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Anodic Polarization Behavior of Fe-Ni Alloys 
Fabricated by Ion Implantation 

B. S. Covino, Jr.,* P. B. Needham, Jr., and G. R. Conner *'~ 
Burea u of Mines, U.S. Department of the Interior, 

College Park Metallurgy Research Center, College Park, Maryland 20740 

ABSTRACT 

Surface alloys have been fabricated by implanta t ion  of 25 keV nickel ions 
into polycrystal l ine iron to doses ranging from 8.5 • 1015 to 3.4 X 1016 ions /  
cm 2. Their  aqueous corrosion characteristics have been studied under  condi- 
tions of anodic polarization at 30~ in a he l ium-deaera ted  sodium borate 
buffered boric acid solution (pH 8.5) containing 2400 ppm chloride ion. T h e  
pi t t ing-  and general-corrosion characteristics are comparable to nomina l ly  
equivalent  bulk  commercial alloys and are superior to those of pure iron. 
A high s t rength maraging steel is shown to exhibit  an increase in p i t t ing-  
corrosion resistance due to the implanta t ion  of chromium ions. 

Ensur ing an adequate supply of critical materials 
such as nickel to meet  nat ional  economic and strategic 
needs is a goal of the Bureau of Mines meta l lurgy  re-  
search program. Ion implanta t ion  offers the potential  
of extending the usefulness of our supply of critical 
materials  without  sacrificing chemical or physical 
properties. 

A group of i ron-nickel  alloys has been fabricated by 
the implanta t ion  of low energy metallic ions into the 
surface regions of polycrystal l ine iron. These alloys 
have been designated as surface (s) alloys (1) since 
the alloyed region extends only to a depth of 200A 
below the iron surface. A potent iodynamic study of 
the characteristics of these alloys has been conducted 
in  order to determine their characteristic critical cur-  
rent  densities (ic) and pit t ing potentials (Ep). These 
two parameters  are an indication of the relat ive gen-  
eral-  and pi t t ing-corrosion resistances, respectively, 
and can be compared to equivalent  parameters  deter-  
mined for commercial bulk  alloys of known corrosion 
resistance. E,  is an operational  parameter  measured 
in an identical m a n n e r  for all of the data reported here 
and is equivalent  to the "critical breakdown potential" 
reported by other authors (2). 

The surface alloys were prepared by implant ing  25 
keV nickel ions into 99.99% pur i ty  polycrystal l ine iron 
samples. The details of the technique have been ex- 
tensively described elsewhere (3), and only a few 
brief remarks are made here. Prior  to implantat ion,  
the i ron surfaces were prepared using mechanical  
grinding, electropolishing, and high vacuum treat-  
ments that  also have been described elsewhere (1, 4). 
The result  of these surface prepa~cations was a residual 
oxide coverage less than 10.k in thickness and a re- 
sidual carbon surface impur i ty  coverage of less than 
1 X 101'6 atoms/cm 2. The 25 keV nickel ions had a 
mean  penetra t ion depth of 38A, and the final implant  
depth dis tr ibut ion was shown exper imental ly  to be 
essentially Gaussian in character, with approximately 
99% of the nickel located wi th in  the first 150A (3). 
The surface alloy concentrat ion has been defined, 
therefore, as the average concentrat ion over this 150A 
implant  region. Implanta t ion  of nickel ions was used 
to fabricate surface alloys of 6 atom percent  (a/o) (a 
dose of 8.50 X 1015 Ni + ions/cm2), designated as 
Fe-6(s)Ni ,  and 25 a/o (a dose of 3.40 X 1016 Ni + ions /  
cm2), designated as Fe-25 (s)Ni. Ter t iary  surface alloys 
containing 15 a/o Ni (a dose of 2.05 X 10 TM Ni + ions/  
cm2) and 10 a/o Cr (a dose of 2.08 X 1016 Cr + ions/  
cm2), designated as Fe-10(s )Cr-15(s )Ni ,  also were 
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fabricated and studied. A commercial maraging steel, 
Vascomax 250 (V-250), was implanted with 25 keV 
chromium ions to a total dose of 2.08 X 1016 Cr + ions/  
cm2. This resulted in an average concentrat ion of 10 
a/o chromium over the first 200A. 

The potent iodynamic polarization studies of both the 
surface and the bulk alloys were conducted in a high 
pur i ty  boric acid solution buffered to pH 8.5 with the 
addition of sodium tetraborate  decahydrate and con- 
taining 2400 ppm C1- (as NaC1). The solutions were 
deaerated wit n helium, and the area in front of the 
electrode was rapidly stirred with the same gas to 
minimize the effects of diffusion on the polarization re-  
sults. The polarization tests were conducted in  s tan-  
dard l - l i t e r  glass polarization cells that  were cleaned 
with boiling HNOa. The p lanar  electrodes (test alloys) 
were mounted in  an O-r ing sealed Lexan electrode 
holder. The tests were conducted at 30~ with a polari-  
zation scan rate of 10 mV/min .  The ini t ial  applied po- 
tent ial  was --100 mV with respect to ER, where ER was 
the rest potential  recorded after the electrode had 
stabilized following a cathodic reduction process. The 
electrode potential  was mainta ined using a Wenking 
70TSI potentiostat  and was scanned with a Wenking 
VSG72 scan generator. 

Results 
The surface alloys, bulk  alloys, and metals reported 

here were studied under  identical electrochemical con- 
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Fig. 1. Anodie polarization behavior (in a borate-buffered solution 
with 2400 ppm C I -  addition) of polycrystalline iron and nickel and 
two commercial alloys. 
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Fig, 2. Anodic polarization behavior (in a berate-buffered solu- 
lion with 2400 ppm C I -  addition) of the surface alloys Fe-6(s)Ni 
and Fe-25(s)Ni compared with that for polycrystalline iron and 
nickel and one commercial alloy. 
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Table II. Electrochemical parameters from Fig. 3 

ic E o  ( V  E p  ( V  
Metal  ( A / e m  ~) vs. NHE) v s .  N t I E )  

Fe-1O (s) Cr-15 (s) NI < < 10 -o - 0.09 - 0.09 
316 L SS 1.5 x 10 -e --0.30 0,52 
Inco ne l  626 1.1 x 10 --e -0 .20  0,59 

ditions. F igure  1 shows the resul ts  obta ined  for po ly-  
c rys ta l l ine  i ron  (99.99 % ), n ickel  (99.5 % ), V-250 (18 % 
Ni) ,  and Type  9 nickel  steel  (9% Ni) under  these spe-  
cific conditions. Each curve in this figure and in  sub-  
sequent  figures represents  the average  of a min imum 
of four  tests. F igure  2 shows the resul ts  obta ined for  
the  F e - 6 ( s ) N i  and F e - 2 5 ( s ) N i  al loys compared  wi th  
those ob ta ined  for pu re  iron, nickel,  and Type  9 nickel  
steel. The e lec t rochemical  behavior  of i ron in a bo ra t e -  
buffered solut ion of pH 8.5 wi thout  the presence of 
C1- indicates  an ic of 1-3 X 10 -5 A / c m  2 wi th  a definite 
pass iva t ion  region extending  from --0.20 to +I .10V 
vs.  NHE (5, 6), the  no rma l  hydrogen  reference  elec-  
trode. The addi t ion of 2400 ppm C1- reduces the length  
of the  passive region, increases ic to 4.5 X 10 -5 A / c m  2, 
and shifts Ep to --0.14V vs.  NHE. Ep was de te rmined  
g raph ica l ly  for each a l loy by  the intersect ion of t an-  
gents  d r a w n  f rom the passive region and the region of 
the cur ren t  dens i ty  vs. appl ied  potent ia l  curve that  ex-  
h ib i ted  the steepest  slope. For  those polar izat ion curves 
tha t  did  not exhib i t  act ive dissolut ion regions,  Ep was 
de t e rmined  as the  potent ia l  a t  which  the cu r ren t  den-  
s i ty was equal  to 1 • 10 -6 A / c m  2, genera l ly  the low-  
est measurab le  cur ren t  dens i ty  in these exper iments .  A 
comparison of the resul ts  obta ined  for i ron  wi th  the  re -  
sults obta ined for the Fe -Ni  surface al loys shows th ree  
effects due to the  surface a l loying:  ( 0  a subs tant ia l  
reduct ion  in ic; ( i i )  a shift  of the  crossover  potent ia l ,  
Eo, toward  the noble direct ion;  and (i i i)  a shift  of Ep 
toward  the  noble direction. The values for these pa -  
r amete r s  obta ined d i rec t ly  f rom the curves in Fig. 2 
are  summar ized  in Table  I. 

F igure  3 contains the  resul ts  for  the  F e - 1 0 ( s ) C r -  
15(s)Ni  alloy, 316 L stainless steel (18% Cr, 12% Ni) ,  
Inconel  625 (61% Ni, 21.5% Cr) ,  and the i ron and 
nickel  da ta  f rom Fig. 1. The e lec t rochemical  p a r a m -  
eters  of in teres t  are  summar ized  in Table  II  and again 
indicate  that  the  resis tance to p i t t ing  corrosion is en-  
hanced by  surface al loying.  In  Fig. 4 resul ts  are  shown 

Table I. Electrochemical parameters from Fig. 2 where ic = critical 
current density, Eo --= the crossover potential, and 

Ep ~- the pitting potential 

te Eo (V Ep (V 
Meta l  ( A / c m  ~) vs .  NHE)  vs .  NtIE)  

Iron 4.5 x 10 -5 -0 .58  --0.14 
Fe-6(s )Ni  1.3 x 10-0 -0 .52  --0.12 
T y p e  9 Ni s teel  < < 1 0  -6 -0 .12  -0 .12  
Fe-25(s )Ni  2.5 x 10 -0 --0.40 0.08 
Nickel  1,5 x 10-0 -0 ,36  0.41 

Table III. Electrochemical parameters from Fig. 4 

i~ Eo (V Ep (V_ 
Metal (A/cm ~) v s .  NILE) vs. NHE ) 

I ron 4.5 x 10 -~ --0.58 -0 ,14  
Vascomax 250 5.0 x 10 -e --0.39 0.01 
V a s e o m a x  250 + 

1O(s)Cr 2.0 x 10 -e -0 .13  0.05 

for the e lect rochemical  behavior  of V-250 4- 10(s)Cr,  
as compared  wi th  V-250 and pure  iron. The  re l evan t  
e lec t rochemical  pa rame te r s  are  summar ized  in Table  
III. 

Discussion 
The implan ta t ion  of nickel  ions into po lycrys ta l l ine  

i ron has been  shown (Fig. 2) to produce  resul ts  s imi-  
la r  to those prev ious ly  r epor ted  for F e - C r  surface a l -  
loys (1). These resul ts  indicate  a genera l  trend,  s imi-  
la r  to those observed for F e - C r  and Fe -Ni  bu lk  alloys, 
for Ep to become more  noble wi th  increasing concen- 
t r a t ion  of the a l loying  element .  A s imi la r  type  of be -  
havior  in bu lk  al loys has been in te rp re ted  by  many  in-  
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Fig. 3. Anodic polarization behavior (in a borate-buffered solution 
with 2400 ppm C I -  addition) of a tertiary surface alloy, Fe-10(s)Cr- 
15(s)Ni, compared with that for polycrystalline iron and nickel and 
two commercial alloys. 
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Fig. 4. Anodic polarization behavior (in a borate-buffered solu- 
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vest igators  (2, 7, 8) to indicate  an increase  in the re-  
sistance of the al loy to p i t t ing  corrosion. Increas ing the 
res is tance to genera l  corrosion by  increasing ei ther  the 
nickel  a n d / o r  the chromium concentra t ion in bu lk  a l -  
loys is a w e l l - k n o w n  phenomenon.  The e lec t rochemi-  
cal da ta  repor ted  here  for the F e - N i  surface al loys are  
in te rpre ted  as indica t ing  that,  since the active, passive, 
and t ranspass ive  regions for  the  surface  al loys are  
s imi lar  to those for the equiva lent  bulk  alloys, the 
over -a l l  corrosion behavior  could be expected to be 
the  same. It  has been r epor t ed  prev ious ly  (1) tha t  the  
e lectrochemical  results  for an Fe-5% Cr bu lk  al loy 
were  essent ia l ly  ident ical  to those for an  F e - 6 ( s ) C r  
al loy up to a potent ia l  of +0.20V vs. NHE. At  more  
anodic potent ials ,  the  implan ted  region was complete ly  
dissolved and the subsequent  e lectrochemical  behav ior  
of the  F e - 6 ( s ) C r  al loy resembled  tha t  of pure  iron. 
This was in te rp re ted  as indicat ing tha t  as long as the 
a l loyed su r f ace  region remains  intact,  the over -a l l  cor-  
rosion resis tance proper t ies  are  the  same. S imi la r  con- 
clusions are  reached in this paper  for the Fe -Ni  sur -  
face alloys. 

Table  I shows tha t  there  is a decrease  in ic and an 
increase in Ep wi th  increasing nickel  implan t  concen- 
trat ion.  The ic approached  a l imi t ing value of 1.5 X 
10 -6 A / c m  2, the  same value  measured  for pure  nickel.  
The effect of the implan ted  nickel  can be seen also as 
a shift  of Eo toward  the same value  as tha t  for pure  
nickel.  The decreas ing ic reflects the decreasing anodic 
dissolution; the increas ingly  more  noble Ep reflects an 
increased resis tance to p i t t ing  corrosion. The Fe -  
25 ( s )Ni  al loy exhibi ts  a more  noble Ep than  that  mea -  
sured for an F e - 1 9 ( s ) C r  a l loy (1) and has a p i t t ing-  
corrosion resistance app rox ima te ly  equal  to tha t  of an 
Fe-12% Cr bu lk  al loy (1) (assuming tha t  the surface 
a l loyed region  remains  in tac t ) .  

Two Fe-Ni  commercia l  alloys, V-250 and Type  9 
nickel  steel, were  tested. In  addi t ion to i ron  and nickel,  
the V-250 contains significant amounts  of Co, Mo, Mn, 
and Ti. These addi t ional  a l loying e lements  are  p rob-  
ab ly  de t r imen ta l  to the over -a l l  corrosion resis tance 
since ic for the V-250 was h igher  than tha t  for the  
Fe - 25 ( s )N i  al loy and the Ep was less noble  than tha t  
for the surface alloy. The addi t ion of the chromium, 
via implan ta t ion  into the  V-250, resul ted  in a decrease 
in ic and a more  noble value  of Ep. The resul ts  for the 
V-250 ~- 10 (s) Cr are  in te rp re ted  as indica t ing  a region 
of anodic dissolution, fol lowed by  pi t t ing  ( indica ted  by 
the r ap id  r ise in cur ren t  dens i ty) .  The ic was de te r -  
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mined  as the h ighest  cur ren t  densi ty  measured  before  
the  appl ied  potent ia l  reached the va lue  of  Ep. A com- 
par ison of the  resul ts  for the  F e - 6 ( s ) N i  al loy wi th  
those for the  Type  9 n ickel  s teel  shows tha t  the  sur -  
face al loy exhib i ted  a subs tan t ia l ly  h igher  ic than  the 
Type  9 nickel  steel  (which in  fact  exhib i ted  no ic a t  
a l l ) .  Also, the Type  9 nickel  steel  had  an Ep s l ight ly  
g rea te r  than that  of the  F e - 6 ( s ) N i  alloy. 

The commerciaI  alloys,  Inconel  625 and 316 L s ta in-  
less steel (wi th  an ic of app rox ima te ly  1.0 X 10 -6 
A/cm2) ,  each exhib i ted  a much more  noble Ep than  
the F e - 1 0 ( s ) C r - 1 5 ( s ) N i  alloy. The resul ts  for  this  
mul t ip le  implan t  a re  comparab le  to those for the  Type  
9 nickel  steel and the F e - 1 9 ( s ) C r  a l loy (1). 

The implan ta t ion  of n ickel  and chromium ions into 
i ron  and steels has been shown to have  the potent ia l  
for fabr ica t ing  alloys wi th  good genera l -  and p i t t ing-  
corrosion characterist ics.  In  addit ion,  high s t rength  
steels such as V-250 can have the i r  surfaces a l loyed to 
increase resis tance to corrosion whi le  a t  the same t ime 
re ta in ing the i r  designed bu lk  s t rength  characterist ics.  

Manuscr ip t  submi t t ed  Ju ly  25, 1977; rev ised  m a n u -  
script  received Sept. 21, 1977. This was Paper  88 p re -  
sented at the  Las Vegas, Nevada,  Meet ing of the  So-  
ciety, Oct. 17-22, 1976. 

Any  discussion of this paper  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the  December  1978 
JOURNAL. Al l  discussions for the December  1978 Discus-  
sion Section should be submi t ted  by  Aug. 1, 1978. 

Publication costs of this article were assisted by the 
Bureau o$ Mines, U.S. Department of the Interior. 

REFERENCES 
1. P. B. Needham, Jr., B. D. Sar twel l ,  and B. S. Covino, 

Jr., This Journal, 125, 366 (1978). 
2. Ja. M. Kolotyrk in ,  Corroszon, 19, (8), 261t (1963). 
3. B. D. Sar twel l ,  A. B. Campbell ,  and P. B. Needham, 

Jr., in "Proceedings of F i f th  In te rna t iona l  Confer-  
ence on Ion Implan ta t ion  in Semiconductors  and 
Other  Mater ia ls ,"  P lenum Press, New York  (1977). 

4. P. B. Needham, Jr., H+ W. Leavenwor th ,  Jr., and T. J. 
Driscoll,  This Journal, 1~ ,  778 (1973). 

5. T. Noda, K. Kudo, and N. Sato, J. Jpn. Inst. Metals, 
37, 951 (1973). 

6. "The Development  of a New Class of Al loys  Using 
the Techniques of Ion Implanta t ion ,"  U.S. Bureau  
of Mines Repor t  of • To be published.  

7. Z. Szk la r ska-Smia lowska ,  Corrosion, 27, (6), 223 
(1971). 

8. A. A. Seys and A. A. Van Haute,  ibid., 29, (8), 329 
(1973). 

HPLC Analysis of the Stereoisomers Obtained 
by Electrohydrodimerization of p-Hydroxybenzaidehyde 
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ABSTRACT 

In contras t  to previous reports ,  high pressure  l iquid chromatographic  
analysis  (HPLC) of the  4 ,4 ' -d ihydroxyhydrobenzoin  formed by  the e lec t ro-  
hydrod imer iza t ion  of p - h y d r o x y b e n z a l d e h y d e  showed tha t  the  rat io  of dl- and 
meso-isomers did  not va ry  significantly wi th  various reduct ion mediums,  
the  cathode mater ia l ,  or  the concentrat ion of a ldehyde.  

The e lect rochemical  reduct ion  of a ldehydes  and 
ketones in a d ivided cell leads to g lycol /p inacol  dimers  

* Electrochemical  Society  Act ive  Member.  
Key words:  e lectrohydrodimerizat ion,  p-hydroxybenzaldehyde,  

high pressure  l iquid ch r o ma t o g r ap h y ,  d l / m e s o  rat io,  glycol for- 
mat ion.  

in good yield under  a va r i e ty  of conditions (1, 2). 
Aldehydes  and nonsymmet r i ca l ly  subs t i tu ted  ketones 
dimerize  to form a mix ture  of s tereoisomers and, by  
vary ing  the react ion conditions, the  rat io of dl/meso- 
isomers can be var ied  (1, 2). Also, the use of an 




