Developments in Citric Acid Passivation of

Stainless steel passivation is a mysterious
process to many, but one that is important
in the metal finishing industry to get the
full benefit from corrosion-resistant steel
alloys. The principles of passivation are
explained. Traditional nitric acid-based
passivation methods are compared to more
recent citric acid-based methods, including
differences in safety, disposal issues, ease
of use, and resulting corrosion protec-
tion. Grades of stainless steel that require
special methods are pointed out, such as
the need for alkaline precleaning of high
sulfur grades and the benefits of higher pH
citric acid solutions for the martensitic and
precipitation hardening grades. The dif-
ficulties of passivating stainless steel cast-
ings and laser marks on stainless steel are
discussed. Passivation testing methods and
industry specifications for stainless steel
passivation are discussed.

Introduction

Stainless steel is a very important mate-
rial to modern society. It is used in many
places where high strength and corrosion
resistance are required. Many people not
familiar with the industry or metallurgy are
often surprised to hear that even stainless
steel can rust. Since the main constituent
of stainless steel is iron, passivation is
required to gain the full potential of its cor-
rosion resistance. This process was tradi-
tionally done with nitric acid, but recently
introduced citric acid processes show many
benefits and have rapidly gained popularity.
This paper will discuss the history of citric
acid passivation in industry, the advantages
of using it instead of nitric acid, special
variations and procedures that are used
when needed and methods for testing the
effectiveness of a passivation treatment.
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Basics of passivation
Passivation by a chemist’s definition is to
make a material resistant to a chemical
reaction, such as corrosion. Most metals
self-passivate on exposure to air, forming
a thin layer of metal oxide on the surface.
ASTM’s stainless steel passivation speci-
fication, A967, defines passivation as the
removal of iron and other exogenous
materials from the surface. If there is no
free iron exposed on the surface, rust will
normally not form. The chromium pres-
ent in the alloy, and also the nickel in the
austenitic 300 grades, are then able to form
an oxide layer that protects the underlying
steel from normal environmental condi-

tions. The same holds true for non-
ferrous metals that have acquired
contamination surface iron during
tooling and other processes.

History of citric acid
passivation

The use of citric
acid for passivation
of stainless steel
was first discovered
over twenty years
ago by the Adolf
Coors Brewing

Company in Germany. They had begun
using stainless steel kegs for their beer
but discovered that the first time each keg
was used, the beer gained a metallic taste.
Insufficient passivation of the kegs left iron
on the metal surface, which then was taken
into the beer. This effectively passivated
the kegs for future use, but at the expense
of much wasted beer. A study was run test-
ing many chemicals for their stainless steel
passivation potential. Citric acid emerged
as the clear winner, as shown in Table 1.

Years later, we discovered this study while
searching for a solution for a company
that was using nitric acid to passiv-

ate their stainless steel springs, but

was under pressure from OSHA to

eliminate it from their plant. Further
experimentation led
to improved formula-
tions and they went
into production with
citric acid passivation
baths. Many more
companies followed
suit, happy to rid
themselves of nitric
acid.

Table 1
Coors passivation test of effects on beer flavor'
e s, St er e

4% Citric Acid 304 & 304L Acceptable

2% Citric Acid 304 & 304L Unacceptable
4% Sulfamic Acid 304 & 304L Unacceptable
2% Sulfamic Acid 304 & 304L Unacceptable
4% Tannic Acid 304 & 304L Unacceptable
2% Tannic Acid 304 & 304L Unacceptable
4% Phosphoric Acid 304 & 304L Unacceptable
2% Phosphoric Acid 304 & 304L Unacceptable
Calcium Oxalate 304 & 304L Unacceptable
Ozonated Water 304 & 304L Unacceptable
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The standard reference for stainless steel
passivation at the time was the military
specification QQ-P-35¢, which of course
described only nitric acid processes. Many
companies eager to switch to citric acid
were unable to because they were beholden
to this specification. Fortunately this came
at a time when the Department of Defense
was working with industry groups to phase
out military specifications in favor of
industry versions. ASTM developed the
new specification A967, adding the newly
introduced citric acid methods alongside
the established nitric methods, and QQ-P-
35c was canceled by the DoD in 1998.

The aerospace industry maintained use of
the old specification under the designation
AMS-QQ-P-35 until 2005 when it too was
canceled and superseded by AMS 2700, a
newly developed specification that offered
a choice between citric acid and nitric acid
stainless steel passivation.

Also referencing nitric acid for passivation
of stainless steel is ASTM A380, which is
not actually a specification but a standard
practices document, a distinction not com-
monly recognized. A380 describes various
methods for cleaning stainless steel parts
and gives procedures for nitric acid passiv-
ation. However, especially with A967 as a
proper alternative, A380 should not be used
as if it were a specification.

Comparison with nitric acid
passivation

Citric acid passivation offers many advan-
tages over nitric acid passivation. Perhaps
foremost among them is safety. Nitric acid
is very hazardous while citric acid is quite
the opposite. In fact, skin contact is gener-
ally not a problem with citric acid, though
of course good chemical handling practices
dictate the use of protective gloves and
goggles anyway. Nitric acid also gives off
harmful fumes, from general fumes that
cause corrosion in the surrounding struc-
ture and equipment (often requiring costly
maintenance as a result) to large red clouds
of very toxic fumes if the wrong reaction
is accidentally set off. Citric acid, on the
other hand, is a solid, so the only fumes
that can be generated from a citric acid
bath is water vapor.

Disposal of nitric acid is also difficult, as
it and the associated rinse water is hazard-
ous, and when used to passivate stainless
steel will contain heavy metals that are
also considered hazardous. Citric acid is
not hazardous, and as shown in Table 2,
with stainless steel, it usually only removes
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the iron, not the nickel, chromium or other
metals present. This not only keeps it from
being considered environmentally hazard-
ous, but it is a benefit for the stainless steel
being passivated, as it means there is no
worry of etching the surface if the parts are
left in longer than the prescribed time.

Each company using citric acid passivation
is responsible for making sure that they
meet local, state and national regulations
for disposal, but in most situations neu-
tralization all that is required, and then a
citric acid passivation bath or the associ-
ated rinse water can be put to drain. One
caveat is that plants using a precipitation
system for waste treatment from their other
processes cannot put citric acid into that
system as it will chelate the metals present.
While the chelation is beneficial for passiv-
ation, binding the iron ions so they cannot
redeposit on the parts, it is undesirable for
hazardous metal waste to come into contact
with a chelator.

For the aforementioned reasons, citric
acid is much easier to use for passivation.
It can also be used with higher heat than
is safe with nitric acid, allowing a faster
process, and it can be used in an ultrasonic
tank, which also speeds things up and adds
cleaning benefits. With only the iron being
removed, citric acid passivated parts have
a thicker layer of chromium on the surface,
thus allowing a better chromium oxide
layer to form, as shown in Tables 3 and
4 via electron spectroscopy for chemical
analysis (ESCA) and auger electron spec-
troscopy (AES) data.

Variations of the citric acid
passivation formula

Variations on the citric acid passivation
bath are sometimes called for. The aus-
tenitic grades of stainless steel work well
in a citric acid bath with a pH of around
2, but martensitic and precipitation hard-
ening grades are better served by a pH of
3 or higher. Fortunately the higher pH is
effective for the austenitic grades as well,
so only one bath must be maintained even
when a range of different grades are being
passivated.

The high sulfur content of the free machin-
ing grades of stainless steel can cause
both high sulfur levels in the passivation
bath and sulfide blooms (that look very
similar to rust) on the steel surface post-
passivation. A hot alkaline bath used to
preclean the parts prior to passivation will
remove sulfur from the surface and avoid
these issues.

Not all parts that need passivation are small
enough to be dipped in a bath. Thickening
agents have long been used with nitric acid
and nitric/hydrofluoric acid mixes to form
a paste that can be used to treat large and/or
vertical surfaces. The same can be done
with citric acid, and the same safety and
disposal benefits apply.

Other special considerations
Passivation should always be the final step
in the manufacturing process of a stainless
steel part, as any alteration of the surface
will expose new free iron. Some common
operations require special consideration.
Laser markings are commonly used, espe-
cially in medical fields. Laser marked areas
on stainless steel are susceptible to rusting
if they remain unpassivated. However, a
mark made with the laser power set too
low is removed relatively quickly upon
exposure to acid. Correcting the laser set-
ting often avoids the difficulty. Otherwise,
it is useful to give the part a full passivation
cycle prior to marking and a second, shorter
cycle afterwards, enough to improve the
corrosion resistance but stopping short of
removing the mark.

Welds are often required on parts. The heat
affected zone of the weld often shows up
as a blue discoloration due to the formation
of chromium carbide, which also shows the
depletion of the chromium from the main
metallic structure, thus reducing the cor-
rosion resistance properties. Citric acid is
effective in restoring corrosion resistance
along a weld, however it is not strong
enough to remove the discoloration. When
the cosmetic appearance of the weld is a
concern, the weld line requires something
that can effectively remove all metals from
the surface. Pickling chemistry such as
nitric acid/hydrofluoric acid is effective.
Abrading the surface via grinding or grit
blasting is another option (though due to
the danger of contamination, care must
be used to not use carbon steel material or
material that has been used on carbon steel
parts). A third method is to apply electric-
ity. A current applied though a wand-like
apparatus to the discoloration, using the
same principle as electropolishing, will
quickly remove it. Which method is best
to use depends on the equipment avail-
able and the amount of welds that need
cleaning.

Problematic for passivation

The introduction of citric acid passivation
has allowed good corrosion resistance even
for difficult grades of stainless steel on
which nitric acid could not do an effective



job. However, there are still some instances
where stainless steel can resist the best of
passivation efforts. Castings pose a chal-
lenge, particularly those with rough or
porous surfaces that serve as an enormous
source of free iron. There are citric acid
based formulas that work better with many
castings save those with extremely poor
surfaces.

Also a rising problem in the industry is
poor quality stainless steel, usually made
in the Far East, often due to increased
amounts of scrap iron used in production.
To meet the specification for any particular
grade of stainless steel, an alloy must meet
the prescribed percentages for chromium
and other additives, and most people
just presume that the remainder is iron.
However, this is not necessarily true, and
inclusions of other materials greatly affect
the corrosion resistance. This can be seen
in stainless fixtures used in harsh environ-
ments such as swimming pools and coast-
lines. Traditionally, 304 was sufficient, but
with current steel, 304 is often inadequate
and the more expensive 316 must be used
to achieve sufficient corrosion protection.
Starting with high quality steel avoids a lot
of problems.

Passivation testing

Evaluating the corrosion protection
imparted by passivation is a key item in
finding and maintaining a good process.
Several passivation tests are available. The
most convenient test for speed and ease of
use is the copper sulfate test. A few drops
of copper sulfate solution are applied to the
stainless steel surface. If free iron is pres-
ent, copper will deposit on the surface and
a color change will be visible after several
minutes. The potassium ferricyanide test
works in a similar manner. Both tests, how-
ever, can give false failures on 400 series
stainless steels due to the lower chromium
content in those alloys.

Slower but still fairly convenient in terms
of not needing specialized equipment is
the boiling distilled water test. The exact
time periods used vary depending on what
specification you are looking at, but in
general it is sufficient to immerse the part
in boiling (or near-boiling) distilled water
for an hour, then remove the heat and let it
cool for an hour, then set the part out to air
dry. Rust will often appear long before the
end if the part is not well passivated. The
test can be bumped up a notch by adding
sodium chloride, common table salt, to the
water, as chloride is damaging to stainless
steel. (This is why coastal and swimming
pool environments are bad for stainless,
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Table 2
Metal content of citric acid bath after 30 days’ passivation of 316L 55

Citric Acid Metals in Citric Acid Solution (mg/L)
Titration Fe Ni Cr cd Mn
Before 4.44% <0.05 <0.05 <0.05 <0.02 <0.05
Passivation
After 4.40% 0.72 <0.05 <0.05 <0.02 <0.05
Passivation
Table 3
ESCA evaluation of passivation process
Citric Acid Citric Acid Nitric Acid Nitric Acid
Sample 1 Sample 2 Sample 1 Sample 2
Cr oxide / Fe 5.5 5.3 2.1 2.0
oxide ratio
Cr / Fe ratio 2.5 2.5 1.4 1.4
Table 4
AES depth profile results
Oxide Thickness | "p | ehment

Citric Acid Sample 1 27.0 A 18.0 A 17.0 A
Citric Acid Sample 2 28.0 A 19.0A 17.0 A
Nitric Acid Sample 1 21.0 A 13.0 A 120 A
Nitric Acid Sample 2 170 A 11.0A 11.0A

and why bleach should never be used to
clean it.)

Moving up from there, the high humidity
test and salt spray test also seek to acceler-
ate corrosion, and typically require send-
ing the parts out to a laboratory that has
the necessary apparatus. Test results of a
more quantitative nature can be acquired
via electron spectroscopy for chemical
analysis and auger electron spectroscopy,
which can report the chemical composition
of the surface layer, indicating the level of
chromium enrichment (due to iron deple-
tion from the passivation treatment) and
the amount of chromium oxide formation.

Summary

The advantages of using citric acid for pas-
sivation of stainless steel combined with
the knowledge of how to handle special
application give the best possible corrosion
resistance. With nitric acid no longer nec-
essary for passivation, those in the industry
who need to make use of it can benefit

greatly in improved part quality and cost
savings. This is borne out by tests run by
thousands of companies worldwide.
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