate level 
might be desirable to avoid possible 
toxicity to plants (6). 

The effect of welding on 
corrosion was studied in 20 tests. Al- 
though there was no independent sig- 
nificance, the effect in relation to other 
variables was significant. Welding had 
an adverse effect a t  the most beneficial 
level of variables such as phosphorus 
pentoxide to nitrogen ratio, potassium 
oxide to nitrogen ratio, and aeration; 
a t  the most adverse level of these vari- 
ables, however, welding had a small 
beneficial effect, Pitting of welded 
areas was rare; however, it occurred 
more frequently in inhibited than in 
noninhibited solutions. 

Aeration. Tests on the effect of 
aeration were all made with alloy 3003. 
A mean increase in corrosion rate of 2.4- 
fold was obtained with nonwelded 
specimens but the effect on welded ones 
was not significant. 

Of the eight alloys 
tested, no one allay was markedly 
superior or inferior to the other alloys 
under all conditions. Certain alloys, 
however, were either resistant or suscep- 
tible to attack for specific conditions. 
Alloy 1100 was the most resistant 
alloy a t  room temperature, while alloy 
3003 gave the best results a t  the high 
temperature (122' F.), The high-mag- 
nesium alloy was superior to the other 
alloys in uninhibited solutions. Alloy 
5052 corroded least of all alloys in the 
presence of inhibitor or in potash-con- 
taining solutions, but it did not with- 
stand high-phosphate, nonpotash solu- 
tions very well. Alloy 5154 appeared 
to parallel the behavior of alloy 5052 
a t  room temperature. Alloys 2011 and 
6061 likewise corroded similarly to 
alloy 5052 a t  room temperature with 
some exceptions. Allay 201 1 was rela- 
tively resistant to 8-24-0, but adding 
inhibitor to this solution was rather 
ineffective. Alloy 6061 was corroded 
somewhat more in 6-18-6 than were the 
other alloys. Alloy 4043 casting was 
attacked relatively severely by 12-12-0. 

Corrosion of aluminum by neutral 
solutions normally takes the form of 
pitting rather than general surface 
attack (2). Under the conditions of ~ 

this study, however, no pitting was 
observed on any of the unwelded sam- 
ples exposed a t  room temperature except 
for 6061. In  8-8-8 solution, this alloy 
was pitted severely, to a depth equiva- 
lent to 117 mils penetration per year. 
This was not observed in tests of 6061 
with other solutions. 

Welding. 

Type of Alloy. 

Figure 2. Protective effect of potash and low phosphate-nitrogen ratio 
left. 
rosion rate WOI 280.5 mils per yeor. 
Corrosion rote WOI only 14.6 mils per yeor 

Aluminum alloy 3003 expored to 8-24-0 101~tion ot 122- F. Sample almost destroyed; cor- 
Some alloy exposed to 8-8-8 solution ot 122' F. Right. 

Effect of Temperature. Most of the 
tests in this study were run at ambient 
temperature (mean temperature of 44' 
to 80' F.). However, in practice higher 
temperatures would be encountered a t  
times, either from handling uncaoled 
solutions from the neutralizing tank 
or because of heating of tanks and 
application equipment by the sun. 
For this reason a set of tests was made 
a t  122' F. Corrosion was considerably 
more severe a t  the higher temperature. 
Ratios of the rates a t  122' and 72O F. 
were 10.1, 2.7, 5.0, and 3.4 for allays 
1100, 3003, 5052, and the high-mag- 
nesium alloy, respectively. The effect 
was independent of the phosphorus pent- 
oxide to nitrogen ratio but there were 
significant interactions with both the 
potassium oxide to nitrogen ratio and 
the presence of inhibitor. The latter 
interaction was highly significant in 
that the temperature effect was 2.7- 
fold in uninhibited solutions compared 
to a n  8.0-fold increase in inhibited 
solutions. 

Typical surface conditions of speci- 
mens tested a t  122' F. are shown in 
Figure 3. 

Pitting was observed on the specimens 
tested at high temperature in inhibited 
6-18-6 and 8-24-0 solutions, the latter 
being especially severe. Apparently the 
amount of inhibitor was not sufficient to 
fully protect against the high phosphate 
content and pitting therefore was pro- 
moted, This is a common effect in 
use of inhibitors with aluminum (2). 

Nature of Corrosion Products. 
Many of the samples contained a sus- 
pension of white corrosion product after 
the exposure period. At high corrosion 
rates, the precipitate was large and 
voluminous. Microscopic examination 
showed two phases present-manoam- 
monium phosphate and an unidentifiable 
insoluble phase. The two phases were 
separated by filtering, repulping, and 
refiltering several times, and washing 
with acetone. Chemical analyses of 
the insoluble products are shown in 
Table V. 

VOL. 

The analyses indicated that the in- 
soluble products were hydrated ammo- 
nium-aluminum phosphates or amma- 
nium-potassium-aluminum phosphates, 
appearing as single crystalline phases. 
The x-ray diffraction pattern of com- 
pound I was distinctly different from 
those of compounds I1 and 111; the 
latter two materials had similar x-ray 
patterns, perhaps because of isomorphous 
suhstitution of potassium ion for ammo- 
nium ion in the crystal lattice. The 
product compositions correspond fairly 
well with the postulated formulas. The 
probable exchange of the univalent 
cations-ammonium, potassium, and hy- 
drogen-from the media with the cor- 
rosion products precludes any absolute 
identification of the formulas. Pre- 
sumably a series of compositions is 
possible of the general formula [(NH,), 

+ b + c = 3, and n, m, and x are 
integers. The x-ray pattern changes, 
perhaps, only with n, m, and x. 

Quantitative Correlation of Vari- 
ables. An equation was developed 

(K),(H).I,,AI,(POn), xHtO where (1 

which expresses rhe corrosion rate in terms 
of three of the main variables: 

logy = a + b(PxOe:N) + c(K20:N) + 
d T  + e(KsO:N)(T) (1) 

where y is mils penetration per year, 
T is ' F., and PsO6:N and K3O:N 
are weight ratios. The equation ap- 

~ 

plies only to -the ranges studied-Le., 
P20s :N  = 1 to 3, Ks0:N = 0 to 1, 
and T = 7Z0 to 122O F. As there were 
interactions also with type of alloy and 
presence or absence of inhibitor, the 
parameters of Equation 1 varied with 
these factors. Values for different com- 
binations are given in Table VI for 
four alloys-1100, 3003, 5052, and the 
high-magnesium alloy. The use of 
Equation 1 to predict the corrosion 
rates of the other alloys is not warranted 
inasmuch as their temperature effects 
and interactions were not determined. 

Values calculated from Equation 1 for 
several fertilizer grades and alloys are 
given in Table VII.  Observed values 
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Figure 3. Corrosion of wrought aluminum at 122' F. 
Left. Medium ottock (42.8 mils per year) by  6-18-6 s~lution 
Center. Heavy attack ( 1  20.3 mils per yeor) by 12-1 2-0 
Right. Pitting ottock by 8-24-0 containing inhibibr, with over-all corrosion at 39.7 mils per year 

show the degree to which the equation 
fits the experimental data. For the 
combinations not tested in the present 
study the following assumptions are 
made: The effects of the variables 
phosphorus pentoxide to nitrogen, po- 
tassium oxide to nitrogen, and tempera- 
ture are continuous and linear over their 
respective ranges. The interactions he- 
tween variables for a particular alloy 
remain constant over the ranges of 
the variables-i.e., there are no signifi- 
cant interactions of third order or higher. 

Equation 1 was tested against data 
reported by Vreeland and Kalin ( I O )  
far alloy 3003. Their test conditions 
required some extrapolation in tem- 
perature and solution composition and 
their results, reported in terms of total 
specimen surface, were recalculated 
on the basis of submerged surface, 
which was only two thirds of the speci- 
men area. This seems reasonable as 
most of the attack an aluminum samples 
occurred in the liquid zone. The 
results of the comparison are given in 
Table VIII.  Agreement is very good 
for 8-24-0 and order of magnitude 
agreement is obtained for the other 
solutions. The greatest discrepancy is 
with 3-9-9, which involved extrapala- 
tion from the potassium oxide to nitrogen 
ratio of 1 to 1 in the present study 
to 3 to 1. I t  is not surprising that this 
extrapolation did not give good agree- 
ment, as it would hardly be expected 
that the second and third increments of 
potash would affect corrosion to the 
same degree as the first. 

Evaluation. Aluminum appears to 
be in a marginal category in regard to 
usability with liquid mixed fertilizers. 
Between the extremes of clearly accept- 
able and unacceptable results, several 
combinations of conditions gave corro- 
sion rates which may or may not he 
acceptable, depending on factors such 
as type of equipment, uniformity of 
corrosion over the metal surface, and 
the many economic factors which enter 
into the determination of acceptable 
life of equipment. Several arbitrary 

Table V. Properties of Insoluble Aluminum Corrosion Products 
Fertilizer Product Composition, % 

K 2 0  Compound* A l i O ~  Grade N P*OS A b 0 1  
3003b 12-124 7.7 5 2 . 1  24.6 . .  I 

8-24-0 8 . 5  43.5 1 5 . 2  I1 

6-18-6 3.6 40.4 16.1  12.6 Ill  
8-8-8 4.4 40.7 14.6 l 2 : 6  I11 

5O5Zc 12-12-0 8 . 5  43.5 1 5 . 6  . .  I1 
8-24-0 8.5 43.7 15.7 I1 
8-R-R 4 2  40 3 15 4 1 i . R  I11 ~~.~ ~~~ . . .  . .~ . 
6-18-6 4.5 40.7 14.6 12.8 I11 

Corresponds approximately to following formulas: 

% 
N P?Or AhOs KxO 

b Temperature, 122' F. 
r Temperature, 72" F. 

classification schemes are available in 
the literature hut they vary widely 
in the values specified for the various 
ratings. Most of them, however, list 
a value between 20 and 60 mils per year 
as the upper limit of the goad, satisfac- 
tory, or acceptable range. O n  this 
basis, the fallowing ratings are used in 
this paper: 
Fully acceptable 
Possibly acceptable 20-60 mils per year 
Not acceptable 

Even this is only an arbitrary and 
general classification. Laboratory tests 
can give only a general indication of 
what may occur in practice, where 
varying corrosion environments may 
exist in various steps of a single process. 

O n  the above basis, acceptable rates 
were obtained for all alloys in potash- 
containing solutions a t  room tempera- 
ture: however, acceptabilitv varied 

<20 mils per year 

>60 mils per year 

under other comhinations of conditions 
(Table VII).  

Although some of the combinations 
can he rated as acceptable, this applies 
only to situations in which the surface 
attack is fairly uniform-as was found 
in most of the tests. However, pitting 
of 6061 a t  room temperature was oh- 

m probably would be 
I evaluate the effect of 
tY. . ~ .  . .  

served and some welded samples pitted 
on the welded area. Vreeland and 
Kalin (IO) also found some pitting at- 
tack on unwelded samples in the vapor 
zone a t  elevated temperature. Pitting 
of aluminum is reported to he a matter 
of probability rather than a specific 
defect (7); pitting sites are thought 
to arise in random fashion through the 
interaction of numerous anodic and 
cathodic areas on the metal surface. 
Extended use tests probably would be 
required to fully evaluate the effect of 
pitting on usability. 

Of the factors which can be varied 
to favor use of aluminum, use of a n  
inhibitor is one of the most effective. 
With inhibitor, practically all the com- 
binations of conditions receive a fully 
acceptable rating. The principal ex- 
ception is 8-24-0 a t  122' F., which would 
he possibly acceptable. That  some 
plants have coolen is another favorable 
factor, as thesolutioncould be cooled to a 
generally noncorrosive level before stor- 
age or shipment. Time of exposure is 
an additional consideration, especially 
far transfer and application equipment. 
Such equipment may be used only a 
few months per year, so that if it were 
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Table VI. 

Consfonf 1 100 

a -0 06b4 
b 0 2604 
C -0 20"5 
d 0 01475 
e -0 00531 

______ ~~~~ ~ ~ ~ ~ ~ _ _ _ _ ~  ~ ~~~~ 

Values for Constants in Equation for Corrosion of Aluminum by liquid Fertilizers 
Alloy wifhout Inhibitor Alloy wifh Inhibitor 

H i i h x  High M g  
3003 5052 olloy 1100 3003 5052 olloy 

0.3816 0.5079 0.6808 -2.3415 -0.6968 -2.1496 -1.4411 
0.2718 0.2767 0.2022 0.2604 0.2718 0.2767 0,2022 

-0.9217 -0,4201 -0 1530 0,1265 -0.9217 -0,2537 0.3046 
0.00956 0.01078 0,00726 0.02594 0,00956 0.02389 0.02098 
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 Rofe, Mils Penetration per Yr. 
Ferfilizer F. Inhibitor* 1100 3003 5052 High Mg alloy 

12-1 2-0 72 No 1 8 . 0  22 . O  ( 3 2 , 2 )  3 6 , 3  (34 .9 )  25 .5  (26 .1 )  
72 Yes 0 . 6  ( 0 . 4 )  1 . 8  0 . 7  1 . 9  

122 No 98 .6  (120 .3)  6 6 . 1  125 58 .7  
122 Yes 12 .1  5 . 5  ( 4 . 2 )  l l . O ( l 2 . 9 )  20 .9  (21 . 2 )  

8-24-0 72 
72 

122 
122 

8-8-8 72 
72 

122 
122 

6-1 8-6 72 
72 

122 

No 
Yes 
NO 
Yes 
NO 
Yes 
No 
Yes 
No 
Yes 
No 

59 .8  (48 .4 )  
2 . 0 ( 1 . 3 )  

4 0 . 3  (39 .7 )  
327 

4 . 6 ( 5 . 0 )  
0 . 3  

1 3 . 7  
3 .7 ( 5 . 2 )  

1 5 . 4  
l . l ( l . 2 )  

45 6(42  8'1 

76 8 130(99 6)  
6 4 ( 7  7 )  2 5 ( 3  2 )  
231 (280) 448 (353) 

19 3 39 3 
4 8  4 5 f 7  o'i 

0 . 4  ( 0 . 4 )  
2 2 . 2 ( 1 4 . 6 )  

o i ( o . i j  
7 . 2 ( 9 . 1 )  

1 . 9  0.9 
1 6 . 9  (18 .5 )  16 .1  (17 .6 )  

1 . 4  0 . 5  
77 6 25 6 

64 .6  
4 . 7  (5  . O )  
149 (136) 

53 .1  
5 . 7  

1 . 2  ( 1 . 1 )  
6 . 0  ( 6 . 3 )  

6 . 1  
4 . 5 ( 1 4 . 7 )  

3 . 1  
1 5 . 2  - ,  

122 Yes 12 .1  6 . 5  ( j . 6 )  3 . 2 ( 2 . 8 )  1 5 . 5  (15 .9 )  
9-1 8-0 72 NO 3 2 . 8  4 1 . 1  68 .6  40 .5  

122 No 180 124 237 93 .5  
7-1 4-7 72 No 

122 No 
8-1 6-4 72 S O  

122 NO 
10-10-5 72 No 

122 No 

8 . 5  
2 5 . 0  
16 .7  
67 .1  

9 . 1  
36 .8  

9 . 1  
41 .5  
1 9 . 3  
71 .7  
1 0 . 3  
38 .3  

8 . 5  
1 3 . 5  
2 4 . 2  
56 .8  
12 .8  
3 0 . 0  

8-24-4 72 No 30 .3  3 6 , l  45 8 
122 NO 122 134 107 

a Quantities in parentheses indicate observed corrosion rates. 0 ,170  Na&rlOi. 

9 . 1  
9 . 5  

1 9 . 2  
29 .8  
12 .1  
18 .7  
30 .6  
47 .5  

Table VIII. Calmparison of Test 
Data for 3003 Alloy 

Corrosion Rote, 
Mils Penefrafion per Yr. 

Vreelond ond Present 
Solutiona K(zlin studyC 

6-6-6 2 1 . 3  33 .0  
10-10-5 3 8 , 9  54 .1  
8-24-0 300 .6  308 
3-9-9 37 .1  1 6 . 2  

a 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 \vere 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 a n  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 

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 
90% (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 effect 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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potassium chloride to a nonpotash solu- 
tion reduces corrosion significantly. 

Tests at Elevated Temperature. 
One of the most corrosive services for 
mild steel is in use as a holding vessel in 
conjunction with a small stainless steel 
reactor mounted inside it. Acid and 
ammonia react in the stainless steel 
vessel and the hot neutral solution flows 
out into the mild steel tank. In  such 
plants, the solution ordinarily is cooled 
by recycling through a cooler but the 
tank walls may be exposed a t  times to 
solution a t  a fairly high temperature. 
Moreover, there are instances of use of 
mild steel alone far the reactor. In  
normal plants, pipes, pumps, and tanks 
after the stainless steel reactor are ex- 
posed to elevated temperatures. 

Results of tests made a t  165' to ZOOOF.  
are given in Table XI. At the higher 
temperature, a somewhat greater degree 
of corrosion was encountered but all 
of the rates were either in the fully 
acceptable range or very close to it. 
The following variables had a signifi- 
cant effect: 

The high-phosphate types (1-3-x) of 
liquid fertilizers were three times as 
corrosive as the low-phosphate types 

The potash-containing liquid ferti- 
lizers (1-x-1) were 60% as corrosive as 
the nonpotash types (1-x-0). 

The addition of 0.1% sodium di- 
chromate decreased the corrosion rate 

Aeration a t  0.02 cubic foot per minute 

(1-1-x). 

95%. 

increased the corrosion rate 100%. 

The tests were not sufficient to iden- 
tify interactions between variables. 

Some of the specimens exposed to 
high-phosphate solutions and high tem- 
perature developed protective coatings 
similar to that produced by Parkerizing 
steel (Figure 5). The same effect, hut 
more pronounced, was observed on the 
specimen exposed to 10-10-10 solution 
a t  200" F. The effect appeared to be 
considerably reduced in solutions which 
were aerated or which contained inhihi- 
tor. Development of such a coating 
on equipment surfaces may give suhse- 

Table IX. Corrosion of Mild Steel by liquid Mixed Fertilizer at Room 
Temperature" 

Te*t Corrosion Rote, Mils Penetration per Yr. 
Conditionsk 8-8-8 70-70-70 72-12-0 8-24-0 9 . 3 - 2 9 . 9 4  

A, C 0 . 8  0 .9  
A, D 0 . 6  0 . 8  
B, C 0 . 6  0.6 1 .2  1.7 
B. D 0 . 4  0 . 6  
B; G 1.1 2.1 

a Approximate range, 75' to 100' F. A, mole ratio NH3:HaP04 = 1.55.  B, mole 
C, supplemental nitrogen (if any) supplied as ammonium ratio NHI:HIP04 = 1.69.  

nitrate. 

Table X. 

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

Corrosion of Mild Steel at Room Temperature under Conditions of 
Alternate Submersion in Liquid Fertilizers and Susoension in Air 

Corrosion Rate, Mils Penetration per Yr. 
Further Exoorure to 

Initio1 Tests Air for 6 Months 
Test Without With Without With 

Grade P H  Conditions* inhibitor inhibitork inhibitor inhib7tor 

8-8-8 

10-10-10 

6-6-12 

5-10-10 

6-12-12 

8-16-8 

0-0-1 6 .  a c  

5 . 9  
6 . 1  
7 . 0  
7 . 0  
5 . 8  
6 . 2  
6 2  
6 6  
5 . 9  
6.3 
6 . 8  
6 . 7  
5.8 
6 .2  
6.1 
6 .4  
7 .2  

0.8 

0 .9  

0 . 7  
1 . 5  

1 . 2  

0 . 8  

1 . 0  
2.0 

25.5 

0.9 
0.03 

0.4 

0.02 

0 . 2  
0.1 

0.1 

0 .1  

0.02 

0.04 

0.03 
0.01 

0.04 

0.03 

0 . 0 2  
0.02  

0.006 

0.02 
0.04  

0.05 

0.05 

0.05 
0.05 

0.05 

0 . 0 4  

AmoleratioNHa:H3POb = 1.55. B,maleratioNHa:HaPOI = 1.69. C, supplemen- 
tal nitrogen supplied as ammonium nitrate. D, supplemental nitrogen supplied as urea. 

b0 .1%N~pCr20 i .  26.5%KCIsolution. 

quent protection against solutions which 
do not form the coating. In  view of the 
generally low level of corrosion of mild 
steel, however, this possihility was not 
investigated and the conditions affecting 
development of the caatin, 0 were not 
investigated thoroughly. 

Evaluation. Mild steel was either 
fully acceptable or very close to it under 
all combinations of variables rested and 
no serious pitting was observed on any 
of the specimens. However, Vreeland 
and Kalin (70) found severe pitting in 
the vapor zone of tanks containing liquid 
mixed fertilizer. These tests were carried 

inks a t  135' F.  This 

effect has not been reported by plant 
operators, possibly because temperature 
level averages lower in practice. 

Corrosion of Stainless Sfeel 
Industrial use of stainless steel in liquid 

mixed fertilizer reactors has shown it to 
have a high resistance to the reactants 
and the product solutions. Tests were 
made, however, to get quantitative data 
an the corrosion rate of temperatures 
near the boiling point such as are reached 
in stainless steel reactors. A few tests 
were also included a t  room temperature. 
Corrosion rates were very low and 
most were negligible (Table XII). 

Figure 4. Rusting effect of potosh on mild steel 
left. Medium rusting by 6-12-12 101~tion. Center. Heavy rusting by 0-0-16.8 IKCI solutionl. Right. No attack by 8-24-0 dution 
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- 
Fiaure 5. Porkerizina effect on mild steel - - 

Left. 
Right. 

Medium Coating on specimen exposed to 9.3-29.9-0 solution at 175O F. 
No coating on specimen exposed to 9.3-29.9-0 at room temperature 

Center. Heavy ~ w t i n g  on specimen exposed to 10-10-10 at ZOOo F. 

Table XI. Corrosion of Mild Steel 
by liquid Mixed Fertilizer at 

Elevated Temperature 
C.,,.SiO" 
Rote, Mils 

Test Temp., Penelmtion 
Grode Conditions' F. per Yr. 

Table XII. Corrosion of Stainless Stec 

Test Temp., 
Gmde Condition' ' F. 

?I by liquid Mixed Fertilizer 
Corrorion Rote, 

Mils Penefrofion per Yr. 
Type 430 Type 3 I6 

n " 4  8-8-8 
10-10-10 

9.3-29.9-0 
12-12-0 

Room 
Room 

200 
200 
200 
175 

Room 

Y Y L  

0.1 
0.07 

<0.01 
1 . 3  
0.02 
0 .9  

0.01 
<0.01 

0 .7  8-8-8 B, C 165 1.6 
0 . 1  B, C, E 175 

10-10-10 A, D 200 0.7 
A, D, G 200 0.7 

12-12-0 B, C 175 2.1 
B, C, E 165 0.2 

6-18-6 B 175 5.1 
B, E 165 0 . 3  

8-24-0 B, E 175 0.2 
165 18.1 
175 7 . 7  

B, F 
B, G 
B,F, G 170 22.7 

9.3-29.9-0 A 175 7 . 6  
175 8.4 
170 22.1 

A, G 
A, F 

0 A, moleratioNHI:H3POI = 1.55. B, 
mole ratio NHI:HIPOI = 1.69. C, sup- 
plemental nitrogen (if any) supplied as 
ammonium nitrate. D, supplemental 
nitrogen (if any) supplied as urea. E, 
inhibitor (0 .1  % NazCraOi) added to solu- 
tion. F, solution aerated at the rate of 
0.02 cubic foot per minute. G, specimen 

* A, mole ratio NHa:HsPO4 = 1.55. C, supplemental nitrogen (if any) supplied as 
G, specimen 

Specimen heat treated (after welding and machining) at 1950" F. for 9 
No further sanding or buffing of specimen was performed. 

ammonium nitrate. 
welded. 
minutes, then water-quenched. 

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

(6) Rediske, J. H., U. S. Atomic Energ) 
Comrn. HW-42969 (May 7, 1956) 

33,35-7,39-40 (August 1957). 
d, H, p,, J, (7) Slack,A. v., Com.Fertiiirer95,28-9: 

(8) Slack, A. V., J. ACR. FOOD CHEM, 577-9 (1955). 
fears, R. B., 
1 1 1  *n I . " *= \  , ~ .  ~ 3, 568 (1955). ~ ~~ ~~ 
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GLASS AS A BORON SOURCE 

E. R. HOLDEN ond W. 1. HILL 
Soil and Water Conservation Re- 
search Division, Agricultural Re- 
search Service, U. S. Department of 
Agriculture, Beltsville, Md. 

Effect of Composition [and Reactivity 
of Borosilicate Glass on Boron Status 
of Alfalfa 

BORON CARRIER capable of mader- A ately slow release of boron to a 
boron-deficient soil under crop stress is a 
recognized need. Ground borosilicate 
glass, obtained by quenching the melt 
in water and called frit in trade (Q), is 
of special interest because its reactivity- 
i.e., the rate of nutrient release within 
soil-may be adjusted over a wide range 
by altering composition. 

Exploratory vegetative tests in this 
laboratory and elsewhere (7) show that 
certain glasses will eliminate a boron 
deficiency condition of a soil. The in- 
fluence of a slightly reactive glass persists. 
Baron content of alfalfa remains in the 
same range for 2 or more years. Fur- 
thermore, toxic levels are not reached in 
the crop even when the amounts of 
baron contained in glass applications are 

considerably above the upper limit for 
borax. These advantages have recently 
led to some commercial-scale use, but 
there still remains the problem of charac- 
terizing the influence of glasses with 
suficient exactness to facilitate most 
effective utilization of their properties. 

The variation in boron content of a 
crop as caused by seasonal differences in 
growth conditions greatly complicates 
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