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PICKLING Of STAINLESS STEELS-A REVIEW 

By e"rnard s. Cc.ino, Jr •• I John V. Seol .... o. I and Philip M. Fabi. 2 

ABSTRAC!T 

The Bureau of Mines Is conducting a study of .ethods to improve the 
efficiency of the process used to pickle atalnlesD steels. A review of 
the literature on pickling of stainless steels sbowed that the ch~stry 
of several process operationa involved in the pic~llng of a~ainle88 
8teelD is not fully cnder8tood, and that further researcb could improve 
the pickling efficiency. Tbe benefits of this research would be a re­
du~~1on :l.n the a./Dual 10B8 of 8everal thousands of tona of crlt:l.ea.l 
minerals euch as nickel &'l.d ch-.::OII!\IIII, and a .eduction in the aaount of 
solids and apent acid solution th&t &re currently discarded. _ The con­
clusion fro. this review Is thst further research is needed in four 
operations that either directly or 1ndirectly 1nfluence th~ plekl1ng 
process: bot working, anneallng, conditioning. ~nd the actual pper~tion 
of pickling. Laboratory studies of the pickling opEration are presently 
in progress. 

lResearch chemi~t. 
2Materials engineer. 
Avondale Research Center, Bureau of Hines, Avondale, MD. 
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INTaODUCnON 

The various operations involved in pro­
c"ssing IItain1,ess steels sre given in 
figure l. After beIng worked by hot ,'r 
cold rolling, the steel ie softened by 
annealing. Oxide foras On the stainless 
steels during this annealing process, 
which, a8 8bo~~ in figure t, occurs sev­
eral times, Conditioning Is used to 
facilitste the pickling process. Kixed­
acid pickling, or pickling by a solution 
of two or more aCids, is then used for 
cle it;' og the oxide-covered stainieas 
8tes~s. In addition to removing the an­
nealing Bcale, pickling also re.oves a 
very thin (1- to 5-~) region depleted in 
chros1~ between the oxide and the bulk 
stainless steel. Losa of chrO&1ua and 
nickel frOil this region and the ~xlde is 
lnherent in this part of the pickling op­
eration. In practice, the ~t~inles8 

sted _y be left in the piclding solu­
tion longer than necessary, causing ex­
cessive dissolution of the bulk steel, 
resulting 1n losses of ~everl'I thousand 
tons of chroaium and nlckel annually. 
The combined dissolution products can 
build up to a p01nt where the action at 
the pickling bath stops, reaulting in a 
sizable disposal problem when the bath Is 
replaced. The dissolved .etals also In­
crease the nSe of acids in the pickling 
bath by complex1ng or precipitating acid 
salts. The need to stndy the pickling 
process was formulated during di8cu88io~8 
between the Bureau of Mines and the Amer­
icsn Iron ·.nd Steel Institute (AlSO. 
"Both groups concluded that tbe problelllS 
of loss of critical aineral&, exees. UBe 
of acids. and disposal of spent solutions 
could be lessened by a better understand­
ing of the entire pickling process. 

The literature pertinent to the pick-
11n~ of sustenitic stainles~ steels was 
revie~ed. Dats bases such as Cbe.lesl 
Abstracts. Metadex, Compendex, ar.d NTIS 
(National Technical Information Service) 
were searched from 1900 to 1983 where 
applicable. Altbough articles in sll 
languages Were accepted in Lhe search, 
the review was done mainly 00 articles in 
English. The general purpol,e of the re­
view was to assess the technology of 
stainless Bteel pickling and to prepent a 

c;ritical eXallllnation of the 1!IeChanisa of 
&lxed-acid pickling of stainless steels 
in terms of all the important process 
operations and operating parameters. 

All such operations and paraaeters are 
considered in light of how much knowledge 
is available and what further knowledge 
is necessary for a better understanding 
and control of the pickling process. 
This review begiDs by considering those 
factors In the metal-foralng ope~ation 
that can affect subsequent pickling be­
havior. The effect of annealing on pick­
lIng is then sddressed. Conditioning 
treatments prior to pickling have a very 
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FiGURE I •• Sch.",atic Qf steps invdved in pr.:ess· 
irrg sta-inless steels, Indicated steps me rereo.ted CI~ 
often DS ne~lI$sory to thin the RICltorial TO the desired 
thtekness. 



sl~niflcant effect on pickling and are 
addressed next. Finally, the operation 
of the pickling batb 1s conaidered. Tha 

J 

present understanding of the mechanls~ of 
pickling of 8ta{nle~s steel is developed 
tn detail in this lest section. 

EFFECT OF HOT AND COLD woaUNG ON PICKLING 

In order to be inclusive, the effect9 
of hot and cold working on the pickling 
of stainless steels are briefly consid­
ered. Working of the stainless steel 
uaually has no direct effect on the pick­
ling operation beeauee an annealing op­
eration Is interpose~ between the working 
and the pickling steps. However. SOmB 

effect. of hot and cold working can in­
fluence tbe annealing operation or remain 
unchangsd after the annealing operation. 
Of the two types of working, bot working 
presents the greatest potential proble. 
because of Its ability to change the 
cne.tetry and grain .tructure of the 
staInless steel, resulting in subsequent 
c~ngQs in the $cale foraed during 
annealing. 

KOT WORKING 

Hot working, the process of mechanical 
deformation of a materlsl at temperstures 
above its recry8talli~ation temperature, 
can slgn1ficantly alter the grain size of 
metal.. The degree to which this altera­
tion occurs for alloys such a. stainlesa 
steels depends on the degree Df defoT.m8-
tion, the number and frequency of defor­
mation steps, and the initial and final 
working temperatures. The degree of 
deformation det~rmine8 the stored energy 
in a material that 18 the driving force 
for reerystallhation to occur. The fre­
quency of deformation sleps and initial 
and final temperatures 6etermines the 
tate of crystallization and the occur­
rence and rate of grain growth. Both a 
lower deformation temperature and a 
greater amount of deformation produce a 
smalley ultimate grain Size. It is 
usually the temperature at which hot 
working is eOlllpleted, the finhh!"g te~­
per~ture, that determines the average 
grain size (1).3 

3~nderlined numbers in parentheses re­
fer to items in the list of references at 
t'le end of this report. 

When ho, working operations are fol­
lo~d by an anneal. tbs major effect of 
this alte~ed grain SiZ6 is on the result­
ing annealing scale. If the mill Bcale 
conforms to the morphOlogy of the metal 
surface, then a fine-grained scale forms 
On a fine-grained metal and a larger 
grained scale forms on a large-grained 
.atal. Recant r~8earch (2) bas sh~ 
that the scale foraed -on smaller­
grain-aize stainle8s .teels contain8 more 
chroaium than that on larger-grain-aize 
steels. Oxide filas containing more 
chromJ~ could significantly affect th~ 
rate of pickling and possibly cause com­
positional changes, 8uch 8S chromium de­
pletion, In the metal adjacent to the 
oKide. 

Severe problema can occur after hot 
working if there is significant ~~'mlcal 
inhomogeneity or large quantities of in­
clusions in the initial ingot. Regf.ons 
of the ingot depleted of an allay con­
stituent could bP smeared In the rolling 
direction, resulting in bands of differ­
ent composition (3). Another phenomenon, 
Similar in appeerance to banding, is 
fiber. This elongated struct~~e con.ista 
of nonm@tallic inclusions which are elon­
gated as the steel Is worked (4). While 
the spontaneous recrystallization that 
occurs durlnK hot worKing i8 u8ually una­
ble to affect these localized composition 
changes, annealing usually elimlnate~ 

them. If these variations in metal com­
pnsltiDn are still present after the an­
nealing step, howevet, preferential at­
tack of the banded regions or pitting 
near the fibers could result in an ir­
regular surface morphology, Since stain­
leas steel chemiatry is closely con­
trolled, theee structures are rarely seen 
in ~ommercial stainless steels; if pre­
sent, they would be expected to signifi­
cantly affact tbe pickling process. 

Seqs1tlza~ion to 
sian may o~cur in 

in~ergranular corro­
austenitic stsinless 



4 

steels when they are subjected to a 
working t .... perature ,ange of 450· to 
900· C or when tbe steel is slow-cooled 
froa 1,050· C (5). A chromium-depletion 
theory proposes-Chat tbe precipitation of 
M23 Co carbides along a grain boundary 
results in a region depleted of chromium 
adjacent to the carbides. In some cases 
of very high purity (low-carbon) alloys, 
altrough there i8 no deteccable carbide 
preCipitation, a solute se~regation 

theory proposes that 8 chroaiua-depleted 
reglon still exiats (6). !he resistance 
to the pickling solution is greatly re­
duced In these regions. Essentially, two 
disstailar Betals are in contact and an 
unfavorable anode-cathode area ratio is 
present (7, pp. 35-36). In tbis case, 
the depleted zone sets up active-passive 
cells with large-area alloy grains acting 
a8 cathodes in contact with material in 
the grain boundaries of 11mited area act­
ing as anodes. In addition, the grain 
boundary carbides can be susceptible to 
the mixed acid 8olution. and their dis­
solution would produce fUrther surfsce 

degradation. As with the banding and 
fiber phenomena. howeve_, any s.naitba­
tion should be removed in a proper an­
nealing step. making hot-work-induced 
sensitization a .inor problem area. 

COLD IlORKINC, 

Cold working in~rease8 the stored 
energy of a material and, when coupled 
with an annealing process, can cause 
grain sizs changes similar to tbose dis­
cussed for hot working. But, unless a 
deformation-induced segre&ation or trans­
forution occurs that bri".lgJ dissimilar 
concentrations of atoma int,) contact (8). 
cold working has no other .'feet on the 
pickling bebavior of properly ~.~a!e~ 
stainlellS steels. Simultaneous defornaa-­
lion and pickling never occur in the ~n­
dust rial proceSSing scheme of stain:eB. 
ateels; therefore, cold working is im­
portant only if new phases or the 8'.gre­
gation of alloyed components result from 
the pla9tic deformation. 

EFFECT OF ANNEALING ON PICKLING 

Comoared to bot and cold working, an­
nealing probably has a dore significant 
effect on the pickling rate of otainleS8 
steels than any other process preceding 
pickling. Annealing can be thought of as 
a relativelY uncontrolled oxidation re­
action; that is, tbe temperature can be 
controlled fairly accurately, but che 
atmo8pnere within the annealing furnace 
1s usually not controlled. Also, from 
batch to batch of stainle8. steels, the 
heat-up time, time at teaperature, and 
cool-down time are different for various 
metallurgical reasons. thia variability 
in the annealing process Can have a 8ig­
nificant effect On che mill scale formed 
and thua on the ease of pickling of the 
stainleS8 steel. ~umerous investigations 
concerning the high-temperature o~idatlQn 
of stainless steels In various atmos­
pheres are available throughout the met­
allurgical lite-cature. Although there 18 
considerable disagreement about tbe 
Btructure, ~hickness, and growth mechan­
lsms of the films. some agreement con­
cerning film characteristics exists. 

Because of the short annealing times 
l~volved In stainless steel processing, 
the gaseous anneallng environment reacts 
preferentially with the more reactive 
chromium component. This produces a re­
gion of tbe base metal nesr the oxide 
that 1s signlficantly depleted in chromi­
um. Consequently, the thin oxide films 
that for. on these allay. during the ini­
tial oxidation stages are composed mainly 
of Crl03 with small amounts of Fe203 or a 
spinel phese FePe(Z_xICrxO~ where 0"'2 
(9-12). These films are <air11 adherent 
and--protective, and since their ionic 
conductivity is low (13), they prevent 
diffusive penetration of other ions and 
atoms through the scale. Altbough the 
Cr20, films are adequate barriers. the 
iron ox1de filus are quite permeable, 
especially to csrbon (14). Under condi­
tions of severe scaling, a stratified 
structure occurs that contains CrzO" 
FeFel 2_x)Crx04 , PeO, FeJ04' ar.d Fe20J (!, 
15). In certain cases, as In extended 
neating periods, tbe initially protective 
scales then become nonprotectlve. 



The Bcaling behavior of st&inle •• 
steels under conditions aimilar to those 
in annealing furnace. has Dot been ade­
quately studied. Brief exposures (1- to 
5-min time at temperature) in co~lex 
;02 , H20, eo, CO,) high-temperature (871· 
to 1,038' C) env~ronments should he stud­
ied. Complete characterization of the 
scales resulting from these exposures 
must be done in order tc understsnd the 
chemistry and structure of the complex 
scalea formed on stainless steels. It 
would then be neceaaary to correlate the 
eaBe of pickling of the steels with the 
chem1stry and structure of the annealing 
scales, an area of research that could 
have significant impact on the piCKling 
process aa currently used. 

BeCAuse of the elevated-temperature 
anneal, three other metal-related phenom­
ena that could have an impact on subse­
quent pickling operati~ns are embrittle­
ment, sensitization. and a transformaticn 
to a dual-pnase structure. 

&mbrittlement (1) may OCcur upon heat­
ing or slowly cooling certain ferritic 
and bigh-nic~el austenitic steels through 
the 425· to 760" C temperature range. A 
precipitat.ion resction occurs in this 
temperature range prodUCing a comple~ 

structure FeCr phase, the s1gmB (0) 
phase. Because this phase is rich in 
chromium, the presence of a chromium con­
centration gradient between the a-phase 
and adjoining phases may affect the pick­
ling behavior and corrosion resistance of 
stainless alloys (8). With proper tem­
perature cootrol,- however, this ph481! 
will not fOI1ll. 

Elemental concentration gradients arise 
1n the alloy owing to diffusional pro­
ceases at e1eva~ed temperatures. Fo~ in­
stance, if an l8Cr-aNi stainless steel 
(1.e., 304) is heated to 1,150· C (II 
common heat-treatment temperatur@) aud 
water-quenched, the Single-phase austen­
itic alloy Is formed. The quenched-in 
austenitic structure is thermodynamically 
unstable at roo.. temperature, bllt the 
transformation kinetics are extremely 
slow. If the same alloy, a£swning a 
low carbon concentration, is heated to 
1,200· C and allowed to soak at that 
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te.perature for several hours, the FCC 
austenite partially tranaforms to fer­
rite. a Bee structure. Therefore, a two­
phsse (austenite-ferrite) microstructure 
can be present. A problem ariees in that 
the aU8ten~te phase contains more nickel 
and less chtomium relative to the ferrite 
phase (8). Thus, an elemen~&l concentra­
tion gradient is created between adjacent 
grsina. The susceptibility of the alloy 
in this condition to localized corrosion 
in a mixed-acid pickling bath may be sig­
nificantly enhanced. This enhancement is 
attributable to a gslvanic effect arising 
between gT£lns -f ~1fferent eomposition 
in close proximity. 

The final problem produced by elevated­
temperature exposure of stainless steels 
is aero.itisation. Depending upon the 
car~on content of the slloy, precautions 
may nave to be tsken to avoid sensitizing 
conditions during ann~aling. As men­
ti.oned previously, sensitillation results 
in intergranular precipitation of K2}C6 
carbides of high chromium content end 
chromium depletion of regions adjacent to 
these grain boundaries to below the 
necessary 12 wt pct required for stable 
p~ssivity (7, pp. 35-36). While this 
would cause-an increased localized at­
tack, sensitization is rar~ly a problem 
in the production of austenitic stainless 
steel. 

In summary, hot working and, to 3 small 
degree, cold working can have potentially 
deleterious effects on the pi'!kling Qf 
stainleas steels. Grain-size va:lationa 
can cause variations in scal~ che,istry, 
and ingot inhomogeneity can Cause banding 
and fibering. Senalti&atlo~ can oCCur in 
both toot wor~ing and annealing, but em­
brittlement usustty occure only during 
annealing. Typical annealing processes 
are poorly controlled, resulting in vari­
atIons in Beale chelllistry. A1l of thelle 
problems do not necessarily occur during 
present-day stainless steel processins. 
but there is a vr"ry real possibl.l1ty for 
their nccurrence. Therefore, in order to 
fully understand the pickling process and 
everything that affects it, the more il1l­
portant of t~ese pr~blems (grain-sIze 
'!ariations and annealing variations) 
should be studied further. 
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EFFECT OF CONDITIONING ON PICKLING 

COP1ition1n5 of stainless steels is a 
~rocess used to prepare annealed stain­
less steel for the :,ickling process. Its 
purpose is to a1ler the annealing scale 
iT. order to ~educ~ the time, ~empeyature, 
and acid con~entration u8ea in the pick­
ling p~oceGG. The a~ale i. either 
cracked by thermal or mechanical means, 
or constituents in the scale ara chem­
ically or electrolytically altered to in­
crea~e thel~ solubility in order to ue 
able t~ reduce elther the amcunt of RNO, 
and RF in the final pickling .olution or 
th~ times and temperatures in the pick­
Hng process. 

In contrast tc.: the well-understuod 
mechanic"l condittonlng proceee, i:he 
chemioal and electrolytic conditioning 
techniqu., •. l"ej to be stuc!ied further in 
order to understand exac~ly what chemic&l 
and structural changes result from the 
respective technique. 

DEGREA$ING 

Althuugh degreastng is usually done be­
fore annealing stainl .... steels, it sIs" 
may bQ necessary, prior to a condition!n" 
~t.ep, to remove $urface contaminants SUC'l 

as oil, grit, grap!iite, metal "hips. 0: 

"ther foreign matter that lllAy have be,n 
transferred to the ste.,l surface. De'" 
pending "n the ty:.e of foreign matte.: 
suspecte<lon the surfac" of the steel, 
various techniqUES are elllployed. Thee', 
techniques include the usE. of vapor de" 
gressing 'lith o::ganic solvents, water'" 
soluble emulsifierR, ~he~ates, and water­
""luble alkali"" cleamna (16). Co.\ta",­
:!.Lla"l.ts on the s~!'I~ce f."'~ theheat-t~uat~r\ 
st •. ,.! caC'. dte'" result in a~ L1<1<iized 
griDle during scale cDnditionhllL ",'Iich 
can se",,! .. ly inhihit the effectiv,mns of 
the sub8eql1~nt p{ckl1ng pr.:>ce9lles. Sur­
far.e eontsmi\lstion also po1~'Jtes the 
pickling solutions, which reduces their 
effecti,·eness. 

Once the surfs~e has been effe~tively 
cleaned, conditi~ning techniques help to 
OXidize, crack, and loosen scale to en­
hance the effeotivenes. of final pickling 

operations. Depending U~Jn the nature of 
the oxide film, various technique. are 
emplo~ed. %oth mechanicel and chemioal 
techniques have been used successfully. 
The basic mechanical technique for scale 
conditioning is abrasive blasting. 

ABRASIVE 8LASTING 

Abrasive blasting is one of the fastest 
of all conditioning techniques and has 
been successfully used in both batch and 
continuous on-line processing of stain­
less steel strip (16-18), although it is 
used almost exclusively on t~e latter. 
Abrasive blssting uses steel shot or sil­
ica 1n si~es rang~ng from tOO to 2,500 
mesh depending on the material being con­
ditioned. The $brasive is either dropp~d 
or directed by air pressure towsrd the 
e~rfac~ of the steel at angles and ve­
locities thst allow the cracking, loo"e,,­
ing, Hcd partial removsl of eaavy oxide 
scalas ~ith~ut c~ld-work1ng the steel'. 
surface. The t@chnJque has limited ap­
plication tor 1u,t~h-processing complex 
dhapes because some oxidized areas not 
exposed to the shot blast are not totally 
cJtlJitioned. The ulle of carbon ~tee1 

ohot as an abra.sive has been a tOllic of 
controv',ny (19). Opponents feel that 
it~ use <.an eiilte.d iron particl ... s in the 
surface of the stainlese steel, resulting 
in future corrosion problems. This 
would, af course, depend on what treat­
ments foll~~d the carhon &teel blapting. 
The abraalve dUca used in b1astlng must 
be low in iron i.n order to avoid surface 
co~tamination. As with most mechanical 
de~caling techniques. caution must be 
pr~eti~~d to avoid work-hardening Lhe 
steel ~urface. Reat-~reated sarfs~~s 

wi th thi r. oxide f11'lls. such 8S cold·· 
r~lled products. are usually not condi­
tioned l\9ing mechanical techniques. 

CHEMICAL CONDITIONING 

The c!i~ice ~f chemical conditioning 
parameters •• ries significantly between 
stal~le9s st@el proce€sing plants. Some 
at the parumeters that must bti taken into 
consideration are the nature of the base 



metal and o>:ide being removed, strip or 
batch procellsing, and chemical coats. 
For example, when working with an inter­
mediate pickled 304 stainless .teel, Bailie 

companies use a salt bath conditioning 
process followed by an electrolytic 
nitric acid bath before the Hnal HN01-HF 
acid pickll!; other ;>rocessors go directly 
from the 3a1t bath Into the Ilnal pick­
ling bath. The fOll~ing paragraphs 
de9crl be F.Ome of the IIlOre C01llll1On chemical 
condition'Lng proceS8es in use. 

Reducing Ac1ds 

Reducing acid baths descale a metal by 
reducing the oxides In the scsle snd also 
liberato: hydrogen at the oxide-metsl in­
terface. The ~8t tommon reducing acids 
used in conditioning processes for an­
nealed ~tainlesa bteels are H2S04 and 
HG1. The specific ~cid solution used de­
pends on the nature of the base material 
a.ld oxide being treated; chemical costs, 
as well as the ~ime permitted for condi­
tioning, are usually determined by 
Hhetr,er the metal 1& prepared by either 
cont13uo~S strip o. batch ptocess1ng. 
So!<1t;.ons of 10 to 15 vol pet H2S04 at 
60' to 71· C are used for conditioning 
heavy oxides (20). H2S04 ",olutions are 
relatively slow i~ compa~iBon to solu­
tIons combining H2S04 (6 to ~O vol pct) 
with HCl (6 to 10 vol p~t) at 54' to 60° 
C (21, p~. 684-689). Although Rei is not 
as aggressive a~ RzS04 in aclacking th~ 
base metal at elevRt~ temperatures (77° 
to 93° C), it 1s much more aggressive in 
attacking iron oxides than is R~S04' Ite 
use of conditioning s~lution. containing 
RCI requires critical control because 
ferric chlOrides fl)rmed during the condl­
tioning process can result iu pitting of 
the base 1IIIterial (19). Anothe,r condi­
ticui~g solution tha~can CauSe base m~t­
al pitting h H1.304 (8 to 11 wt pct) ·":om.­
bined with NaCl (S to ~ we pet) at 60· to 
55· C (~). 

In contrast ~Q reducing aCids, ox!diz­
l'lg ee'.ds de.cale \ry ;:,xldizing tho; sc .. le 
to a h.igher oxit\at1.o" st"t.~_, thus 1,,­
creasing the solubility of the Bcale. 
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BN03 (8 to 10 vol pct at 38" to 54· C) is 
the most commonly used oxidizing acid 
(~). Because of the g~eater cost of 
RNO) compared to H2S04 , however, its use 
bas been limited in the conditioning 
p'l'ocesses. 

ELECTROLYTIC ACID CONDITIONING 

Experimental studies on electrolytic 
pickling in acid solutions were described 
~. Tsmba, Azzerri, Bombara, and others 
(22-25). Industrial electrolytic condi­
tioning using an H2S04 bath can be traced 
back t.o the 1920's and 1930's where there 
was a need for faster pickling techniques 
to maximize output from on-line stainless 
steel strip proceSSing (~). 

The m.ost common acids associated with 
electrolytiC conditioning are H2S04 and 
HN03 • Electrolytic acid conditioning 
techniques are used pr9sently on boch 
aartensitlc and ferritic steels which, 
during the annealing process. have devel­
oped tightly adhering thin oxide films 
(21, pp. 689-690). Austenitic chromium­
nick@l ~tBsls can also be electrolytical­
ly coodlCloned, although this condition­
ing requires ~ .. ution Lecause of tw~ 

greater potential for surface pItting. 
Th~ probability of pitting is increased 
for thicker oxide scales because breaKS 
in the oxide sca16 react more rapidly 
than scale-covered base metal. This 
highly localized activity can result in 
pitting before the bulk of the scale i8 
removed. 

Anodic COnditionIng 

There are three basic types of electrQ­
lytic conditio~lng: anodic, cathodic, 
and alternating Cur~ent (27). Anodic 
conditioning either el~ctrical1y oxidizes 
(di~aolves) the surfQo.s o~ forcss the 
surface tuto a passive state by an ap­
plied anodic potential. When the surface 
i. being electrically oxidi~ed, the base 
metal is ~lng attacked and the scale 
dislndges. When the surface is passive, 
thlln the base "",tal undergoes far less 
atta::k than the odde scal ... releasin& 
oxygen gas at its Butfacc. The oxygen 
mechanically agitates the aolu;'i<ln, 
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uplifts the surface scale. and can oxi­
dize contaminants su~h as organic impuri­
ties. An example of an anodic electro­
lytic solution is 2 pet RNO, used at s 
current density of 75 to 200 Alft 2 (~. 
pp. 689-6~0; ~). 

Cathodic Conditioning 

During cathodic electrolysis, the work­
piece h charged to act aa a cathode. 
The base metal i8 electrochemically pro­
tected while the oxide scale is being re­
duced. Cathodic electrolysis is faster 
than anodic; hydrogen gas generated on 
the metal surface helps to agitate the 
solutio" and lift off the oddes. In 
martensitlc 8teels. however, this reac­
tion can result in hydrogen embrittlement 
of the surface (27-28). 

Alternating Current Conditioning 

Very low frequency (one cycle per sev­
eral minutes) alternating current elec­
trolysis is used in conjunction with 
stainless strip processing where direct 
ele~t[ical contact to the workpiece is 
dif~icu1t. In fact, the current 1s usu­
ally rever8ed only from tank to tank in a 
two-tank method, or, in" one-tank meth­
od, it is reversed onCe in the tank. The 
basic reactions, however, are the same as 
described in anodic and cathodic condi­
tioning. Operationally, the ele~trodes 

are placed above and below the strip, 
forming an anodIc potential on one side 
of the strip and a cathodic potential an 
the other side (27). During each alter­
nating cycle, the-polarity i8 reversed an 
the electro~es and. 1n turn, on the faces 
of the stainleaa steel strip. A varia­
tion is the UBe of two tanka where the 
stdp in the first tank is ude cathodic 
with respect to the anodic electrode in 
the tank (26). Here the base metal is 
electrochemically procp.cted and hydrogen 
gas Is formed to lift off the oxides. 
The strip then enters a second tank where 
it becomes anodIc witlt respect to the ca­
thodic electrode placed in the second 
tank. Here the surface and scale are ox­
idized &oi release oxygen at th~ surface, 
which uplifts the scale. An exa~le of 
an al~ernbting current el~ctroly8is 

solution i3 10 vol 
C with a current 
Alftl (.!!.). 

pc t H2S04 used 
dend ty of LOO 

at 88° 
to 150 

Both ferrltic and martensitie steels 
undergo ~nnealing processes which fo~ 
thin, tightly "skinned" oxides. Removal 
of t~ese oxides by mechanical means could 
cold-work the 8urface. However, the use 
of reducing acids, such as H2S04' which 
release hydrogen during the alternatiag 
current descaling process when the work­
piece is the cathode, can be detrimental 
to martenaitic steels. As in cathodic 
conditioning, these steele are subject to 
hydrogen embrlttleaent. Alternative con­
ditioning teehnlques for martensitic 
steels include those in whieh the libera­
tion of hydrogen on tbe steel surface is 
eliminated. 

ELECTROLYTIC NEUTRAL CONDITIONING 

Electrolytic neutral (the Ruthner 
"Beolyte" process) conditioning is simi­
lar in mechanical design to electrolytic 
acid conditioning ie that alternating 
catha~ic and anodic electrodes are used 
to polarize the workpiece and in.luce oxi­
dation and reduction of the surface scale 
(29). The electrolytic neutral pickling 
involves a ~a2S04 solution at tempera­
tures of 65° to 85" C, resulting in safer 
operation conditions and reduced energy 
costs (29). The final stages in the pro­
cess result in a regeneration of the 
Ns 2S04 • 

SALT BATH CONDITIONISG 

The uae of both aqueous and molten sait 
baths a6 a pretreatment for acid pickling 
has been successful in increasing the 
ease of Beale removal of all stainless 
steel ·v~p.s. permitting th~ uee of re­
duced acid concentration and dec~eaeing 
the time of pickling neede~ to remove the 
Beale (16, 19, 30-31). This reduction in 
acid concentration-and pickling time re­
duces the likelihood uf hydrogen embrit­
tlement in susceptible alloys. Other 
benefits of salt bath deacal1ng are its 
fast process time and uniform surface 
finish (.!i). 



Salt bath treatments can be either re­
ducing, oxidizing, or electrolytic (16, 
30). Reducing and eiectrolytic baths 
have proven to be more effective in at­
tacking heavy, tightly adhering oxide 
flcales. 

Reducing Bath 

Reducing salt baths consiat of s molten 
bath of NaOH (371° ± 11· ~), containing 
I.S to 2.0 we pct sodium hydride (16, 
30). The Bodillll hydride is fo ...... d in 
generators .dong the side of the descal­
ing tank. Sodium and hydrogen gus react 
to produce the hydride, which RUBt be 
constantly gene~ated since the level of 
sodium hydride in solution i8 depleted 
during descaling. There are aafety haz­
ards involved in the use of sodium and 
hydrogen. Descaling takes place as the 
oxide fila are reduced to a lower oxida­
tion state: 

After the wor~piece 18 removed fro. the 
salt bath, it is water-quenched. This 
quenching thermally shocks the remaining 
'''tiele layer, fracturing and loosening it 
and making it more suaceptible to tbe 
aciel pickling. 

Oxidizing Batb 

As with the previously ~escribed caus­
tic reducing salt bath, oxi,ji~iIlg salt 
bath. also uae IIIOlten NaOn (6·0 to 90 wt 
pct) at elevated temperature" (48Z' C) 
(16, 30). Other constituents include 
s04il.lll. nitrate (7 to 32 we "et) and so­
dium chloride (1.5 to 6 vt pet). Some nf 
the oxidizing reactions tba.t take place 
are (~)--

2FeO + NaN~] - Fe203 + ~aN02 

Cr2(l3 + 3NaN03 • Cr20,; + 3NaN02 

2NiO ... NaNO] • N1 203 ... NeN02 

C + 2NaNO} - CO 2 + 2JlaNOz 

As long as the bath is t[\ contact with 
air, tne NaNO] can be regf!nerated by the 
oxidation of the NaNO z fo~d. Trl~81ent 

chromium i. oxidized to the 
state, which readily dissolves 
pickling solutions. 

hexavalent 
into OlCid 

Upon leaving the salt bath. the work­
piece is quencned with water. The ther­
mal Shock involved in quenching the work­
piece disrupts the oxidized scsle. After 
the vater quench, an acId pickling bath 
is needed to dissolve any remaining 
oxide. 

An aqueous OXidizing salt bath consists 
of NaOR (20 we pct) snd KMnO. (5 we pct) 
(32). This stron, oxidizing solution may 
~U8ed on all grades of stainleas steel, 
especially where a light, tightly adher­
ing scale has formed, such as is the cale 
in cold rolling or in soue COntrolled 
annealing atmospheres. The KMnO.-NaOH 
solution may also be used on heavier ox­
ide 8csles. As with the oth~r ~reviously 
mentioned molten salt bathr. the treat­
.ent i8 followed by scid pickling. 

Electrolytic Bath 

The use of an electrolytic technique in 
coabination with molten sslt baths haa 
been applied successfully to ccntinuous 
stainless steel strip proceasing linee. 
A typical bsth consists of 75 pet NeOn, 
lO )ct NeCl-NeF, 14 pet Na2C03' and 1 pet 
other carbonates end Is operated at 482· 
C. The salt baths are neither oxidizing 
nor reducing in nature until electrically 
polarised. Polarization of the workpiece 
IS achieved by the uae of a series of 
cathodes followed by anodes in the neu­
tral salt bath (16, 30). Opposite the 
cathode., the strii,actsas an anode with 
oxidation taking place. As some of the 
scale is nis80lved into solution, it 
reacts with the oxygen released during 
the oxidation process to form insoluble 
hydroxides. These hydroxides will not 
interfere with the IJurfa·oe of the steel 
strip aa it becomes cathodic and unoer­
goes reduction. The strip becomes ca­
thodic ss it passes below the anode. 
As reduction takes place at tbe scale­
surface interface, hydrogen evolves, 
lifting th~ scale off the surface. Atter 
the sample passes through the salt bath, 
it is water-rinsed and ~cld-pickled for 
final scale re\UOvsl and sutface finish. 
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E"ECT O~ PICKLING BATH VARIABLES ON PICKLING 

The pickling of at.in1eaa steels re­
quires three distinct process~B. The 
first process is the removal of the 
thenully gro..., oxide Bcale for ""pear-' 
ance purposes .nd to facilitste fu~ther 
cold working of the steel. The second 
process maximizes the corrosion reaist­
ance of the final steel product by co.­
pletely dissolving the chromium-depleted 
zone that Is gener&lly foraed d~ring 
short high-temperature anneals in oxidiz­
ing environments. The third process diS­
solves the minimum aaount of bulk steel 
necessary to give the desired whitening 
effect. These three processes occur, to 
80~ degree, sj~lt8ueou.ly duti~~ the 
pickling operation and most probably .re 
interdependent. Therefore, to understand 
the pickllng operation, it is necessary 
to understand the effect of pickling b.th 
variables, solution composition, and tem­
perature on the ~ic~liug opeTation as a 
whole and on the disaoluticn of both the 
chromium-depleted region and the bulk 
steel. 

PICKLING OPERATION 

Before considering the effect of bath 
variables on the pickling of stainless 
steels, it ja necessary to assess the 
state of understanding of the mechanism 
of pickling. It is generally agreed in 
the literature (24) that the pi~kl1ng of 
stainless .teelS-is accoapllshed by un­
dercutting the oxide and that the high 
cheal cal reactivity of the chroaiua­
depleted zone elsentially controls the 
rate of the pickling operation. There 
~ere. ho~ever, no in-depth studies of the 
mecheni,m or even any proof found in the 
body of literature reviewed here. While 
it was difficult to determine hr.~ thls 
mechani8m was discovered, it is clear 
that l!ttle is known ~apirically about 
the mi~ed acid pickling of stainless 
ateela. Other re8earch indicates that 
dissolution of the oxide is inconsequen­
tial in the actual removal of the oxide 
(23). What appears to be important is 
that the oxide be sufficiently disrupted 

to peradt the penetration of the pickling 
solution. HOst cbangea in oxide porOSity 
occur during the conditioning process. 

The ideal pickling solution ia one that 
will easily penetrate the the~lly grown 
oxide, rapidly dissolve the chromlum­
depleted zone, end dissolve only a small 
layer of the bul~ steel. This solution 
WQ~ld optimize the Tate of pickling While 
minimizing the unnecessary and excessive 
loss of bulk alloy. Tbe DIOst coaaonly 
used plckling so),utioa. for austea.itic 
~tainles8 steels i8 a mixed acid consiet­
ing of RHO, and HF in v.rious propor­
tions. ~y va~ing the ratio of lUIO) to 
Hr, it is possible tu pickle dffferent 
typea of austenitic steela. Thia solu­
tion accospllBhes all three processes 
listed above and provides a very white 
surface. There are, however, potential 
problems of overpickling the steel, re­
sulting in excessive grain boundary at­
tack. This could affect the reflectivity 
of the p'lrface. and decrease the corroaion 
resistanCE. Thie mixed acid Is also ex­
pensive a~d extremely dangerous. A pos­
sible alte"oative to HNO,-BF pickling was 
reported in a series of research articles 
(22-25). Tolis research resulted in "\ 
technique (24) that used an applied po­
tential to dissolve the chromium-depleted 
zone while 0inimi~ing the dissolution of 
the b~8e ~terial in an H2S04 bath. The 
reseB _'cherll clai1ll. that a proper choice of 
potential ~an optimize the pickling of 
IIt.inleas ateels while using the less 
hazardous H2S04 solution. However, this 
technique does not produce as reflective 
a surface as produced in free (not p~ten­
tial controlled) pickling in HNO,-HF mix­
tures. The researchers a180 did not in­
vestigate the effects of iron, chromium, 
and nickel buildup in the bath on the po­
tential controlled pickling or the quali­
ty of the pickled surface. As in RNO,-ar 
solutions, these impurities could affect 
the electrochemical reactions and the 
rate of pickling, and could even lead 
to pitting or increased intergranular 
attack. 



Other pickling solutions have been ex­
amined in previous research efforts. In 
one study (33) the solutions were select­
ed fBr theirability to dissBlv .. the bulk 
steel. This ~e8earch reported on the re­
lationship of th~ composition of the 
pickling bath to the dissolution rate of 
304 atstnles, steel. Using various com­
binatio'lls of H2S0., BCl, RNO], and NaNOj, 
it was shown that HCI snd RNO] have about 
an equal effect on the dissolution rate 
of scale-free 304 S5, while 82SO. ha~ a 
much lower effect and NaNO] haa a much 
greater effect (NaNO})HCI-RN03>H2S04)' 
The results of this study assumed that 
each chemical in the pickling bath can 
operate individually with RO synergi3tic 
effect. However. the same group Bf chea­
icals produced different resultB on an­
nealed and oxide-cover~d 104 stainless 
steel. The NaNO} solution had the slow­
est pickling rate, while HCl had the 
fastest p1~ling rate. Both H2S04 and 
HNO} had intermediate ratea. This sug­
gests thst while dissolution may be im­
pOrtant in the mechanism of picklina. 
dissolution of the bulk alloy asy not be 
critical. When solutions containing HF 
were te.ted, results showed that it had 
as strong an effect on pickling rate sa 
HCI. BCl is usually nat used because the 
FeCI 3 formed generally promotes pitting 
of the atainless steel. No studies of 
the effect of temperature on the pickling 
of stainlebs steels were found in this 
search of the literature. 

BULK ALLOY DISSOLUTION 

Solution Composition 

'Ih" afore_Rtioned r"port (33) suggest­
ed thst dissolution of the bulk steel may 
not be critical in determining the rate 
of pickling of stainless steels. The 
dissolution rate of the bulk Iteel does, 
however. control the amount of bulk steel 
lOBt to the pickling solution and to Bome 
extent the amount of dissolved metal 
species in solution. The factors that 
could affect this dlBsolutlon rate are 
temperature, acid concentration. dis­
solved .etal concentration, And agits­
tion. Since many dissolution reactions 
exhibit some dependence nn convection and 
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diffusion, agitatio~ of the solution 
should be important. A study (34) was 
done that &howed that agitation. a&'"almu­
lated by a ~otating dis~ electrode. sig­
nificantly affects the dissolution of a 
304-type st~inle8s s.eel (Kh18N10T) in 
HN03 + £lsCI "olutions. Dissolution rates 
for aamples rotated at ° to 300 rpm were 
not affected. whereas rates increased 
ste~dily with increasing rotation speed 
from 300 to 10,000 rpm. The investigator 
assumed that the agitation affected main­
ly the csthodic reduction of nitric to 
nitroua acid. but offers no evidence. 
Another investigator has shown (35), to 
the contrary, that the anodic reaction of 
nitric acid on platinum is diff~sion d~­
pendent while the cathodic reaction ia 
only reaction dependent. 

Acid Concentration 

The effect of RNO} concentration on the 
dissolution of austenitic stainless 
steels is minimal over a range of ccncen­
tratioRs and temperatures that would be 
used in pickling solutions. Isocorr~sion 

dlagram3 (1, p. 243) for lS-BS4 steels 
show thllt the corrosion rat~ T"ngea trom 
o to 12~ ~m/yr for RNO, concentrations up 
to 50 wt pct from 30· C to the boiling 
point. Th@ dissolution behavior of sev­
eral Q! ~he more popular austenitic 
stainless steels and of some iron­
chromium-nickel alloys has bean thorough­
ly reviewed (36) elsewhere. The results 
simply show th;t RNO) solutions «50 pct) 
do not rapidly dissQlve austenitic stain­
le is steels. 

Mixed Acids 

To dissolve the austenitic stainless 
steels, a mixed acid is usually consid­
ered. Mixtures Bf RNO, and K2S0 4 in­
crease the dissolution rAte of the steels 
by about a factor of four over IDI03 alone 
(7, p. 243); however, this combination 1s 
rarely used in pickling operatione. The 
most commonly used solutions for pick­
ling sustenitic srain:sss steeh ('.ontain 
RNO) and HF. The effect of this mixed 

4hsn means ~ower "=arbon conten.t to pre­
vent carbide preCipitation. 
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acid on various &uatenitic steels has 
been extensively studied and adequately 
reviewed (1L). HP significantly in­
creases the rate of ~lA8~lution of aus­
tenitic steela in RNO> soluti~n8. For 
example, as littl~ 8S C.5 wt pet HF in 
18 Wt pct !UO~ can increase tM dissolu­
tion rate 'f 304 stainless .teel by two 
orders of .. ~nltude at 60· C and by al­
MOst three orders of magnitude at 80· C 
(37). This corrosion rate is approxi­
.ately 15.000 w./yr at 80· C. 

The above reBults suggest tbat tSQpers­
ture baa a significant effect On the dis­
solution of austenitic Btatnless Bteels. 
A atudy (37) conducted on 309SCbS atain­
less steel indicated that a te.perature 
change froa 20· to 100' C increaaed tbe 
dissolution rate in HN03-HF solutions by 
Qver tWO orders of .agnitude. This re­
sponse to increasing teaperat~re was 
shown to be true regardless of solution 
composltlons from 4.5 vt pet HN03 + 0.2 
wt pct HP to 21 wt pet HNO) + ~ wt pet 
HF. nlese res~lt. imply that ~he activ~­
ti~n energy for dissolution is not h£­
fected by solution compOSition, although 
the absolute dlagnitude of that diesPLu­
cion rate was found to be affected bl So­
lution composition. 

CKaOK1UK-PEPLETED ZONE DISSOLUTION 

The dissolution benavlor ~f the 
chro~um-depieteJ zone should be affecte~ 
by the same factors as thoae aff~cting 
~be bulk steel: temperature. acid con­
centration, and agitation. Diaaolutio~ 
rates should be bigher than tboBe for the 
bulk steel because of the reduced chroad­
UB and nickel contents. Direct Bt~dlee 
of the dissolution behavior of this de­
pleted zone have not been conducted be­
cause of the extreme thinness of thiS 
zone. Indirect studies, however, have 
been done by fabricating alloys thst a~ 
nlate different regions of the depleted 
zone. A study (38) of s series of lron­
ehroaiua-nickel alloys (2 to 18 we pet 
Ct) showed that the dissolution rate in 
s~lfuric acid was high for very low con~ 
centrationa of chrOJd_. Surpris1togly, 
howev~r, the disaolution rate peased 
through a ndniuua at 12 wt pet C. where 
the dissolution rate w&s ~nl, 40 pct of 
that fOI a 19 wt pet Cr alloy. Studiea 
of siGilar allOys in HN03-KF would be 
very important for developing an under­
standing of the pickling o{ stainless 
steals. Equally important wo~ld be stud­
ie8 of tlte effect of acid concentration, 
temperature, snd agit~t1on on the disso­
lution beba~iQ~ of these cbro~UD­

depleted s.lloYB. 

RESEARCH NEEDS 

Based on this review of the 11 tenture 
on the pickling of statule.s steels, the 
following areas nave be~n identified as 
needing further atudy: 

L. 
grain 
scale 

The "Heet 01 hot 
she of met:.l and 
eOllpositiGn. 

wo-cking on the 
subsequer,t oxide 

2. The effect f annealing ~a~a~tera 
such 88 furnace ~nvlronment and time at 
telllpera!cure on che annealing .. cale and 
ultimately on the pickling rate. 

5118" means lowe;-;;;;;;-n-· to prE:YeJ t car­
bid.e preCipitation, and ·Cb" I,'ea,'S nio­
bium (columbium) added to prevent carbiQe 
precipi tation. 

3. The effect of the various condi­
tioning t. .. chniquea on the structure and 
composition of the Bcale related to Its 
effe~t on pickling rate. 

4. The dls~olutlon bebavior of bulk 
steels and the ~hrol'll1um-depleted zone of 
bulk steels, and tbe eifeets of the pick­
le bath varieties, aeij concentration, 
temperatu~e, and agitation, on the diaso­
lution rate. 

In conclusion, additional studies in 
."Y one of tbe above four areaS ;fill eon­
tribllte to the understanding of t.ne pic1<­
lirg process. Ho~ever, knowledge fro. 
all four ar3as 1s necessary to develop 
the relattonships needed to quantify the 



pickling process. This quantification 
8houl~ lead to an i~royement in the ef­
ficiency of pickling, a reduced coat ~o 
process stainless steels, and m1nimizing 
eh@ loss ~f critical metals such as nick­
el and chromiu~. Laboratory studies are 

presently being done to u~der8tand the 
effect of acid concentration, tempera­
ture, and di880lv~d metal concentration 
on the pickling of 304 Qnd 430 stainless 
sLeels. 

UFER.F.NCES 

1. Call1.p, 
Tho: Making, 
Steel. U.S. 
pp. 580-586. 

J. M., and B. C. FranciS. 
Shaping, and Treating of 
Steel Co., 6th E'd., 1951, 

H. D. Merz. Di£­
Large and Small­
Steel. Metallo 
1973-1980. 

2. Baer, D. R., and 
ferenees in Oxides on 
grained 304 Stainless 
Trans •• v. 111., ~980. pp 

3. Bramfitt, B. L. Effect of Hot 
Rolling on the Oend1:1te 1:exture I)f Di-
rectlonally Solidified Steel Ingl)U. 
Metallo Trans .. , v. lA, 1970, pp 2495-
2505. 

4. Keissl!nG, R. Non-Metallic 
sions in Steel. The Iron and 
Ins t., London, 1. S • I. PubJ.. 11 5 • 
1948. pp. 51-73. 

Inclu­
Steel 

pt. 3. 

S. Bind, c, W., C. Ikown, and !\. 
Franks. Reslstan~e to Sensitization of 
Austenitic Chrom1um-Nickel Stee,Is of 
0.03:1: Maximum Carbo" Content. 1:rans.~. 

Soc. Met., v. 41, 1949, pp. 1301-1302. 

6. Hannl~en, H., and 
Gral.l Boundary f:egregation 
Stainles. Steels. Metall. 
19d2. pp. 2281-2285. 

E. Hinni. On 

in AOJsteoitlc 
Trans. v. 13A, 

7. Fontana, H. G., and ii. D. Greene. 
COrrr.sJ.on EngIneering. 
197B, pp. 35-36, 243. 

a. Uhlig, H. H. Effect 
~ogltion and Structure 00 

Oxidation. Con-osion, v. 
231t-237t. 

McGraw-Hill, 

of Me ta l Com­
Corrosi.on and 
19, 1963, pp. 

9. Seybolt, A. V. Cbservations on the 
Fe-Cr-O System. J. Eleetruchem. Soc., v. 
107, 1960, pp. 147-156. 

10. 
T. A. 
Scales 
v. 12" 

Yearian, H. J., E. C. Randell, and 
Longo. The Structure of ~ide 

on Chr~mium Steels. Corrosion, 
1956, pp. 515t·525t. 

11. Edstrolll., J. O. Scaling of 18-8 
Stainles8 Steel on Reheating Furna~e 't­
aosphere3. J. Iron ~nd Steel Inst., v, 
185, 1957, pp. 450-466. 

12. McCullou~h, H. ~ •• N. G. FontanA, 
and r. II. l!eck. FI)met1on of Oxides on 
So~e Stllinless Steels a'. High Tempera-
tures. Trans. Am. Soc. MPt •• v. 43, 
1951, pp. 404-425. 

13. Hoar. T. P. Anodic Behavior of 
Metals. Sec. b Modern Aspects of Elec­
trochemistry, ~d. by J. O. M. Bockrts. 
Butterworth&, v. 2, 1~58. pp. 290-291. 

14. Meier, G. R., W. C. Coon, 
aod R. A. Perkins. Corrosion of Iron-, 
Nicr.el-, Bn~ r.obalt-BaSe ~Jloys in At­
m~8phet~$ Containing Carbon and Oxy­
g"n. O:ot1d. Met., v. 17. No. 3/4, 1982. 
pp. 235-262. 

15. Fabia, P. ~ .• , R. H. Heldersbach, 
~. w. BfOwn, and T. Rockett. ~ide Scale 
ForMtion on Iron··Chromium AlloyS in Ele­
vated Tem.perature Mr Eu~iroi1ment8, Ct,r­
rosion, v. 37, 1981, pp. 700-715. 

16. weod, W. C;. The Clear.iog of 
Sec. in Handbook of 

ad. by D.. Peckner alid 
Md}raw-Hill. 1 n7, pp. 

Stainle.s Steels. 
Stainless Sleels, 
1. M. Berstein. 
35-1 to 35-16. 

17. Spencer, L. G. De~caling the 
Stainless Steels, Met. ~inishlng, v. 52, 
1954, pp. 54-59. 



14 

18. Heree, W. 
~o Remove Scale. 
pp. 103-107. 

E. Pickling ~tatnle8s 
st""l, v. 141. 1977, 

19. AISI Committee of Stainless Steel 
Producer8. Cleaning and De~caling Stain­
less Steel. AISI, Wa9~!~gtOn, DC, De­
signe~at Handbo~k Serie~, 1982, 27 pp. 

20. Gu~kl~d, J. A., and L. D. McGraw. 
Pickling and Descaling Stainless Steels 
and High Temperature Alloys. Met. Prog., 
y. 83, No.6, 1963, pp. 95-96. 

21. Mark, H. (ed.). PIckling of 
Steel, Cb. in Kirk-othmer Encyclopedia 
of Chemical TechnOlogy. Wiley, 1d ed.--
8uppl. vol., 1971, pp. 684-689, 6~9-690. 

22. Vincentini, B., and G. Bombara. 
On tbe Mechanism of S~~le Removal in th~ 
Acid Pickling of Austenitic Stainless 
Ste'lls. ~lectrochiDl. Met., v. 3, 19fi8, 
pp. 313-322. 

23. 8oDbara, G., A. 
zerri. Potentiostatic 
Stainless Steels. J. 
Electrochem. Te~hnol., 
676-6Bl. 

Twaba, and N. Az­
Anodic Pickling of 
Electrocnem. Soc.: 
v. 118, 1971, Pp. 

24. Tamba, A., and N. Az~erri. Anodic 
Pickling of Stainless Steels In Sulphuric 
Acid. J. Appl. Electrocbem., v. 2, 1972, 
pp. 175-181. 

25. Azzerri, N., 
tlogt8ti~ Pic~ling: 
lmpro~ing Stainless 
Appl. Electr~cbem •• 
352. 

and A. Tamba. Poten­
A New Techniq~e Fat 

Steel Processing. J. 
v. 6, 1976, pp. 341-

26. Geiser, J. O. F.lectrol.ytlc Pick­
ling of Stainless Steel Strip. Blast 
Furnace and Steel Plaut, ~. 27, 1939, pt. 
I, pp. 258-261; pt. 2, ~p. 258-261; pt. 
3, pp. 352-361; pt. 4, pp. 4B7-'20. 

27. 
Acid. 
1963, 

Sh"ier, L. L. (ed.). 
Sec. in Cor~oBion. 

pp. 12.16-12.23. 

Pickling in 
\oiley, ... 2, 

28. AMrlcan So,,1ety For Hetala Cos­
mittl'e Oil the P!ck.ling of Iron and Steel. 
Picklin,! Iran 8',,1 Steel. Se::. in Met ds 
llar.dbook, ed. by T. LfIII4n. t\SK. v. l, 
8th ed •• 1964, pp. 346-355. 

29. Braun, E. How To Improve Pickling 
of Sta1nle~8 Steel Strip. Iron and Steel 
Eng., v. 5/. No.4, 1980, pp. 79-81. 

30. Ame:lcan Society for ~tals Cam­
Illi ttee on Salt Bath OeBcallt·.!I:. Salt !lath 
Deacaling. Sec. in Metals HandboDk, ed. 
by T. Lyman. ASH, v. 2, 8tn e~ •• 1964, 
pp. 356-363. 

31. Shoemaker, R. H. No Acld- or Low 
Acid-Pickling of StainleBs St~el Wltho~t 
Pollution Prohlems. Paper in Proceedings 
of tbe 17th MechAnical WOrkIng and Steel 
rrocessing Conference (Pittsburgh, PA, 
Jan. 22-23, 1975). MechanIcal Working 
and Steel Ptoce881ng Division of ISS­
AlKE. 1915. Pl'. 42·49. 

32. SFencer, 
Technique With 
Steel ProceSSing, 
62!1. 

L. F. Scale 
the Stainless 

v. 36, 195{) , 

llemoval 
Steele • 

Pl" 623-

33. ;rantiu, 1. (Carr"sion Rate a.ld 
Pickli~g Time of Austenitic Stainless 
Steel in ~ld Solutions). Metallurgis, 
v. 2, 19i5, pp. 19-8{) (British Industrial 
and Scientific International Translation 
Service, Transl. B151 14195). 

34. ZhuT8ol~y, V. K., K. Xnrt~~ov. and 
V. I. Oreshkin. (Effect of Agitation un 
the Corrosion and Electroche.1csl Beha­
vior of Kh18NI0T Stainless Steel in 
Nitric Acid SolutionB With a Chlorine 
Ion Addition). Protection of Metals, 
v. 8, 1972, pp. J61-.~4 (translated from 
Zashchita Metallo" v. 8, No.2, 1972, 
Pl'. 183-187). 

35. Vetter, K. J. Electrochemical 
XineticB. Academic, 1967, pp. 490-493. 



36. Wilding, M. W •• and B. E. Paige. 
Survey on Corrosion of Metals and Alloys 
in Solutions Containing Nitric Acid. Al­
lied Chemical Corp., rep-l107. 1976. 56 
pp. 

37. Cole, B. S. Corrosion 
tenitic Stainl.ss Steel Alloys 

of Aua­
Due to 

15 

HN03-Rl' MixUl'ea. Allied Cbemical Corp •• 
ICP-I036, 1974. 42 pp. 

38. Kaneko. S., Y. Inoue, M. Komori, 
and H. Sunaga. (Electrolytic ~8caling 
of Austenitic Stainless Steels). TetBu 
t~ Hagane', v. 59, 1973, p. 5588 CBrutch­
er Translations, Transl. 9394). 




