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fA series of fe rrous a lloys co ntaining ch romium up to 18 pcrcc nt a nd a simi la r ~c ri c,; 
conta ining chromium with sili con (3 to 4 perce nt) were exposed hom 2 to 3 mont hs to city 
water to which had been added 3 percent by weight of sodium e hlor·ide. 

Cathodic a nd anodic pola rization curves were obtain ed dur ing t wo e nt ire exposure' 
periods at periodic intervals. Previous stud ies by t he a utho r a lo ng t hese lin es were co nfin ed 
almost exclusive ly t o cor rosion p rocesses which were e it he r unde r cat hod ic or mixed con t rol. 
Data from t he p rese nt study show t hat corrosion rates can be calcu lated from po larization 
curves, eve n t hou gh t he co r rosion reactio n is unde r anodic co nt rol as was t he case wi t h 
alloys having about 14 and 18 pe rce nt of chromiu m. 

1. Introduction 

The author has shown by experiments during the 
past 10 yr that metal loss resulting from corrosion 
can be calculated from polarization curves. Most 
of the measurements were made in the laboratory 
on specimens of low-alloy iron or steel exposed to 
soils or to salt-water solutions where the corrosion 
currents were controlled primarily by cathodic 
polarization [1, 2].1 

The method has been applied to predicti.ng the 
relative behavior of metal bolts whcn coupled to 
pipe fl anges underground which are anodic to th e 
bolts [3]. Polarization measurements showing how 
corrosion currents are related to cathodic protection 
currents were described for steel corroding in salt 
water [4] and in a high r esistivity soil [5]. 

R ecently, the polarization technique oJ corrosion 
rate determination has been applied to the evaluation 
of inorganic coatings formed as a result of cathodic 
protection [6J. Even more recently, the same tech
nique was used to measure the corrosion rates of steel 
and aluminum in sit u (underground) over an exposure 
period of 16 months in a soil having a resistivity of 
7,500 ohm-cm [7J. In addition to m easuring th e 
rates of corrosion of both the steel and the aluminur.:J., 
the polarization data show how the type of corrosion 
control was influenced by gradual changes in the 
weather and by length of exposure time. In both 
papers, it was shown how the significant currents 
determined from polarization curves, at the break 
in the curves, were related to rates of polarization 
and how these in turn were r elated to corrosion 
rates (average weight losses). 

The present study was carried out in the laboratory 
using iron alloys with chromium in amounLs suffi cient 
to have a marked influence on the corrosion rates 
(average weight losses). The resul ts of others [8,9J 
show that the addition of chromium to iron in the 
amount above 10- 12 percent has a considerable 
effect on the solution potential. This indicates, and 

1 Figures in brack ets indicate the literature references at the end of this paper. 

it wa found by preliminary experimcnt, that with 
chromium in excess of 12 percent the corrosion 
current m ight be controlled mainly by anodic 
polarillat ion . WiLh these facLors in mind, electro
lytic iron was alloyed with chromium to form a 
series of alloys ranging from 0 to 18 pcr cen t chro
mium. Thus, this investigation was designed to 
determine ,vhether, by exposing such a series to a 
3 percen t sodium chloride solution, the metal loss 
resulting from corro ion could be determined from 
polarization curves and how these curves would be 
affected by going from cathodic p Ol'hap through 
mixed to anodic control. A second se t of specimells 
was also exposed later hav in g approximately the 
same amounts of chromium a the first set but in 
addition a relatively fixed pcrcentage (3- 4) of 
silicon. The amount of silicon chosen was such as 
to probably affect the corrosion rates 2 but no t 
appreciably change the mechanical properties of the 
alloys. 

2 . Experimental Procedure 

2.1. Prepa.ra. lion ~ a.nd Exposure of Specimens 

A series of Fe- Cr and of F e- Cr- Si alloys WCl'e 
sand cast at the National Bureau of Stancln,)'(i s 
using electrolytic iron as the b asis m etal. The 
compositions of t hese alloys as determin ed by spec
trochemical analyses are given in table l.3 The 
castings were about 0.9 in. in diam by 15 in. lon g. 
All castings were given an ann ealing LreatmenL at 
1600 OF, held at temperature for 2 hI' and Lhen 
furnace cooled. N ext, the castings were machin ed 
to form specimens 0.625 in . in cham by 12 in . long. 

Preliminary exposure of a few ferrou s <1,11oys con 
taining from 16 to 18 percent of chromium revealed 
the fact that the method of mounting a specimen 

2 In this paper, corrosion rate is based on the total area of a spec imen ex posed 
to the electrolyte a nd is deri ved eithcr from the actual weigh t loss of the speci
men or fro m the calculated we ight loss us ing Faraday's law ancl assum ing 100 
percent corrosion effi ciency. 

3 'l' hl'ougbo ut this pal)cr, the series of specimcns designated A and AA are 
considered as being without silicon and t he 13 series are referred to as Lbose baving 
silicon. 
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TABLE J. Composition of alloys 

Fo- Cr a lloys Fe- Cr- Si allo ys 

Specimen Composition , percen t Specimen Composit ion, percent 

Cr Si Al Cr Si AI 
----- ---- --- ------

lA 0 0.2 0.2 IB 0 3.3 0.2 
2A 0.6 . 2 <. 1 2B 0. 5 3.1 <. 1 
;jA 1. 6 .2 < .1 3il 2.5 3. 4 . 2 
4A 2.0 .1 1.0 4B 1.4 3.3 < . .1 
5A 4. 1 . 2 0.8 5B 2. ) 3.3 .2 
6A 6. 8 . 2 . 5 6B 6.4 3.9 . 4 
6AA 7.1 . 2 . 4 7B 7. 9 3.0 <. 1 
7A 9.0 . 2 . 1 8B 10. 6 2.1 .4 
8A 11. 4 .3 . 4 9B 13. 8 3. 8 . 3 
8A A 11. 1 . 3 . 6 lOB 18.2 3.4 .4 
9A 14.3 . 3 . 1 

lOA 18. 3 . 4 . 3 

N OTE : From 0 to about 6 percent, th e values for chromium arc probably within 
± O. t percent; abo\"(' 6 percent , t he accuracy m ay be somewhat less for tho. chTo
mium. '-1'11e values for s ilicon and foJ' aluminum are probabl y accurate to wlthlll 
± 0.1 poroen t . 

was in itself a problem to be solved before proceeding 
with the study in mind. Plastic tape can be uscd 
on plain ferrous metals in order to prevent acceler
ated corrosion at the waterline and to keep a fixed 
area exposed to the electrolyte as the soluti?n .level 
changes because or evaporat~on .. In the prelll!llnary 
exposure tests wIth chrommm-lron alloys, It was 
observed that most of the corrosion took place under 
tape edges. The same effect w3:s experienced with 
organic coatings. These e:""penences l~d to the 
idea of completely submergmg the speClmens, but 
brought up the problem o~ how to maintain ele?tri
cal contact with the speClmen. After some tnals, 
it was decided to submerge the specimens by sus
pension with Nichrome.wire (No . 30.B and S . ga~e, 
.0lO-in. diam) , dependmg for electncal contmUlty 
upon the weight of tho spccim~n in contact with the 
wire looped through a. hole dnlled near the top: A 
0.19-in. hole was drilled through each speCImen 
0.16 in. from one end for the suspension wire. The 
area of the surface of the specimen was about 
0.167 ft2. 

The effect of galvanic action also had to be con~id
ered before deciding upon the scheme for suspenSIOn. 
This was resolved by measuring galvanic currents 
which would appear to be associated with the couple 
formed by the specimen and the wire. . A length of 
Nichrome wire, equivalent to that whlCh would be 
used for suspension, was exposed to a 3-percent 
sodium chloride solution. Its corrosion potential 
was observed to be cathodic to that of any specimen 
which would be used. Then the applied currents, 
which had to be used to cathodically polarize the 
wire to the anticipated range of corrosion potentials 
of the specimens, were measured. As will be ob
served later, this range was between -.2 and - .75 v 
measured with reference to a saturated calomel 
electrode. The applied currents measured to polar
ize the suspension wire to - .35, - .50, and - .75 v 
were, respectively, 2, 8, and 39 I.la. Ba~ed on ex
perience, it was presumed that the gal.vam? CUTrents 
would become smaller as exposure tlllle 111creased. 
Later, when the magnitude of the corrosion cUlTen~s 
is noted, it will be seen that the above galvamc 

currents were probably less than 5 percent of the 
total corrosion current associated with anyone 
specimen. Also, preliminary suspension for a Jew 
weeks in the salt water of an unalloyed ferrous 
specimen revealed no nicks at the points of contact 
between the specimen and the wire. 

Before exposure, the specimens were cleaned with 
carbon tetrachloride, polished with fine-grit abrasive 
cloth scrubbed under hot water, dried, and weighed. 
They were exposed to tap water to which had been 
added 3 percent by weight of sodium chloride. The 
salt water was contained by an open cylindrical 
wooden vat, 66 in. in cliam and 19 in. high and was 
kept at a depth of 18 in., the volume being about 
265 gal. The temperature of the water ~as not 
controlled but was measured regularly dunng the 
exposure periods. Ten specimens, one without 
chromium and nine each with different amounts of 
chromium, were exposed for: a period of 65 days. 
Later a second set of 12 specunens was exposed to it 

fresh solution of the same electrolye for 80 days. 
Ten of these specimens were of about the same com
position as the first set except that ~a.ch also con
tained an added fixed percentage of SIlIcon and the 
other two had no added silicon but chromium only, 
about 7 and 11 percent. 

Fio'ure 1 shows how the specimens (rods) were 
mou~ted for exposure. The photograph is of 4 of 
the second set of specimens taken on the last day of 
exposure. The rods shown are in the chromium 
range from 8 to 14 percent, the one on the right con
taining 14 percen t of Cr with Si. The tops of the 
specimens were 2 in. below the surface of the wa~er 
and the minimum space between them was 9 111 . 
The wire clips shown in the photograph were left 
connected throughout exposure. All leads. were 
brolwht to a terminal block mounted on t he SIde of 
the ~at so as not to disturb the specimens while 
while making electrical measurements. 

FIGU RE 1. A rrangement of specimens suspended in salt water. 
Sh own are 4 of tho second set 0112 s pecimens, from loft to right: 7 B(7.0 Cr, 3.0 Si); 

8B (IO.6 Cr, 2.1 Si); 8AA (11.1 Cr); 9B (1 3.8 Cr, 3.8 Si). 
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2.2. Electrical Mea surements 

The specimens ' yere s ~sp~nded under \\Tater in. two 
rows each row bemg 3 m. from tbe cenLerlln e of the 
vn,t. ' Auxiliary electrodes consisLing of 0.5-in .~di l.llll 
sLeel rods were fastened verticall:v on th e wlIll JI1 slcle 
of t he vat. A OTOUP of six elecLrodes, spIlced 6 in. 
apar t, were mo~mted faeil:g . one row of spcc.illl ens 

7 and another group of SIX, sllnilarly mounted, dlil,gon~ 
ally opposite faced the other row ... One group of 
electrodes was used to conduct polanZlng curren t for 
anyone specimen in the adjacent row. 

All potentials were ~neasured W I th reference to a 
satuI"l1.Led calom el half-cell . E lectn cal co ntact be
t ween Lbe salt water and the half-cell was made 
throuoh a 5 ft flexible agar-snIt bridge. TIJB free 

~ end of the fl exible tube WHS slipped in to the salt 
water about 8 in. below the su rface through a hnrd 
rubber sleeve mounted vertically fl.nd partially in 
the water about 6 in. from the wnll of the vat. Th e 
salt bridge was left in the water only while potentials 
were being measured. . 

11easLll"ements made on nll y one day comprIsed 
~ corrosion poten Lifl.l, polarization fl.rising from applied 

currents and salL-water tempern.tUJ"e. Data were 
obtained more frequently on the :first seL of specim ens 
exposed than on the second set. On the sec? nd set, 
the frequ ency of lI1ensurell1ent~ wa~ determll1.ed by 
the need I'll ther than by any gIven 1I1 terval of tUll e. 
For both exposu.res, more dntn were obtaine~ the 

, fu'st week or two Lhan later . On some speClmens 
cathodic and nnodic polarization curves were not 
always recorded. on t~)e san:e ~ay. Emphasis was 
placed on the kllld of polanz.atlOn whJeh con trolled 
the rate of corrOSlOll of a gIven SpeCll11 ell. 'IVhen 
the corrosion con trol Wfl.S mixed, the attempt was 
made to automaticnlly record both curves on the 
same day or within two successive day~ . 

Corrosio n po ten tials were measured WI th a 200,900-
ohm/v voltmeter . Polarization data: were ?btall1ed 
with a two-pen (cur rent and potentIal) stn p chart 
recorder . Th e polarizing curren t resulted from 
linear increments in applied voltage which were o~
tained with a synchron~usly driven 1Q-turn .p0te~tI
ometer. The Holler bndge [5], used m conJunctIOn 
with the recorder made it possible to balance out 
undesirable resistance in the system. 

2.3. Removal of Corrosion Products 

At the conclusion of exposure, specimens were 
removed from the salt solutions and scrubbed under 
running hot water with a fib er-bristle brush. A 
motor-driven fib er-bristle brush was used to renlOve 
corrosion products from the mounting holes: Then, 

'} the specimens we!'e submerged .for 4. hI' ill a 10-
percell t solut ion o[ warm am!nomum CltI~ate neutral
ized with ammo nium hydroxIde and agam scrubbed 
under hot water. Compressed air was used for 
cleaning fl.nd bl.owing water. out of the pitholes. 
Finally, the specImens were vlgol'<:>Llsly hal:d brushed 
with a brass-bristle brush, then hghtly wlth a steel
bristle brush and weighed. Measurements were 
made of pit depths usi~g a pit-depth ~age and also 
of the apparent area affected by corro IOn. 

3 . Results and Discussion 

The data were recorded au tomatically and after 
about 2 months of exposure plotted on semiloga
ritlunic coordinates for interpretation and conven
ience as shown in figure 2. The vertical dashes in 
Lhe fio'me indicate the valu es of polarizing current 
(J" a l~d l q, cathodic and an?dic, respectivel.y) uS,ed 
in calculating the COITOSlOn currents ~o · .1.he 
values of current l q 1'01' the 4 specimens contamillg 
less than 12 percent Cr (lA Lhrough 8A) were 
taken directly from the recorder charts be?ause 
the changes-in-slope (brellks) were I~ore eVId ent 
than on the semilogl1rithmic coordll1ates ~vhen 
applied CUlT en t l Q was several tim.es the magn~tl~de 
of the current l p. Th ese specIm ens contallung 
chromium, 0 through 1l.4 percent, were under 
cathodic control ; therefore, the values of .iP have 
a greater bearino' on the calculn ted COITOSlOn cur
~'ents than do the valu es of l Q. The transition 
from cathodic to anodic conLrol wh ich occurred 
between 11.4 and 14 .3 percent Cr is very evident 
in figure 2. . 

The polarization data 1'01' the 10 peClmens 
having chromium in varying amounts , 0 Lhrough 
18 percent, together with calculn:Led a nd . actu:=tl 
weio'ht losses resulting hom CO ITOSlon nr c gIven 111 

table 2. Th e electrochenli cal equivalent , ]( (foot 
note c, table 2), llsed in Fnl'llclay 's law for cl1lcu-
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FIGURE 2. Polarizati on curves of some of the Fe-CT ~p ecimens 
after about 2 months exposure to city water contmmng 3 per
cent of sodium chloride. 
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TABLE 2. Corrosion weight losses calculated from polarization data obtained on iron specimens containing chromium exposed to a 
3-percent sodium chloride solution 

Polarizing curren t W eight loss c Polarizing current Weig.i:Jt loss c 
at break in curve a at break in curve a 

Corro- Corro-
Specimen Exposure sion b Specimen Exposnre s ion b 

Lime current Oalcu- time cnrrent Oalcu-
Oathodic Anodic i. lated Actual Oa thodie Anodic i. lated Actual 

1. I , cumula- 1. I , cmnula-
tive tive 

- ------- - - ------ ---------------- ----
days ma ma ma mg mg days ma ma ma mg my 

lA (O Or) Od 1.6 8.0 1.3 M (6.8 Cr) 1 1.6 4. 5 1. 2 30 
3 2. 6 13. 0 2.2 127 5 1. 2 4 5 0.95 140 
7 1.6 8.0 1.3 307 8 1.5 6. 0 1.2 223 

11 1.2 6. 0 1.0 417 11 1.2 6.0 1. 0 306 
18 1.2 6. 0 1.0 592 18 1.0 5.0 0.83 465 
25 1.1 5.5 0.92 760 27 0.90 3.6 .72 638 

31 1.2 6. 0 1.0 904 34 . 80 3. 2 . 64 757 
37 0. 97 4 9 0.81 1,039 43 . 82 9. 0 . 75 912 
44 1.0 5. 0 . 83 1,182 50 . 80 7.0 .72 1, 040 
53 0.94 4. 7 .78 1,362 60 . 95 9.0 .86 1, 237 
63 .95 4.8 .79 1,557 64 .90 8. 0 .81 1, 321 1, 470 
65 -.-.-.-- - - -- --- ----- ------ -- -- 1,597 1, 630 

7A (9.0 Or) Od 1.5 3. 0 1. 0 
2A (0.6 Cr) Od 1.3 6.5 1.1 3 2.7 3.0 1. 4 90 

3 22 11. 0 1.8 105 7 2.0 3.5 1.3 230 
7 1.6 8.0 1.3 265 11 1.3 4.0 0.98 340 

10 1.4 7. 0 1.2 355 18 1.4 3.5 1. 0 513 
18 1.4 5.5 1. 1 595 25 1.1 2.8 0. 79 670 
25 1. 1 3.0 0. 81 761 

31 1.5 8.0 1.3 820 
31 1.3 4. 0 . 98 895 37 0.98 3.0 0.74 970 
37 1. 2 4. 8 . 96 1, 040 44 1.0 5.0 . 83 1.107 
44 1.2 4. 8 .96 1, 208 56 1.9 10.0 1.6 1,467 
53 1.2 4. 8 . 96 1, 424 63 0.87 8. 0 0.79 1. 677 
63 1.2 4 . . 1 .95 1,661 65 --- -_.---- --- ------ - -- - -_.- --- 1,716 1,800 
65 --- -- ----- - .-- - - --- - - --- - ----- 1,708 1,555 

8A (11,4 Cr) Od 1.8 3. S 1.2 
3A (1.6 Or) Od 1.2 6. 0 1.0 3 2.4 3. 0 1.3 90 

3 2.5 12.5 2.1 112 7 2.4 4.0 1.5 230 
7 1.9 9.5 1.6 302 10 1.4 3. 5 1.0 328 

10 1.4 7.0 1.2 407 18 1.6 6. 4 1.3 548 
18 1.3 3.0 0.91 627 25 1.1 4. 4 0.88 740 
25 1.1 2.5 . 76 772 

31 1.3 5. 2 1. 0 881 
31 1.2 3. 5 . 89 897 37 0. 98 :1. 9 0.78 1, 014 
37 1.:1 4.0 . 98 1, 036 44 .92 8.0 . 83 1, 156 
44 1.0 3.0 . 75 1, 1RS 49 . 85 7.0 . 70 1, 256 
53 1.2 3.5 . g9 1, 373 56 .93 9.0 .84 1. 396 
63 1.2 3.5 . 89 1,595 63 . 80 8.0 . 73 I , 5:1~ 
65 ----------1---------- I. 639 1.500 65 - .-.- .---- ---------- --- ----.-- 1, 569 2, 025 

4A (2. 0 Or) Od 1. 8 9.0 1.5 9A (14.3 Or) Od 0. 60 0.14 0. 11 
3 2. 7 1:1.5 2.2 135 4 . 53 . 090 . 077 9 
7 2.0 10.0 1.7 335 8 . 90 . 12 . 11 18 

10 1.3 4.5 1.0 433 11 .58 . 025 . 024 23 
18 1. 4 4.5 1.1 653 18 . 70 .38 . 25 47 
2.1 1.2 4.8 0.96 828 24 .48 .28 . 18 80 

31 1. 5 R.O 1.2 993 32 .43 . 26 . 16 114 
:17 1.2 :j.3 O. &~ 1,14:3 :37 . 32 .22 .13 133 
44 1.1 3. 3 . 83 1, 29:3 44 .40 .22 . 14 155 
50 0.90 2. 7 .68 1, 405 51 . 75 . 24 .18 184 
55 .94 2. 8 .70 1. 509 56 • GO . 24 . 18 205 
63 .70 2. 1 . 52 1, 616 55 . 60 . 22 . 16 244 510 
65 --- - --- ---------- 1,642 1, 5S5 

10A (18.3 Or) o d . 50 . 15 . 12 
5A (4.10r) Od 1.9 9.5 1. 5 4 .85 . 17 . 14 13 

3 2.5 no 2.2 142 8 1.0 .18 . 15 27 
7 1. 8 9. 0 1.5 322 11 .75 .18 . 14 38 

11 1.3 4. 5 1.0 452 13 . 80 . 27 . 20 68 
18 1.2 4.5 0.95 622 24 .39 . 18 .12 92 
25 1. 0 3. 5 .78 774 

:lO . 66 . 28 .20 116 
31 1.3 7 .. 1 1.1 915 :37 .44 . 22 .15 146 
37 0.90 4. 5 0. 75 1, 0,,:j 44 . 50 . 2:3 .16 174 
44 .87 4. :3 .72 1,1 8 1 51 . 45 . 19 . 13 198 
53 .85 5. 0 . 73 1,345 5b . 60 . 16 . 13 214 
63 .72 4. 0 .61 J ,513 65 .60 . 17 . 13 243 255 
65 ---------- ---------- ---------- 1,54-1 1,580 

• See the text. d From 3 to 6 hI' after initial exposure. 
bi.= IpI ,/(I.+ I ,) . 
' Calcu la ted weight loss (g) = J(ti, where J<'= 2.8938XlO- ' g/coulomb, i= i .= ","OTE: All specimens were completely submerged a nd exposed at the same time 

av erage current (amp) for th e period (t in sec) between successive readings. ' I' he in an open vat containing ap.\'roximately 265 gal of salt wa ter. lVfean solution 
v alue ofi. at the in stan t of exposure and at the end of exposu re is taken as the initial tcmpcrature=68 OF, min = 64 F. max=72 OF. Area of specimen = H ft2. 
and final values, respectively as calcula ted. ' Veight loss (m g) is approximately 
equal to 25 ti . ; where t=days, i.=m a. For effects of chromium, see the text. 
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lating Llle weight losses of efLch specimerr is that for 
ferrous iron only. Kr.\~s tow nnd Bnlicki [10] ob
served lhat when lS- S stainless s teel was exposed 
to a 2N boiling nitric and sulfuri c acid mixture the 
percentage o( t he LoLlIl corrosion aLtribu table to 
iron was above 99 pm·cenL. 

The flppearance of lh e Fe- C r spec imens Rfter 
65 days of expos ure fLnd ,1 (Ler cleaning is shown ill 
figure 3. The apparent area corroded ttnd the pit 
depths nre given in table ;) to enable one to better 
eVlI lmtte the sensitivity of the polnrizfLtion Lech
nique of corrosion rate measurement. The corroded 
arefL of most specimens is readily apPfLrent in figure 
3, but on fL few specimens, e.g., 9A and lOA, pitting 
inside o( the mounting holes fLccollll ted for most 
of the weight loss. Evidently, the film on the 
surface of the hole was more vulnerable to oxygen 
deficien cy thnn that on lhe exterior surface of the 
specim en. Specimens 9A a nd lOA were under 
fL nodic co ntrol d uring Lhe entire expos ure period 
(table 2). ]\"0 fLppreci:lble corros ion is attrib
uted to galvanic act ion bC'LlVeen Lhe suspension 
\yires fL nd the specim ens tlS there was 11 0 evidence 
of such corrosion on th e specim ens low in chro mium 
(fig. 3) where the effect should be grefLtest becfLuse 
of the gretller polen tial difference beLween the 
Nichrom e suspension WIre and the specimen . 

TABLE 3. A ppearance a/tel' j'euwval 0/ the c01Tosion pr-od1tcts 
of the h'on specimens alloyed with chr-omill1n 

IAPparent 
Specimen I arca COrro(!cd 

% 
lA (0 Cr) 82 

2A (0.6 Cr) n~ 
3A (1.6 Cr) 86 
4/\ (2.0 Cr) 15 

. 1/\ (4. 1 Cr) 24 
6A (G.S Cr) 12 
7/\ (g.O Cr) 5 

8A (l 1.4 Cr) 

9A (14 .3 Cr) 

lOA (18.3 Cr) «1 

I 

HCll1arks, pitting 

General corrosion (0- 1 mil) , except [or one pit ( 10 
mils) in center of specimen . 

Gencral coolTsion «(}- l Ir il) . 
General corrosion (O- t mil ) . 
Corrosion on side of rod Ileal' top a nd ce nler (0-5 

mils) . 
Corrosion in spols (0- 10 mils) . 
Corrosion in spots (5-10 mils). 
'.I'op end of rod corroded, with one pi t of iO mils. 

Bottom end pit tt'd around the edge. Corrosion 
fl'ol11 mounting hole clown the side abollt 2 in. 
(13 mils). Spots "long entire surface ( 12- 3:; mils) . 

Corrosion on top and bottom end s. also 011 side he· 
low mounting hole for ahouL I in. Rome rOlTo
sion inside mountin g hole . Severn l pits (i2- 5G 
mils) on the entire surface. 

).\08t corrosion inside of the mounting hole (two 
pits o[ 70 mils). Onl y two small piLS (23 "nd 30 
mils) on the surface. 

~I ost corrosion con fined to one narrow pit (100 mils) 
inside of the mowltillg hole. '1'wo tiny pits (10 
and 17 mils) on lhe si de o[ rod a bout 2 in. up from 
the lower end. 

The film-forming properties of silicon when added 
to stainless steel have been reported on by Rhodin 
r11]. Under the conditions of his experiments, he 
observed remarkable improvement in corrosion 
resistance both from the standpoint of weight loss 
and of pitting when silicon·modified Type 316L 
stainless steel contained silicon in amounts between 
2.41 and 4.67 percent. The effects of silicon have 
been also discussed by Speller [9] and by others. 
The primary reason for including silicon in some of 
the alloys of the present study was to find out 
whether the effects mentioned by other investigators 
could be measured and how the shapes of the polari
zation curves would be affected. 

I A 1A 

FIGURE 3. 
chl"omillm 
cleaning . 

3A 4A 5A 6A 7 A BA 9A IDA 

Ferrous alloys containing varying amollnts 0 
aflt !" 6ij da?Js of exposure to salt water and a/te 

J"OI' composiLioll , SPC table 1. 

D a La, similar Lo tilOSC' given for lhe Fe- ('l' al lo.l"s. 
arc gt ve n for the Fe- Cr- Si alloys in lablC' 4. Attell
t ion is again di rected Lo t he facl thaL l he exposure 
period was for SO da~'s while llmt for t he Fe- Cr 
al loys was 65 days. The llVO additional specimens 
6AA (7.1 Ur) and8AA (11.1 Cr) have essentiall y lhe 
sa11l e chromium conten t as have specim ens 6B a nd 
SB, respectively, except that the former arc without 
silicoll. It was fel t that comparisons could be made 
by including them in the same exposure where effects 
due to silicon might be revealed by polarization 
measurements. 

Data from both exposures, based on actual weight 
losses and plotted to a common scale, arc shown in 
figure 4. A similar comparison, b ased on polariza
tion data obtained during the final 3 weeks of the 
first exposure (without silicon) and the corresponding 
3 weeks of the second exposure period, is shown in 
figure 5. The addition or silicon seems to have had 
the effect of reducing the cri tical range of chromium 
from 10 to 12 percent to around 2 to 3 percent. The 
somewhat higher corrosion rates or the silicon
bearing specimens containing up to 6 percent 
chromium might be attributed to the higher water 
temperature during the second exposure (fig. 4). 
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TAB LE 4. Corrosion wel:ght losses calculated from polarization data obtained on iron specimens containing chromium and sill:con 
exposed to a 3 percent-sodium chloride solution 

Polarizin g curren t W eight loss' P olar izin g curren t 
Weigh t loss. at hreak in curve a Corro- at break in curve a Corro-

Specimen Ex p osurp sion b CalclI- Specim en E xposu re sion b Calcu-t ime Cath o d ie An odic curren t lated t ime Cathod ie An od ic cur ren t Iated 
I . I , i , cumula- Actual 

I " J, i, cumula- Actunl 
tive t i vc 

----------- ------------ -------------- - ------
Days ma ma ma my my Days ma ma ma my mg 

lB(O Cr, 3.3 Si)-- I 2.5 12.5 2.1 52 7B (7.9 Cr, I 1.9 6. 0 1.5 38 
6 1.6 8. 0 1.3 264 3.0 Si) 6 2.2 6.6 1.6 232 
9 1.4 7.0 1.2 358 9 1.7 2.4 0.99 329 

14 1..5 7.5 1.2 508 14 1.6 3.0 1.0 453 
21 1.2 6.0 1.0 700 21 1.3 3. 9 0.98 620 
27 1. 2 6.0 1.0 850 27 1.3 3.0 .91 770 
37 1.2 6.0 1.0 1, 100 37 1.1 3.2 .82 986 
48 1.3 6.5 1.1 1,388 48 1.0 2.8 .74 1,200 
55 1.1 5.5 0.92 1,565 55 1. 0 3.5 .78 1,333 
62 1.2 5.0 .97 1,730 62 1.2 2.0 .75 1,467 
69 1.0 4.0 .80 1,8S.\ 69 0.7 2.2 .53 1,579 
76 1.0 4.0 . 80 2,025 76 .9 1.5 .56 1,673 
80 --------- -------.- -- -- -- - -- - 2, 105 2,045 80 --- --- ---- - - - -- - --- - --------_. 1,729 1.720 

2B(0.5 Cr, 1 2.3 I I. 5 1.9 47 SB(10.6 Cr, 1 1.0 0.68 0.41 10 
3.1 Si) 6 1.8 9. 0 1.5 260 2.1 Si) 6 1.2 .62 .41 61 

9 1.7 8.5 1. 4 369 9 0.73 . 75 .37 90 
14 1.9 9.5 1.6 557 14 1.1 2.2 .73 159 
21 1. 6 8.0 1.3 811 21 1.1 3.7 .85 297 
27 1.4 7.0 1. 2 998 27 0.86 1.5 .55 402 
37 1. 5 7.5 1.2 1,298 37 .78 I.G .52 536 
48 1.5 6.5 1.2 1,628 48 .85 3.5 .68 701 
55 1.1 4.4 0.89 1,810 55 .70 1.3 . 4.\ 800 
62 1.5 4.0 1.1 1,985 62 .88 2.5 .65 896 
69 1.2 3.5 0.90 2.160 69 .98 1. 6 .61 1,006 
76 1.3 3.5 .95 2,322 7fi .90 1.2 .51 1, 104 
80 --------- --------- -- ----- -- 2,4 17 2,245 80 --------- - -- ----- --- --- - -- 1,155 1. 330 

3B(2.5 Cr, 1 2.4 12.0 2.0 50 9 B(13XCr, 1 0. 92 0.70 0.40 10 
3.4 Si) 6 2. 5 12.5 2.1 306 3.8 Si) 6 1.1 .57 .38 59 

9 2.2 11.0 1.8 452 9 1. 1 .50 .34 R6 
14 2.1 10.5 1. 7 671 14 1.2 .52 .36 I ~O 
21 1.8 9.0 1.5 951 21 0.96 .40 .28 186 
27 1.7 8.5 1.4 1. 169 27 .80 .32 .23 221 

37 1.6 8. 0 1.3 I, .506 37 .50 .17 .13 269 
48 1.3 5.3 1.0 1. R22 48 . i8 .25 .19 313 
55 1.6 6.4 1.3 2,023 55 .70 .32 .22 249 
62 1.3 1. 0 0.98 2,223 62 .80 .33 .23 388 
69 1.5 3.5 1.0 2,396 69 .82 .28 .21 427 
76 1.5 3.7 1.1 2.580 iG .80 .32 .23 466 
80 ._----- -- -- ------ -- - -- - ---- _. 2,690 2,340 SO -------- . - - --- --- - ---- -- - 489 6W 

4B(1.4 Cr, 1 2.4 12.0 2.0 50 lOU(IS.2 Cr, 1 0.43 0.25 0. 16 4 
3.3 Si) 6 2.0 10.0 1.7 281 [3.(Si) 6 .16 .OSO .053 Ii 

9 2.0 10.0 1.7 408 9 .15 .080 .052 21 
14 2.1 10.5 1.7 620 14 .12 .095 .053 28 
21 1.6 8.0 1.3 882 21 . 11 .060 .039 36 
27 1.6 6.4 1.3 1,0;7 27 .36 .21 .13 48 
37 1.7 6.8 1.4 1,415 37 .22 .035 .030 68 
48 1.3 4.0 0.9R 1. 742 48 .050 .031 .019 75 
55 1.3 4.0 .98 1. 913 55 .0r,4 .029 .020 i9 
62 1.6 3.0 1.0 2,086 62 .068 .050 .029 83 
69 1.3 2 . .5 0.85 2.248 69 .16 .19 .087 93 
76 1.6 3.5 1.1 2,418 76 .16 .090 .058 106 
80 --------- ---------- --------- 2, 528 2,520 80 .045 .029 .018 110 ]45 

oB(2.1 Cr, 1 2.0 10.0 1.7 42 6A A (7.1 Cr)d ---- 1 2.2 13.2 1.9 47 
3.3 Si) 6 2.1 10.5 1.8 261 6 1.6 9.6 1.4 253 

9 2.0 10.0 1.7 392 9 1.4 5. (i 1.1 347 
14 2.1 10.5 1.8 611 14 1.4 .1.0 1.1 485 
21 2.1 10.5 1.8 926 21 1.0 5.0 0.83 054 
27 1.7 8.5 1.4 1,166 

I 

27 1.2 5.0 .83 779 

37 1.5 4.5 1.1 1. 479 37 1.2 5.0 .83 994 
48 1.4 5.0 1.1 1,781 48 0.82 5.5 .71 1,206 
55 1.5 4.0 1.1 1.97;J 55 .74 3.3 .60 1,321 
62 1.6 3.0 1.0 2,157 62 .78 3.8 .65 1,430 
69 1.1 3.0 0.80 2.314 69 .80 3 .. \ .65 1,514 
76 1.6 3.0 1.0 2,471 76 .90 3.0 .69 1,601 
80 -- ------- ---------- ------ -- -- 2,571 2,480 80 -- - -- ----- ------ - --- -- - ---- 0- 1,730 1,825 

6B(6.4 Cr, 1 2.5 7.5 1.9 47 8AA(I1.(Cr)d --- 1 2.4 9.6 1.9 47 
3.9 Si) 6 2.5 10.0 2.0 29 1 6 1.6 6.4 1.3 2c17 

9 1.6 3.9 1.1 407 9 2.4 3 6 1.4 348 
14 2.0 4.5 1.4 563 14 1.6 8.0 1.3 517 
21 1.4 4 .. 5 1.1 782 21 2.1 4 . .) 1.4 753 
27 1.2 4.0 0.92 933 , 27 1.4 3.5 1.0 933 

37 1.1 4.0 .86 1,155 

I 
37 1.3 5.0 1.0 1,183 

48 0.95 3.0 .72 1,372 48 0.73 3.5 0.60 1,403 
55 1.0 3.0 . 75 1,501 55 .66 2.7 .53 1,502 
62 1.1 2.6 .77 1,634 62 .90 3.0 .69 1,609 

I 
69 1.0 3.0 .75 1,767 69 .83 3.0 .65 1,726 
76 0.88 1.7 .58 1,886 76 . 94 28 .70 1,844 
80 -------- -- ---------- ---------- 1,947 2,120 80 -- - -- ----- -- ---- ---- ------ ---- 1.914 2,155 

a See the trxt. b io~Jplql(lp+Jq). 
'Same as footnote c in table 2. Note: Exposme was the same as for the exposure of the specimens (table 2). except at a diITrrcnt time and to a freshly prepared 

solution for a pf'riod of 80 days. ]\IIean salt water temperaturc=77° F , rnin=68° F. max=85°. F . Exposed arE'a of spccinlen= ~u ft~. 
d No silicon added. 
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FIG U RE 4. Effect of chromium and of chromium with silicon 
(3 to .4 percent) on the corrosion rates (based on actlwl weight 
losses) of iron alloys exposed between 2 and 3 months to city 
water containing 3 percent of sodium chloride. 

• \Yithou t sili con- 1st sct of speci mens, mean solution temp 68 of. o \Vith silicoD-2d sct of specimens, mcan solution temp 77 of. 
~ Wi thout silicoo-2d sct 

Comparative polarization data on those alloys 
having about 7 and 11 percent chromium , with and 
without silicon, are illustrated by figure 6. The 
added silicon seems to have caused a shift from 
cathodic toward mixed control and lower rates of 
corrosion. This is especially noticeable by compar
ing specimens 8B and 8AA. In general, the data 
appear to indicate that for iron having 8 percent or 
more of chromium, the addition of from 3 to 4 percent 
of silicon is beneficial in fmther reducing corrosion 
weight loss (fig. 4). 

The 10 specimens containing silicon are shown 
(corrosion products removed) in the photograph, 
figure 7, after SO days of exposure. Data on the 
apparent area corroded and remarks on pitting are 
given in table 5. As with the alloys containing no 
silicon, the suspension wires caused no nicking at 
points of contact with the specimens. Four of the 

2 

, 
'0 

o 
o 4 8 12 16 20 

CHROMI UM , 0/0 

FIG U llE 5. Effect of chTomium and of chromium with silicon 
(3 to 4 percent) on the c01Tosion rates (based on polarization 
curves) of i1'on alloys (jig. 4) near the end of th" exposure 
paiods to salt water. 

• Specimen s wiihoutsilicon, based 0113 or4 pairs of eunes (anodic and cathodic) 
from 43d t hrough 65th days of exposure. o , WiUl silicon;~, without silicon , based on 4 pairs of CW','CS from '18th through 
G9th days of exposure. 

specimens (7B, 8B, SAA, and 9B) described in table 
5 are shown during exposure in figure 1 w.ith corro
sion products intact. The corrosion products around 
the pits, especially on 9B, are clearly visible in the 
photograph. 

The relation bet'ween corrosion potential and 
exposme time for about half of the specimens is 
shown in figure S. With the exception of specimens 
9A (first set of specimens) and lOB (second set), the 
potentials are relatively constant with time. The 
effects produced by marked changes in potential 
(specimens 9A and lOB) on the polarizing character
istics and corrosion rates are shown, respectively, in 
figures 9 and 10. In figure 9, it will be noted that 
the corrosion current, ~·o, increased tenfold as the 
corrosion potential shifted from about - 0.2 v (11th 
day) to - 0.4 v (lSth day). The shift in corrosion 
potential was also associated with a change from 
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TABLE 5. Appearance after removal of the corrosion products 
of the iron specimen s containing chromium and silicon 

Specimen 

IE (0 Cr, 3.3 Si) 
2B (0.5 Cr, 0.1 Si) 
3E (2.5 Cr, 3.4 Si) 

4B (1.4 Cr, 3.3 Si) 

5E (2.1 Cr, 3.3 Si) 

fiB (6.4 Cr, 3. 9 Si) 

713 (7.9 Cr, 3.0 Si) 

8E (10.6 Cr, 2.1 Si) 

9E (13.8 Cr, 3.S Si) 

lOB (l S.2 Cr, 3.4 Si) 

6AA (7.1 Cr) • 

8AA (U .l Cr) • 

• ~o silicon added. 

- .5 

-. 6 

- .7 

- .4 

- .5 

- .6 

- .7 

W 
<3 - .5 
vi 

> 
...J' 

- .6 

::! .... 
- .7 z 

"' .... 
0 
a. - .2 

- .3 -

- A 

APparentl 
area 

corroded 

% 
70 
69 
77 

69 

79 

15 

4 

<2 

< 1 

Remarks, pitting 

General corrosion (0- 1 mil). 
General corrosion (0- 1 mil) . 
Gcnera l corrosio n (0- 1 mil), except for a elu ster 

of pits (0- 7 mil s) in a cathodic area. 
General cOlTosion (0-1 mil). '1'\\'0 small groups 

of pi ts (0- 5 mils) in a cathodi c area. 
General corrosion (0- 1 mil ). Also, about six 

groups of pits (3- 5 m ils). 
'['op cnd of rod all corroded wi th 45 mil pits, 

a lso bottom end with 5 mil pi ts. About 15 
places all surface with pits (5-20 mils). 

Corrosion confined to top end of rod (l0-30 
mils) and to sides just below the mowlting 
hole (5-30 mils). 

Ei ght pi ts (3~-SO mils) all t he surface and severe 
piLLing (50 mils) in side of mounting hole. 

_\lost of the corrosion concentrated in one pi t 
(130 mi ls) about one-third way up from Lhe 
bottom end and in a elusLer of pits (1 0-40 
mils) nearby. 

'1' wo pits (50 mils) ill middle of roc!. Sli ght 
corrosion inside of moun ting hole. 

Top aud bot toJTl ends pi tted to 12 mil s. Abont 
12 areas on surface pi tted (5-20 mils). Sl igh t 
corrosion inside mounting holo. 

Top and bottom ends corroded wi th pits to 30 
mils. Severe corrosion around edges of 
moun ting hole. Fow· pits (30-50 mils) on 
the surface . 

' <Y~ 
>-_~~=_ ,I --_. 6B(6AC,.3.95;) 

• - .- .-"'~~, io "'O.S8mo 

' .. 

, 00<> 
.Q 0 0 ~ 

e 
6 

- .5 -.--o==.-~ __ 1 
8B(10.6 C,.2. 15" 

io =0. 51 ma .. ~\ 
- .6 

- .7 \ 
- .8 

.01 .02 .05 .2 .5 2 10 

APPLIED CU RREN T, me 

FI GURE 6. Polarization curves of iron specimens having about 
7 and 11 percent chromium (with and without silicon ) on the 
76th day of simultaneous exposure to salt water. 

o anodic • cathodic 

anodic to mixed corrosion control. For specimen 
lOB (fig. 10), a shift in the corrosion potential of 
about 100 mv in the anodic direc tion, between the 
22d and 28th days of exposure, increased the corro
sion current threefold ; whereas , a change in the 
corrosion potential of about 100 mv in the cathodic 
direction (77th to 80th day) result ed in a threefold 
reduction in the corrosion curren t . 

The relation betvveen corrosion potential and 
percentage of chromium toward the end of exposure, 
with and without silicon, is shown in figure II. 
For the data without silicon, the trend of the 
corrosion potential to become more noble, with 
increasing amounts of chromium, was irregular 
until the amount exceeded 11.4 percent. It will be 
recalled that it was in excess of 11 .4 percent chro
mium where the transition from cathodic to anodic 
control occurred with a resultant large reduction in 
corrosion rate (fig. 2) ; with lesser amounts of chro
mium the corrosion rate fluctuated (figs. 4 fl.nd 5) , 
As for the specimens with silicon (fig. 11), there is 
a regular trend in the po tential towards more noble 
values as the percentage of chromium increases 
above 2.5 percent and also a consistent r eduction 

I B 18 38 48 5B 6B 78 88 98 lOB 

FIGURE 7. Ferrous alloys (corrosion products removed) 
containing varying amounts of chromium and silicon (3 to 4 
percent) after 80 da ys of expOS1,re to salt water. 

For composition, see table 1. 
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in the cOlTos ion rates (figs. 4 and 5) . Th e da ta 
s hown in figures 4, 5, and 11 inciiCllte t.llHt, with 
about 8 p ercent or more of chrom iu m, t he ,lddiLion 
o[ 3.5 p er cent silicon has th e cA'cct o f mIl kin g the 
potentia] more nobl e and perhaps advnnt ao'cously 
affec ting corrosion rate. Tb e (hI l a r es ulting. 1"1'0111 

the simultaneous exposure o[ 2 sp ecim ens (6AA Itnd 
)A i\..) without silicon and the specilll ell s with s ilicon 

having abou t the same p er cc ntage of chromium 
tend to reinforce this sta telll cnL k eepin o. in mind 
that the salt water temperature ~vas higl~er tilftni t 
was when the firs t se t of specim ens wilhouL silicon 
were exposed. 
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FIGURE 8. Po~en'inl versus time C1lTves J01' some oJ the Fe-Cr 
and ]1 e- C1,-Si nlloys exposed to salt water. 

- . 1 

-;2 

w 
Q 
<Ii -; 4 

..J- - .5 

'" >= 
~ - .2 .... 
a 
Q. 

... ;4 

For co luposiLion of the al loys, sec table 1. 

II th day, io ·0.024ma 
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~ 18 th doy, io · 0. 25mo 
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APPLIED CURRENT, mo 

FIGURE 9. R elationship between corTosion potentin[ nnd polm'-
1zmg c/w1"(!cteristz'cs of specimen 9A (1 4.S Cl-) nt different 
times du ring expos!l1"e. 

o anodic • cathodi c 

4 . Summary 

Electrolytic iron alloyed with chromium in varying 
a mounts b etween 0 and. 18 p ercen t was exposed for 
65 days to city wftier having added 3 p ercen t by 
weigh L of odium chlorid e. Similar sp ecimens with 
subsLan tially the same chromium con tenL bu L having 
in additio n between 3 and 4 percenL of silicon were 
exposed [or 85 dt1.Ys to a new s,t! L soluLion. 

For both exposures , weighL losses calcul a ted from 
average corrosion curren ts, derived from polarization 
curves ob tained p eriodically , ag reed r easo nably well 
with t he actu al weigh t losses. 
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o • ;0 =0. 13ma 

77 th day 

;0 =O.058ma 

76th day 

"j 80 th day 

~-- ;0 =O.018ma 

~ 80th day 
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APPLIED CURRENT, rna 

FIGURE J O. R elationship between corrosion potentinl and 
polCt1'izing characte1'istics of specimen lOB (18.2 C1', 3.4 Si) 
at diiIerent times dW'in g eX1Josure. 

o anodic • cathodic 

253 



-.2 r-------.--------,--------,-------~------, 

- . 3 

-.4 

w 
u 

;f, - . 5 

... 
z 
w ... 
o 
Q. 

- .6 

- .7 

-.8 
o 4 

? 
/ 

/ 
;:f 

/ 
/ 

/ 8AA 

6AA 

8 12 
CHR OMIUM , 0/0 

/ 
/ 

A 

/ 

/ 
/ 

/ 

16 2 0 

FIGURE 11. Average polenli(t/ of each specimen (22 speci
mens, both exposures) for 3-week period near the end of 
exposure. 

• W itho u t silicon- 1st set, 43d through 65th day. 
o With silicon-2d set, 48th through 69th day. 
~ Without silicon- 2d set, 48t h throu~h 69th d ay. 

As the chromium co nten t of specim ens incr eased 
the corrosion con trol b ecame mixed, that is, more 
influenced by nnodic polil,l'ization, especially so fo r 
the specimens with silicon nnd th ere was a defini te 
transition to anodic control between abou t 11 and 
14 percen t chrom ium. TJH' cha.nge from cathodic 
control as chromium content was increased resulted 
in the corrosion being confin ed to smaller areas. 
On the specimens haying ] 8 percent chromium, the 
corroded area was apparently ahout 1 percent 0 1' 
less of the total fireR exposed . 

The addition of silicon to the alloys seems to have 
had the effect of reducing th e critical range (redu ction 
in weigh t loss) of chromium from between 11 to 14 
percent to 8 percent or pTobably less. 

The cri tical r anges for chromium were accompa
nied by abrupt shifts in corrosion potential in the 
cathodic direction. M arked reductions in corrosion 
rate were associated wi th shirts o[ corl'osion poten
t ial to more noble v alues. 
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