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ABSTRACT

This research program was conducted in two phases. Annealing-induced changes in
corrosion and mechanical properties of amorphous alloys were investigated during 1979-1980,
whereas earlier studies during 1977-1979 involved characterizing the localized corrosion
resistance and feasibility of sputtering such alloys.

Annealing, performed at temperatures up to that causing crystallization, produced
embrittlement of Fea2NiasCri4P12Bs at 100-200 C, as measured by bending. Embrittlement
preceded crystallization, which initiated during a substantially higher temperature of 400 C.
Annealing of Fes2NiasCr14SisB12 resulted in embrittlement at 300400 C, which coincided with
crystallization in this alloy. Segregation of phosphorus is believed to have caused embrittle-
ment of the former alloy, whereas embrittlement of the latter was probably induced by
crystallization. Susceptibility of both alloys to corrosion in chloride solutions increased
dramatically with the occurrence of crystallization. This increase appeared as a reduction in
the critical pitting potential with increasing degree of crystatlization.

Research performed during 1977-1979 showed that Fe-Ni-Cr-P-B alloys resist crevice
corrosion as well as pitting. This observation was interpreted as indicating that even if initiation
of localized corrosion is facilitated by introducing a crevice geometry, corrosion cannot
proceed because of the considerable resistance of these alloys to propagation of attack. It was
also demonstrated that these alloys can be sputtered as amorphous layers that exhibit
essentially the same resistance to pitting corrosion as alloys of similar composition, but
prepared by liquid quenching.
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BACKGROUND

The advent of amorphous™ alloys containing film-forming elements such as chromium
has led to intensive research into corrosion behavior. One reason for interest in corrosion
behavior is the broad similarities of composition between certain amorphous alloys and that of
conventional stainless alloys. Specifically, the presence of Fe, Ni, and Cr provides, for the first
time, an opportunity for fundamental studies of passivity and its breakdown on stainless-type
alloys that are free of conventional long-range crystalfine defects, such as grain boundaries.

Previous research showed that two classes of amorphous alloys, of general compositions
Fe-Ni-Cr-P-B and Fe-Ni-Cr-P-C, possess remarkable resistance to localized corrosion, namely,
pitting." ™ Potentiodynamic polarization in acidified chloride electrolytes showed that the
critical pitting potential, E.,, was several tenths of a volt more positive than that of
conventional crystalline stainless steels of similar chromium content. One group of researchers
demonstrated that the minimum amount of chromium needed to confer passivity in the
amorphous state was only 8 atomic percent'’, in contrast to the 12 atomic percent required in
crystalline stainless steels. These preliminary studies indicated that these new classes of
materials constitute novel alloy systems with not only improved corrosion resistance relative to
crystalline stainless steels, but also with the promise of conserving chromium, a critical
resource.

The favored hypothesis to account for the pitting resistance of amorphous chromium-
containing alloys is based on their extremely homogeneous structure. Because the alloys are
amorphous, they are free of grain boundaries, stacking faults, dislocations, and other defects
found in crystalline structures. Because they are quenched at rates in excess of 10° K/sec, they
also exhibit less macrosegregation and microsegregation, and they are free of second phases
formed by solid state precipitation. At worst, they are somewhat heterogeneous on an atomic
scale because of some short range ordering and clusiering phenomena. The alloys, therefore,
are presumed to resist pitting in part because of the difficulty of initiation. That is, it is well
known that pitting occurs preferentially at heterogeneous surface sites such as grain bound-
aries and second phase particles; the fact that these sites are absent in amorphous alloys is used
to rationalize the fact that E, is several tenths of a volt more noble than in less-perfect alloys.
This hypothesis is supported by evidence that passive films formed on Fe-Ni-Cr-P-C alloys are
similar in structure to those observed on crystalline stainless steels.®

It has also been shown that phosphorus enhances corrosion resistance, presumably by
enriching the passive film in hydrated chromium oxyhydroxide.”®' Studies by X-ray photo-
electron spectroscopy (XPS) indicate that phosphorus accelerates active dissolution prior to
passivation; this acceleration, in turn, promotes enrichment of trivalent chromium in the
passive film and improvement of its protective qualities.

(a) “Glassy’”’ would be a more accurate term, since short range order does exist in these materials; however, for the
sake of consistency with much of the corrosion literature, the term “amorphous” will be used to denote their
noncrystalline structure.

- - - - 8 A v = et W LD .




1977-1979 Research

This three-year research program was divided into two phases. The first phase occupied
the period from May, 1977 through April, 1979. It was entitled “Investigating Localized
Corrosion and Sputtering Feasibility of Amorphous Chromium-Containing Alloys”, and
research results are documented in References 7-11 and Appendices A, B, and C. One aspect
of the research sought to determine whether the resistance to localized corrosion exhibited by
certain amorphous alloys extends to crevice corrosion. Crevice corrosion does not require
heterogeneities in the alloy for initiation, and oxygen depletion can easily occur within
crevices. Therefore, it was wondered whether the alloys might readily corrode in a crevice
geometry, unlike their performance when evaluated in a freely exposed geometry. Suscepti-
bility to crevice corrosion was investigated by using actual crevices formed by cold rolling melt
spun filaments"?, and also prepared crevices that were instrumented with micro pH and
microreference electrodes. This research provided insight into the susceptibility of amorphous
Fe-Ni-Cr-P-B alloys to propagation, as well as initiation of localized corrosion.

A second aspect of the 1977-1979 research focused on developing sputtering as a
technique for applying amorphous Fe-Ni-Cr-P-B alloys as corrosion resistant coatings. Re-
search was conducted in collaboration with Battelle’s Northwest Laboratories, which per-
formed the sputtering, whereas alloy characterization was performed primarily at Battelle’s
Columbus Laboratories. High and low chromium alioys were sputtered onto substrates at
ambient and liquid nitrogen-cooled temperatures, after which their structure and corrosion
properties were investigated by a variety of experimental techniques. This work resulted in the
development of a procedure for sputtering amorphous alloys that exhibited much of the
resistance to localized corrosion that characterizes their liquid quenched counterparts.""'

1979-1980 Research

The third year of research under the present contract was directed toward changes that
occur in amorphous chromium-containing alloys during annealing at temperatures up to the
crystallization temperature. It sought to determine the changes in properties, both mechanical
and chemical, that occur as a result of thermally induced structural relaxation. In particular, it
addressed the question of whether the response of chemical stability to annealing parallels
that of mechanical properties, indicating a possible common cause for the changes, or
whether the responses differ and occur as the result of different types of annealing-induced
relaxations.

Naka, et al."¥ investigated the isothermal annealing response of amorphous FezCrioP13C7
and Fes2N1eCri4P12Bs alloys and found that they crystallized in two stages. The first phase to
appear was designated MSI, which is a metastable FCC solid solution of Ni, Fe, and Cr with Ni
as the major constituent. The next phase to appear also was metastable, designated MSII, and it
was possibly a mixture of metal-metalloid compounds with order structures. MSI formed as
crystallites of 50 nm maximum diameter, and MSII nucleated around these MS! crystallites.
After disappearance of the amorphous phase due to the formation of MSI and MSII, further
transformation resulted in stable phases by diffusion and recrystallization, and/or decomposi-
tion of metastable phases. Anodic polarization studies showed that formation of MSI lowered
the corrosion potential and increased the current density in the passive potential range for the
FeaaNiseCri4P12Be alloy. The current density in the active and passive potential ranges
increased continuously as MSI and MSII phases underwent growth by heat treatment for
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increasing time intervals. Appearance of MSII accelerated transpassive corrosion, probably

becausc it was enriched in chromium. Results of other studies''*'® of Fes2NisCri4P12Bs

amorphous alloy also showed a two-stag e crystallization process. Crystallization was detected
by differential thermal analysis and microhardness measurements at ~350 C with isothermal
annealing. The first phase, MSI, was an FCC, Ni-rich Ni and Fe solid solution that grew by
diffusion control. MSII began to appear at an annealing temperature of about 390 C, and it
grew at a linear rate with time. It probably nucleated at the phase boundaries between existing
MSI crystals and the amorphous matrix. It possessed a metalloid/metal ratio of 1:3 and thus
was enriched in metalloid components. However, research with Fe«wNiswP14Be indicated that
low temperature (350-370 C) annealing produced an FesP type bct structure with a small
amount of FCC Ni-Fe solid solution and a small amount of a-Fe. Walter and Bartram"® later
concluded that the metalloid plays an all-important role in determinng the nature of crystals
formed in amorphous alloys containing various amounts of P and B.

Research with Cu-Zr amorphous alloys''” addressed the influence of crystal structure on
corrosion reactions. Annealing below T. was not performed; rather, the comparison was
between the as-quenched amorp »>us and the fully crystallized structures. Crystallization to a
nearly single phase produced a positive shift in corrosion potential, suggesting that reduced
cathodic kinetics aczount for the higher corrosion resistance of the amorphous state.
Crystallization to a two-phase alloy aiso resulted in a less electronegative corrosion potential
than that of the amorphous alloy. The crystalline alloys corroded more rapidly than their
amorphous counterparts, and the two-phase crystalline material corroded less rapidly than the
single-phase crystalline alloy. The reduced corrosion rate may have occurred because of the
greater Zr content in the former material, since Zr has a lower exchange current density for the
hydrogen reaction.

Embrittlement of amorphous alloy Fe«oNisoP14Bs was found to occur when heated above
100 C for two hours."® Annealing at 325 C and 350 C resulted in phosphorus on the fracture
surfaces at levels of twice tha* of the bulk composition. lon milling to a depth of about 6 nm
reduced the phosphorus concentration to near that of the bulk alloy. It was concluded that the
phosphorus-enriched regions caused the embrittlement, and possibly served as nuclei for
subsequent crystallization. Auger analysis of the melt spun filaments showed phosphorus
enrichment near the shiny ribbon surface. Related studies'® with amorphous alloys
FesoNiswoB20o, FesoNisoP14Bs, and FesoNisB2o involved ductility measurement by a simple bend
test. Removal of phosphorus as a metalloid component suppressed embrittlement, i.e., higher
annealing temperatures were required to embrittle phosphorus-free alloys. It was concluded
that “replacement of P by B inhibits the low-activation processes involved in the embrittlement
process”. The temperature for the onset of embrittlement differed by nearly 150 C due to the
influence of phosphorus.

Microhardness experiments performed with Fe-Ni-base amorphous alloys showed two
maxima for annealing temperatures below about 450 C.”?® For the Fe,Nigo-xP14Bs alloys in the
as-quenched condition, microhardness values were approximately 900 Kp mm™, Hardness
maxima were observed both above and below T, the crystallization temperature, which was
about 400 C, and the maxima were higher above T.. The appearance of metastable phases and
their disappearance on annealing caused the higher maxima; these phases were of the A3;B
type and were isomorphous with FesP crystal structures. The appearance of hardness maxima
below T. was interpreted as indicating structural changes in the amorphous state, and
therefore preceding those occurring as a result of crystallization.




The effect of annealing and hydrogen charging on fractography of Fe-Cr-Mo-C alloys was
investigated by Kawashima, et al.?"’ They found that the crack velocities and fracture surfaces
of alloys embrittled by heat treatment were similar to those of alloys embrittled by hydrogen.
Wallner lines, characteristic of fracture surfaces of completely brittle solids, were observed as a
result of both annealing and hydrogen charging. However, a crystallized specimen showed a
granular type of fracture surface, suggesting intergranular failure. It was concluded that the
mechanisms of crack propagation are essentially the same in materials embrittled by annealing
and by hydrogen charging.

The research described in this report had two purposes. One was to characterize the
differences in annealing response of changes in corrosion properties relative to changes in
other properties, primarily mechanical. The second was to determine the role of phosphorus
in influencing both types of responses. Results of the 1979-1980 research are presented in
detail in this report, whereas results from 1977-1979 work are described in Appendices A-C.
The implications of all three years of research to understanding corrosion of amorphous alloys
are presented in the Discussion section.

MATERIALS AND PROCEDURES

Materials

The alloy compositions used in this research are listed in Table 1. The major compositional
variables were Cr and P. The 14Cr alloy obtained from Allied Chemical Corporation is similar
in composition to the 16Cr Battelle alloy, but represents material produced at another
laboratory. The composition containing 12 atomic percent B and 6 atomic percent Si was
evaluated as representative of a non-phosphorus containing alloy. The V was present as an
unintentional impurity that was introduced through use of a ferrophosphorus compound.
T304 stainless steel was included as an example of a commercial stainless steel. Incoloy 800 was
evaluated because the Fe, Ni, and Cr levels approximated those in the 16 atomic percent
Battelle alloy, but they were present in a crystalline rather than an amorphous structure. Thus,
the combined effect of these three elements in the approximate concentrations and ratios
present in Incoloy 800 could be studied in both crystalline and amorphous alloys.

The Battelle alloys were first cast into pancake-shaped ingots by conventional casting
techniques involving induction melting of pure components in a controlled atmosphere. Next,
30-gram portions from each of the crystalline ingots were removed and melt spun into
amorphous filaments.”’ Compositions were verified by wet chemical analysis. Structures were
characterized by differential scanning calorimetry (DSC), X-ray diffraction (XRD), and in some
cases, by transmission electron microscopy (TEM) of thin foils.
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TABLE 1. COMPOSITIONS OF ALLOYS USED IN RESEARCH PROGRAM

Preparation Compasition, atomic percent
Technique Source Amorphous Fe Ni C V P B Si C Mn Ti
Melt spinning Battelle Yes 45 30 2 2 15 6

Yes 42 30 5 2 15 6

Yes 40 30 7 2 15 6

Yes 37 3 10 2 15 6

Yes 31 30 16 2 15 6

Yes 32 36 14 12 6
Melt spinning Allied Yes 40 40 O 14 6

Yes 32 36 14 12 6
Sputtering Battelle Yes 45 30 2 2 15 &

Yes 31 3 16 2 15
Conventional  Mill No 69 8 20 1.2 0.00 1.7 (T304
(casting stainless
and steel)
rofling) No 46 31 22 0.00 0.008

{Incoloy
800)
Procedures

Annealing

Filaments were sealed into evacuated quartz ampoules and annealed isothermally in a
tube furnace. An ampoule was inserted into the center of the preheated furnace, and the
temperature (monitored by a thermocouple placed next to the ampoule) was allowed to
return to the set value. When it was within about 5 C of the set value, the time interval for the
anneal was begun. At the end of the interval, which in most cases was one hour, the ampoule
was removed from the furnace and cooled in air, after which it was broken open and the
contents removed.

Ductility was measured by bending the filaments in the shape of a U between parallel glass
plates which were mounted on the jaws of a small pin vise. The jaws were slowly closed until
the filament fractured, at which point the plate separation was carefully measured with a
micrometer. Usually at least three fracture measurements were made for a given specimen
condition. Care was taken to ensure that the same ribbon surface, either shiny or dull, was
maintained outward during a series of measurements, as this factor was found to influence
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results. Ductility was measured as the strain, y, in the outer fiber surface, which is given by the
equation

Y= ’ M

in which 2r is the plate separation distance and tis the filament thickness. The strain at fracture,
yr, was used as a measure of ductility. it should be mentioned that this equation is strictly valid
only before yielding occurs, but it also provides a useful approximation of strain at small plastic
strains.

XRD measurements were performed with a Siemens unit at an angular scan rate of one
degree per minute. The instrument was first calibrated against a gold standard, and Crka
radiation was used for all measurements.

Vickers hardness measurements were made on the shiny surfaces of filaments that were
glued to glass slides. A very thin layer of glue was used, and its presence did not substantially
affect the hardness transitions that were being evaluated. Indenter loads from 20 to 100 g were
investigated, and a load of 50 g was adopted for all subsequent hardness measurements.

Corrosion behavior was evaluated primarily by potentiodynamic polarization, as de-

scribed previously.® Some experiments involved potentiodynamically polarizing electrodes to -

predetermined potentials and recording the current-time response. Some gravimetric mea-
surements also were performed, in which the weight losses of preweighed filaments were
determined after exposure in FeCls solution in open beakers for many hours.

RESULTS

X-Ray Diffraction

Essentially no changes in XRD data were observed for amorphous Fes2NissCr14P12Bs alloy
as a result of annealing to 375 C for one hour, as shown in Figure 1. A one-hour anneal at 400 C
(data not shown) did result in several X-ray intensity peaks that could be indexed with those of
MSI, namely, an FCC solid solution of FeNi. No other phases were detected.

Annealing at 425 C resulted in a series of diffraction peaks corresponding to either of two
crystalline phases. MSI, an FeNi solid solution and probably also containing Cr''*'®', with a =
0.36 nm appeared as indicated by the three diffraction peaks. (Additional peaks, not shown in
Figure 1, were detected at smaller 26 values with CuK, radiation.) Also present were peaks
corresponding approximately to the NisP-type compound designated MSIL"*'® In the
Metglas alloy system MSII probably has a general composition of the type (Ni,Cr,Fe)a(P,B). The
final equilibrium stage, Sil1, presumably was not present because higher annealing temper-
atures are required for its formation."*

The effects of annealing alloy Fes2NiseCr14SisB12 are shown in Figure 2. Fewer diffraction
peaks are present for this non-phosphorus containing alloy, relative to Metglas 2826A depicted
in Figure 1. The peaks developed at an anr ~aling temperature between 400 and 500 C and their
positions correspond to an FeNi-type of compound with a=0.36 nm. This phase is probably the
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Fe&Ni“CrMP,ZBs
(M2826A)
1 hour anneal

(FeNi)aP

Intensity{Arbitrory Units)

FIGURE 1. X-RAY DIFFRACTION RESULTS FROM Fe32oNissCrq4P128¢ ANNEALED FOR ONE
‘ HOUR AT VARIOUS TEMPERATURES (Cr K, RADIATION)

z Alloy was commercial Metglas 2826A.
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FIGURE 2. X-RAY DIFFRACTION RESULTS FROM Fei:NieCri<SieBi12 ANNEALED FOR ONE
HOUR AT VARIOUS TEMPERATURES (Cr K, RADIATION)

Alloy was prepared at Battelle.
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counterpart of MSI found in Metglas 2826A. Peaks suggestive of an MSII phase, in which the
metalloid content of the (Ni,Cr.Fe)s(P,B)-type compound consists only of Si and/or B, were not
detected.

X-ray diffraction data taken from as-cast ingots of compositions identical to those of the
P-and Si-containing described above consisted of numerous peaks that could not be identified
with certainty. It appears that an FeNi-type solid solution compound was present in both ingot
compositions, but other, less readily identifiable phases were also detected. Complicated
structures for Sl are anticipated, based on the previous work by von Heimendahl and
Maussner."*

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) data, Table 2, for FesaNiseCry4P12Bs showed two
exothermic peaks corresponding to the formation of MSI and MSII phases. The temperatures
at which these phases began to form are 404 and 442 C, in reasonable ageement with those
measured in another investigation."'*’ The heats of reaction, 6.3 and 7.3 cal/g for MSI and MSII,
respectively, were of comparable magnitude. An amorphous alloy of composition
Fes1NixoCrieP1sBs and prepared by sputtering showed only one exothermic peak, unlike the
melt spun alloy of similar composition. Alloy Fe32NiseCr145isB12 produced only one exothermic
peak at a temperature of 526 C and with an enthalpy of 8.0 cal/g. This temperature is
substantially greater than that for MSI of FeszNissCr14P12Be, indicating greater thermal stability
toward crystallization of the P-free alloy.

TABLE 2. RESULTS OF DIFFERENTIAL SCANNING
CALORIMETRY MEASUREMENTS™

Transition
Temperatures, AN,
Alloy Composition °C cal/g

FeyzNisxgCri4P128¢ 404
442

FeazNigCriaSieBr2

Fe31NiypCrieVaP1sBe
{sputtered)

(a) Temperature scan rate =5 C/min,
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Ductility Measurements

Figure 3 shows the variation of fracture strain, ys, of FesaNissCri«P12Be with annealing
temperature during room temperature bend testing. Fracture occurred at highe- strains if the
convex surface of the specimen was the shiny (air side) surface; the difference n ductility was
small at large fracture strains, but it became substantially greater as the degree of embrittle-
ment increased. Embrittlement became detectable in the temperature range 100-200 C and
resulted in a substantial loss in ductility. It progressed more slowly in the temperature range
200-500 C and was nearly complete at 500 C. The transition in -mbrittlement was relatively
uniform and did not indicate the concurrent phenomenon oi crystallization of metastable
phases. The shiny side of Fe32NissCr14SieBi2 filaments also showed a slower rate of embrittle-
ment, Figure 4. Variability between behavior of the two surfaces was greater in the lower
temperature range than that observed with Fes2NissCri4P12Bs. Embrittiement (measured with
the shiny surface outward) initiated in the temperature range 400-500 C, or 300 C higher than
that of the P-containing alloy. It proceeded over a relatively narrow temperature range of
about 100 C and was nearly complete at 500 C.

Fes:NisaoCrieVaP1sBe was evaluated to determine the degree to which alloy preparation at
another laboratory, namely Battelle, under presumably somewhat different quenching condi-
tions influenced embrittiement behavior. The results shown in Figure 5 indicate a higher
temperature range for rapid embrittlement relative to that for Fey2NisxeCr14P12B¢ by about
100 C, followed by embrittlement to a minimum y; of about 0.008. Because of unintentional
differences in composition between the two alloys, closer comparison of embrittlement
response is not appropriate.

Figure 6 shows that the ductility of the as-sputtered deposit of Fea;NixoCrisV2P1sBs was
0.038, which was substantially less than the fracture strain of 1.0 for this alloy prepared by melt
spinning (Figure 5). Embrittlement of the alloy was virtually complete at an annealing
temperature of 300 C, whereas the melt spun filament was not fully embrittled at this
temperature. Also, the degree of embrittlement of the deposit was slightly greater, y:=0.004 as
compared to y; = 0.006 for the melt spun alloy.

The transition in fractographic behavior caused by annealing is presented in Figure 7 for
Fes2NizsCri4P12Bs. The fracture surface of the as-cast alloy, Figure 7a, shows evidence of a
vein-like pattern caused by shear rupture resulting from plastic instability. The larger features
surrounding the ceniral veined region may have resulted from a fatigue effect caused by
bending the specimen to induce fracture. Figure 7b shows that annealing at 300 C virtually
eliminated the vein pattern, presumably the result of embrittlement. The features in Figure 7c
are less pronounced, indicative of a greater contribution of brittle cleavage fracture caused by
annealing at a higher temperature of 375 C. Higher temperature anneals resulted in fracture
surfaces (not shown) that exhibited very few features except brittle cleavage facets.

The influence of annealing on the fractography of Fes2NisgCri4SieB12 is shown in Figure 8.
Features indicative of substantial deformation are evident in Figure 8a for as-cast alloys,
although no vein-like structures could be found. Ductile behavior, including features
suggestive of a vein-like feature, was evident in Figure 8b, representing a 400 C/2 hour anneal.
A granular appearance is evident in Figure 8¢, corresponding to a 600 C/1 hour anneal, and is
reminiscent of intergranular fracture.
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FIGURE 3. FRACTURE STRAIN VERSUS ANNEALING TEMPERATURE FOR Fe3oNiseCriP12Be

Measurements were made with both shiny and dull surfaces in tension
during bending.
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FIGURE 5. FRACTURE STRAIN VERSUS ANNEALING TEMPERATURE FOR Fe3:1NixCrieV2P1sBs

Measurements were made with shiny surface in tension. Alloy was prepared
at Battelle.

- v e LN
-




14

ol
: Fe3, NiyoCrigV2PisBg
:J Sputtered ‘
f 1 hour anneal 3
i
00i

Fracture Strain,IF

i e  ——

B

il °

0.001 1 | 1 -
0 100 200 300 400 500

Annegling Temperature, °C

c-———y -

e~y W

FIGURE 6. FRACTURE STRAIN VERSUS ANNEALING TEMPERATURE FOR Fe3:NixoCreV2P15Be
PREPARED BY SPUTTERING

Measurements were made with the surface that was originally in contact with the
substrate in compression. Alloy was sputtered at Battelle Northwest Laboratories.




-
—

|
i
|

(c)

FIGURE 7. SEM PHOTOGRAPHS OF FRACTURE SURFACES OF Fe2NiseCriaP12Bs IN THE
FOLLOWING CONDITIONS: (a) AS CAST; (b) ANNEALED AT 300 C FOR ONE
HOUR; (c) ANNEALED AT 375 C FOR ONE HOUR
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FIGURE 8. SEM PHOTOGRAPHS OF FRACTURE SURFACES OF Fey:NisCrisSisBi2 IN THE
FOLLOWING CONDITIONS: (a) AS CAST; (b) ANNEALED AT 400 C FOR ONE
HOUR; (c) ANNEALED AT 600 C FOR ONE HOUR
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Microhardness Measurements

Vickers hardness versus annealing temperature is shown in Figure 9 for FeaaNiagCri4P12Be
alloy. A sharp increase in microhardness occurred in the temperature range from 375 to 425 C.
This transition temperature range is about 275 C higher than that in which ductility decreased
sharply, as evident from Figure 3. The hardness reached a plateau range of about 1000 to 1050
at temperatures from 425 to 500 C; higher annealing temperatures were not investigated.

It was not possible to determine the Vickers hardness of alloy Fes2NiagCri4SisB12 because
the melt spun filaments were too thin (~20 um) and very narrow.

Corrosion Measurements

Tables 3 and 4 list the results of corrosion rate measurements obtained gravimetrically
after exposing filaments in open beakers filled with 10 percent FeCl; solution. The
Fea2NissCri4P12Bs alloy corroded at extremely low rates until annealed at 425 C, above which
the corrosion rate (extrapolated to an annual rate) exceeded about 400 um/year.
Fes2NiseCr145isB12 exhibited a higher corrosion rate in the as-cast state, namely, 140 um/yr, but
this rate decreased as a result of annealing in the temperature range from 22 to about 300 C.
Anneals at 400 C and above resulted in rates that exceeded 240 um/year, the upper limit of
detectability for a specimen consumed in a 168-hour exposure period.

TABLE 3. CORROSION RATES OF TABLE 4. CORROSION RATES OF
FeazNisscrquBs IMMERSED IN FemNiasCruSisBm IMMERSED IN
10% FeCl; SOLUTION AT 10% FeCl; SDOLUTION AT
22 C FOR 168 HOURS 22 C FOR 168 HOURS
Extrapolated Extrapolated
Annealing Corrosion Rate, Annealing Corrosion Rate,
Treatment um/yr Treatment um/yr
None (as cast) 0 None (as cast) 140
100 C/1 Hour 0 100 C/1 Hour 39
200 C/1 Hour 0 200 C/1 Hour 8
300 C/1 Hour 0 300 C/1 Hour 85, 137
375 C/1 Hour ] 400 C/1 Hour >240'
425 C/1 Hour 368, 406 500 C/1 Hour >240'™
460 C/1 Hour 401, 423 600 C/1 Hour >240""
500 C/1 Hour 415, 432

{a) Specimen partially disintegrated during the
168-hour exposure.
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FIGURE 9. VICKERS HARDNESS VERSUS ANNEALING TEMPERATURE FOR Fe32NiasCry4P12Be.
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The influence of annealing on anodic polarization in NaCl electrolyte is shown in Figure
10 for FeszNizeCri4P12Bs. The alloy was spontaneously passive in the as-cast state and after
annealing at temperatures to 375 C, with a passive current density, ip, of about 107° A/cm?®,
Slight transpassive dissolution of chromium is evident at about -0.9 V(SCE), followed by
secondary passivation and finally, pitting and oxygen evolution at potentials above 1.2 V(SCE).
Annealing at 425 C and higher decreased the critical pitting potential, Ecp; annealing at 425 C
produced an E, of 0.15 V(SCE), and at 460 C Ec, was 0.0 V(SCE). Alloys annealed at 425 C and
above also exhibited several inflections in anodic current after the onset of pitting, suggestive
of quasi-passivation of one phase within the alloy followed by dissolution of another phase at
slightly higher potentials.

The ingot did not exhibit passivity over any potential range, but instead underwent active
dissolution accompanied by copious pitting at all potentials.

A potential of 0.30 V(SCE) was arbitrarily selected as being in the passive potential range of
polarization behavior, and the anodic current densities measured at this potential were
plotted as a function of annealing temperature, Figure 11. Passivity appeared to be enhanced
by annealing at 375 C, as suggested by the lower current density relative to that of the alloy;
however, passivity was substantially degraded by annealing at 425 C and above.

Fes2NiasCrq4P12Bs exhibited spontaneous passivity in 1 M NaCl in the as cast condition, but
it underwent pitting at potentials above 0.40 V(SCE), Figure 12. The passive current density was
about 410 A/cm®. Annealing at 200 C introduced an active region between -0.50 and -0.33
V(SCE), followed by passivity in the current density range from 2 to 4-10°® A/cm®. Ecp was not
affected. However, annealing at 300 C and above decreased Ec, and increased i,. The
dependence of these variables on annealing temperature was not uniform; e.g., a 400 C anneal
produced an i, that exceeded that produced by 300 and 500 C anneals. The ingot underwent
continuous active dissolution at all anodic potentials.

If 0 V(SCE) is selected as a typical passive potential for Fes2NissCri4SigB12 and current
densities at this potential are plotted in a manner analogous to Figure 11, then the behavior
shown in Figure 13 becomes apparent. An increase in current density occurred at annealing
temperatures above 200 C; at and below temperatures of 400 C the anodic current reflected
passive corrosion, whereas at 500 C and above it was caused by pitting. The transition in
current density versus annealing temperature was less rapid for Fei2NiseCri4SigB2 alloy than
for FeazNiuCrquBa.

The induction times for pitting of Fe32NiseCri4P12Bs in 1 M NaCl are shown in Figure 14. As
cast filament and filaments annealed to 375 C did not experience sudden current increases,
indicative of breakdown of passivity, during polarization for times exceeding 100 seconds. The
breakdown times for alloys annealed at 425, 460, and 500 C were 9, 3, and <1 second,
respectively. The current densities went through a maximum that was proportional to the
annealing temperatures, but they never repassivated. Microscopic examination of the surfaces
of the specimens polarized as shown by Figure 14 did not reveal any pits. Apparently, the
localized attack giving rise to the high anodic current was on a submicron scale and resembled
fine etching more than classical pitting corrosion.




R P R
e ————A—————-s. * 16 4T

.
it 3 ¥ S

Potential, V (SCE)

FIGURE 10. POTENTIAL VERSUS ANODIC CURRENT DENSITY FOR FeazNizeCri4P12B6

20

0.9

0.6

0.3

Fogy NiggCriy Rip By
(M2826A)

-0.8
1M NaCl,pH7
Sweep Rate = 6V/hr
-0.9—
-2 l L | | ! | 4
07 10-® 0-3 104 10-3 10-2 10! 109

Anodic Current Density, A/cm®

ANNEALED FOR ONE HOUR AT THE TEMPERATURES INDICATED, THEN POLAR-
IZED IN 1 M NaCl AT pH 7




21

0!

FesoNiagCriaPi2Bg

{M2826A)

IM NaCl, pH7 X
Potential=0.30 V(SCE)

1021~

0-3—

04—

Anodic Current Density, A/cm?2

AN

N I IS R S
100 200 300 400 500 600 700

Annealing Temperature, °C

10-6
0

- -———

FIGURE 11. ANODIC CURRENT DENSITY AT 0.30 V(SCE) (FROM FIGURE 10) VERSUS
ANNEALING TEMPERATURE FOR Fe3oNieCrisP12Bs

-

e e
e i ——————. AL A L

.
it PP oY S ¥ 3

- —




- __ —_——
e - o — S ——

- - ———

e ey -
= Rt At 20 WA s . e . V- 8B B

s —

22

Potential, V (SCE)
o [=] [~} -
™ o © )

o

Fegg Niyg C1,, S, 8

-0.6 — - 12
o ——— AM NaCl, pHT
09— Sweep Rate = 6V/hr
a2 | L | | ] ]
07 10 1078 1074 0-3 10t 10!

Anodic Current Density, A/cm®

FIGURE 12. POTENTIAL VERSUS ANODIC CURRENT DENSITY FOR FeazNiseCr1.SisB1:
ANNEALED FOR ONE HOUR AT THE TEMPERATURES INDICATED, THEN

POLARIZED IN 1 M NaCl, pH 7

. -~

10°




23

10-2

FeszNi Cr| Sisal

| MNaCh pH 7 ° 2
| hour anneal
Potential=0.00 V(SCE)

Anodic Current Density, A/cm?2
o]
>

10-8

— v

. 10-8 | | | | | I
‘ 0 00 200 300 400 500 600 700
’»! Annealing Temperature °C {
?

FIGURE 13. ANODIC CURRENT DENSITY AT 0.00 V(SCE) (FROM FIGURE 12) VERSUS
ANNEALING TEMPERATURE FOR Fea2NissCr14SigB12

e ey W -

-
- P
.

.- L. - e e e - LS




————— et >

e

- .
e O .

e = ——

24

Fe 3 NizeCriaPioBe
(M2826A)

1M NaCl,pH?7
030V (SCE)

T D |

1A s
<

z

5 460
5 1073

3

10-4 F 1

\ 375 1
|o-5 | As Claﬁ

i 10 100 1000
Time, sec

FIGURE 14. ANODIC CURRENT DENSITY VERSUS TIME OF POLARIZATION AT 0.30 V(SCE) IN
T™ NaCl, p" 7, FOR FeazNiuCn.P,ng
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indicated.
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DISCUSSION

Annealing
(1979-1980 Research)

Data obtained by XRD and DSC verified that the Fes2NisgCri4P12Bs alloy (commercial
Metglas 2826 A) crystallized in a manner previously described. "?7'* The metastable crystalline
phase MSI appeared at 400 C after one hour, but both MSI and a second metastable crystalline
phase, MSII, were detected after annealing at 425 C and higher. However, when the P in this
alloy was substituted by Si and B, as in Fea2NiseCr14SigB12, only MS! was detected, and this ;
phase appeared between 400 and 500 C. It is not clear why the sputtered P-containing alloy, ;
Fea1NizCrigV2P1sBs, showed only one transition peak (Table 2); this issue was not central to
the study and hence, it was not pursued.

e e — e

Comparison of Figures 1 and 3 indicates that embrittlement of Fes2NiseCri4P12Bs preceded
the onset of crystallization, as measured by XRD and DSC. The first crystalline phase to appear
in this alloy, MSI, was detected at temperatures of 400 C and above, embrittlement, as
characterized by a sharp decrease in fracture strain during bending, appeared at an annealing

‘ temperature between 100 and 200 C. This low temperature embrittlement is in qualitative
agreement with the results of Luborsky and Walter''”, who demonstrated that the presence of
phosphorus in amorphous metal-metalloid alloys causes embrittiement at temperatures as low

j as 100 C. Conversely, removal of phosphorus increased the embrittiement temperature to

{ 225 C. As suggested by Pampillo®®, it is likely that the phosphorus segregated to hetero-

geneous sites within the filaments, such as voids formed during casting, and thereby provided

1 an active path for brittle crack propagation during bending, as indicated by the presence of

: phosphorus on fracture surfaces of embrittled P-containing alloys."® The appearance of

crystalline phases at temperatures above 400 C did not alter the relatively smooth decrease in

y: with annealing temperature. This smooth transition in y: indicates that embrittlement was

probably less affected by the appearance of crystalline phases than by phosphorus segregation
preceding and accompanying crystallization.

Itis not clear why filaments bent with the shiny (air-side) surface in tension showed higher
ductility than those bent with the dull (wheel-side) surface in tension. One could logically
expect the reverse to be true, because it has been shown that phosphorus enrichment occurs
during casting near the shiny filament surface in FeswNi«wP14Bs, and to a depth exceeding 360
nm."® Since phosphorus promotes embrittlement, it might be expected that the shiny surface
would have been more brittle. It is not known whether other effects, such as residual stresses
resulting from the casting process, contributed to this difference in behavior between the two
surfaces.

. ———— - W e S E LR
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Removal of phosphorus from the alloy and substitution by Si and B yielded alloy
Fes2NisoCryi4SisB12. Phosphorus removal shifted the embrittlement temperature range to that
coinciding with the appearance of MSI, which was detected after one hour anneals between
400 and 500 C. For this alloy the embrittlement reaction was not associated with segregation,
' but apparently it was caused by the appearance of a crystalline phase in the amorphous matrix.
This phase appeared to be a Nife solid solution similar to that observed in Fe32NiseCry4P12Bs.
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The higher embrittlement temperature measured for Fes)NisoCri¢V2PisBe, prepared at
Battelle by melt spinning for earlier research”™®, may have resulted from as-yet uncharacter-
ized differences between quenching conditions. Such parameters as quench rate, filament
thickness, wheel finish, and other factors may introduce structural and/or stress-related differ-
ences into strip that subsequently influence annealing response. Although the compositions of
Metglas 2826A and the alloy prepared at Battelle were not identical, the similar phosphorus
concentrations should have eliminated compositional differences as the sole cause of the
difference in embrittlement behavior.

The embrittlement response to annealing was reflected in the fractography of
FeszNiaeCriaP12Bs, Figure 7. Embrittlement of amorphous alloys has also been shown to be
caused by annealing'*®’, hydrogen charging'®®***, and by hydrogen introduced by corrosion'?®.
in all instances the vein-like pattern characteristic of the amorphous structure is gradually
replaced by features resembling chevron or cleavage markings as embrittiement proceeds.
Extremely brittie alloys exhibit fewer features and on a much smaller scale, indicative of the
smaller degree of plastic flow accompanying fracture. Occasionally Wallner lines are observed
on brittle fracture surfaces®®’; such features are characteristic of fracture of completely brittle
solids, such as inorganic glasses and ceramics. No Wallner lines were found on fracture
surfaces of materials examined during this research, perhaps suggesting that the degree of

embrittlement was not sufficient to result in their formation during fracture.

Concerning Fes2NiisgCri45ieB12 alloy, some ductility was evident on the fracture surface
corresponding to a 400 C/1 hour anneal, Figure 8b. The fracture morphology corresponding to
a 600 C/1 hour anneal was very rough, possibly indicating an intergranular component of
fracture.

Unlike changes in fracture morphology, which paralleled embrittlement, microhardness
was relatively unaffected by embrittlement. Stubicar'®® observed two hardness maxima for
amorphous alloys, one in the amorphous temperature range and one at the crystallization
temperature, about 400 C. However, in the present study a hardness maximum was observed
only during crystallization, and it was undoubtedly caused by the appearance of MSI and/or
MSII phases. It is proposed that analogous behavior would have been observed for the
Fes2NizeCri4SigB12 alloy, had hardness measurements been possible, since FesoSi2B1s alloy has
been shown to experience a hardness peak during crystallization.'

Examination of Tables 3 and 4 clearly shows that crystallization decreased the degree of
passivity attained by the two alloys being investigated. Conversely, embrittlement exerted no
detectable effect on corrosion behavior. The higher corrosion rate of Fes2aNiseCri14SieB12 in the
amorphous state can be attributed to the decrease of phosphorus which, when present,
enhances incorporation of protective chromium oxyhydroxide in the passive films.® The
increase in corrosion rate at 300 C for this alloy suggests either that compositional fluctuations
immediately preceding crystallization can be important, or else that crystallization actually
began at about 300 C but was not detected by XRD (see Figure 2) until a substantially higher
annealing temperature was employed. The good agreement between Figures 2 and 4, relative
to crystallization phenomena, suggests that structural and/or compositional changes that
preceded crystallization were influential in decreasing the degree of passivity of the
Fes2NissCri4SisB12. Research with STEM would help to resolve the question of whether the
decrease in corrosion resistance observed at 300 C, Table 4, is indeed a precrystallization
phenomenon.
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Anodic polarization verified the increase in anodic reactivity as a result of annealing.
Figure 10 shows that the passive current density was not largely affected by crystallization, but
rather, crystallization reduced the critical pitting potential, Ecp. The shift in Ec, was from about
1.2V (SCE) for a 375 C anneal to about 0 V(SCE) for a 500 C anneal, a total shift of 1.2 volts. As
shown in Figure 11, at a typical passive potential of 0.30 V(SCE) a sharp increase in anodic
current density occurred as a result of annealing at 425 C and higher. The transition in anodic
current was more gradual for FeisNixsCri4SieBy2, as evident in Figure 14, and it began in the
temperature range between 200 and 300 C. In this alloy the crystalline phase was exclusively
MSI, and thus it must be concluded that formation of this phase is sufficient to reduce the
integrity of the passive film developed during polarization. {f MSI were deficient in chromium,
as proposed''?, then it would be expected that its presence would constitute weak points (in
the form of Cr-deficient regions) in the passive film that lead to easy electrochemical
breakdown followed for pitting. The very small size of the precipitates, several tens of nm,
prevented the verification of this hypothesis with, e.g., AES analysis of pitted regions;
nevertheless, the appearance of chromium-deficient crystallites is proposed to account for the
easy breakdown of passivity. The decreasing induction times for pit initiation shown in Figure
14 would be anticipated according to the hypothesis, and would form larger and better-
developed crystallites for pit initiation at higher annealing temperatures.

Summary

Annealing of an amorphous alloy containing P and Cr below the crystallization temper-
ature, Te, resulted first in embrittiement, probably caused by segregation of phosphorus to
internal defect sites. No evidence of crystallization was detected by conventional XRD, and no
decrease in the passive nature of the alloy occurred. Annealing near T. produced two
metastable phases, which appeared to be face centered cubic NiFe solid solution (MSl) and a
body centered tetragonal compound of the general composition (Fe,Ni,Cr)s (P,B). Crystalliza-
tion was accompanied by a substantial decrease in corrosion resistance, presumably the result
of introducing chromium-deficient flaws into the otherwise protective passive film. Removal
of P from the alloy and substitution with Si and additional B eliminated embrittlement prior to
the onset of crystallization. Crystallization decreased corrosion resistance for the same reason
as for the P-containing alloy. Thus, crystallization and not low temperature segregation of
phosphorus is necessary to decrease the corrosion resistance of this alloy class.

Localized Corrosion
(1977-1979 Research)

The results of earlier research concerning localized corrosion of amorphous alloys are
documented in Appendices A, B, and C (References 9-11), as well as in References 7 and 8.

Summary of 1977-1979 Research
The primary reason for investigating crevice corrosion susceptibility of amorphous alloys

was to differentiate between initiation-related and propagation-relate. corrosion behavior. It
was reasoned that crevices would provide ready-made, or artificial siv = for initiation of
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localized attack, sites which do not exist on freely exposed amorphous alloy surfaces because
of the very homogeneous nature of the alloy structure. Measurement of susceptibility to
crevice corrosion would help to determine whether the corrosion resistance exhibited by
these alloys extends to propagation as well as initiation phenomena.

Anodic potentiodynamic polarization curves showed that crevice corrosion should
logically be expected to occur: the alloys erhibited enhanced corrosion at reduced electrolyte
pH such as would be expected to develop during occluded cell corrosion, thus ensuring some
degree of stability of active-passive cells on specimen surfaces. However, the very corrosive
conditions that are required to produce corrosion of these alloys at sensible rates indicated
that the degree of susceptibility to crevice corrosion would be considerably less than that of
many crystalline steels of similar chromium content under similar exposure conditions.
Subsequent experiments confirmed these predictions. Specifically, cold rolling of filaments
produced a slight susceptibility to enhanced dissolution, presumably due to the formation of
surface microcracks that initiated crevice corrosion. However, the depth of attack was only
several um when the crevices passivated.

More extensive experimentation, initially with a sandwich-type crevice cell and subse-
quently with an instrumented cell, verified that susc ptibility of the chromium-containing
amorphous allovs to crevice corrosion was indeed slight. Although classical crevice attack
involving localized anodic dissolution and acidification of the anolyte could be made to occur,
quite oxidizing (noble) potentials were required. These potentials were more than 1000 mv
more noble for the 16 Cr amorphous alloy than for T304 stainless steel. Very interestingly, the
potentials of amorphous crevice specimens did not decrease markedly after the onset of
crevice corrosion, but rather they usually remained within several millivolts of the potential
applied to the cathode. This behavior can be interpreted as a resistance to the loss of passivity,
dissolution occurring instead through a passive film that prevailed relatively intact during
crevice corrosion. This tendency of these alloys to remain covered by a passive layer is in
contrast to the behavior of crystalline stainless s  2ls, which experienced a loss of passivity that
increased with time as corrosive conditions within the crevice became established. An
indication of such a time-dependent activation is the large cathodic shift in electrode potential
exhibited by T304 stainless steel.

The results of 1977-1979 research indicate that corrosion resistance of amorphous alloys
used in this program extends to propagation as well as initiation phenomena. The alloys
exhibited an apparent strong tendency to remain covered with a passive film, which other
studies have shown to be analogous in structure and composition to the hydrated chromium
oxyhydroxide found on conventional chromium-bearing steels. It is the ability of this film to
exist under extremely corrosive conditions that confers excellent corrosion resistance. This
ability, in turn, results presumably from the homogeneous nature of the ailoys; that is, the
absence of structural defects in the ailoy matrices contributes to the integrity of the film. It is
probable that the chemistry of the alioys also contributes to their excellent passivity. It has
been claimed that the presence of phosphorus contributes to this enhanced passivity, and that
it confers corrosion resistance by creating rapid anodic dissolution at unfilmed sites and
thereby accelerating reformation of the film."® However, results presented recently by Wang
and Merz®® have shown that extremely corrosion resistant amorphous alloys can be prepared
without any phosphorus, thereby demonstrating that phosphorus is not essential for corrosion
resistance. The question of the role of phosphorus. and other metalloid additions, on
conferring passivity should be the subject of future research.
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It was also shown that sputtering can produce chromium-containing alloys that essentially
are completely amorphous in structure. Physical properties of the sputtered alloys, such as
degree of crystallinity, temperature of crystallization, and heat of crystallization closely
resembled those of amorphous alloys of the same composition but prepared by liquid
quenching, in this case melt spinning. The corrosion and electrochemical behavior of the
sputtered deposits resembles, but is not identical to, that of melt spun alloys of the same
composition. Specifically, the open circuit corrosion rates and the oxidation rates during
anodic polarization of the sputtered deposits exceeded those of melt spun specimens,
sometimes by about an order of magnitude. However, the sputtered deposits retained the
same excellent resistance to pitting corrosion as their melt spun counterparts, with pitting
occurring to a large degree only at potentials above about 1 V(SCE) in acidified chloride
solutions. Thus, sputtering is a viable alternate technique for depositing amorphous Fe-Ni-Cr-
P-B alloys while retaining their very good resistance to pitting corrosion.
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CONCLUSIONS

Research on the effects of annealing of amorphous chromium-containing alloys has led to
the following conclusions:

M

(2

(3

(4)

Fes2NiasCriaP12Be is embrittled by annealing for one hour between 100 and 200 C, but
crystallization does not occur below 400 C.

The first phases to appear in this alloy are a Nife solid solution and a phase of general
composition (Fe, Ni, Cr)s (P,B).

Fea2NiagCri«SigB12 is embrittied by annealing above about 400 C, and this embrittle-
ment coincides with crystallization of a NiFe phase from the amorphous matrix.

Crystallization decreased corrasion resistance by reducing the critical pitting poten-
tial, presumably by introducing chromium-deficient sites in the otherwise protective
passive film. Conversely, embrittlement in the absence of crystallization did not
noticeably alter corrosion behavior.

Research during 1977-1979 resulted in the following conclusions:

M

(2)

(3)

(4

(5)

(6)

The amorphous chromium-containing alloys that were studied satisfy two primary
requirements for susceptibility to crevice corrosion and to O.C.C. in general; they
exhibit active-passive transitions in certain corrodents, and their corrosion rates
increase with decreasing pH.

The alloys undergo crevice corrosion in prepared crevices, but only at relatively noble
applied potentials exceeding about 1 V(SCE) for the higher Cr alloys.

Although acidification of anolyte pH occurs during crevice corrosion, activation of
the potential of the anode is slight. This behavior indicates that a fairly protective film
may be present even during crevice attack.

As evaluated in crevice and test cells, crevice corrosion resistance of amorphous alloys
containing from 2 to 16 atomic percent Cr greatly exceeds that of T304 stainless steel.

Cold rolling of amorphous alloys reduces the initiation potential for crevice corrosion
to values near the free corrosion potential. This phenomenon is ascribed to the
formation of surface microcracks, after Devine."'* However, during growth, the crev-
ices widen, passivate, and cease to propagate.

Increasing the chromium content in the alloys substantially increases their resistance
to crevice corrosion.
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(7) Sputtering can be used to deposit chromium-containing alloys that display amor-
phous structures quite similar to those of alloys prepared by melt spinning.

{8) The corrosion resistance of sputtered specimens is somewhat less than that of melt
spun specimens of similar compositions, regarding open circuit corrosion rates and
dissolution during anodic polarization.

(9) The resistance to pitting of sputtered alloys is essentially the same as that of melt spun
alloys of similar composition. Pitting corrosion occurs rapidly in acidified chloride
electrolytes only at potentials above about 1 V(SCE).

Thus, amorphous chromium-containing alloys exhibit considerable resistance to corro-
sion under conditions favoring easy initiation, namely, in prepared crevices. It must be
concluded that their corrosion resistance is not simply the result of difficulty in initiating
localized dissolution, but that it results in large part from the ability of the alloys to maintain
passivity under ev‘remely aggressive conditions.

|
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Localized Corrosion of Amorphous
Fe-Ni-Cr-P-B Alloys*

RONALD B. DIEGLE*

Abstract

Experiments were performed with a series of amorphous Fe-Ni-Cr-P-B slloys of varying Cr content to
characterize their susceptibility to crevice corrosion. Potentiodynamic and potentiostatic polarization
of freely exposed specimens was performed in simuiated crewice solutions {1M NaCi at pH 1-7, and 6%
FeCly at pH 1.4). Crevice corrusion expenments were conducted in an artificial crevice cell.
Polarization in the simulated crevice electroiytes indicated that alloys containing 2 10 16 At.% Cr can
passivate in even 1M NaCl, pH 1, and they do not experience significant pitting at potentials active to
that at which oxygen evoiution occurs. In agreement with previously published results,” only a few
At.% Cr were needed to confer passivity; even the alloy containing 2% Cr achieved a passive current
density of only 107" A/m? in 1M NaCl at oH 1, and 1t did not pit below about 1.20 VISCE). Resuits
indicated. however, that the alloys meet certain requirements for susceptibility to crevice corrogsion
and occluded ceil corrosion 1n general. that is, they passivate at sufficiently anodic potentials, and the
intensity of active dissolution increases with decreasing pH. The amorphous alloys were considerably
more inert ta corrosion than T304 and Incoloy 800 steels, suggesting a lesser susceptibility to cravice
attack. Experiments with the artif:icial crevice cell confirmed that the amorphous alloys can ndeed be
forced to crevice corrode, but oniv at very anodic (transpassivel potentials. They are considerably

more resistant to crevice attack than the crystalline Cr-containing altoys.

A major reason for the mitial interest in the corrosion benavior of
amorphous Cr containing alloys derived from the fact that therr
composition s simitar to that of crystalline stainiess glioys, .e., botr
allov ctasses contain Fe, N, and Cr. Thus, the simuitaneous dresence
of these three metal components orovided, for the first ume, an
Qoportumty for studying corrosion of a stainiess type alloy
comoosition in the absence of crystalline defects. Eariy studres
shcwed that amorphous alloys of the general compositions Fe-Ni-
Cr-P-8 and Fe.Ni-Cr-P-C are very corrosion resistant, esoecially with
respect to D1tung ~OrrosIon.

Patentiodynannc polarzaton  tacnmques n  neutral and
aciaf.ed crionde soutons demonstrated tmat the crinical airting
potertial (Ecp) of thess amoronous atoys 's several tenths ot 3 volt
more noDle than that Of mary conventional stainiess steels of gimilar
ar jreater Cr zontent. One groud of researchers srowed rhat the
mimmum amount of C- needed ‘o corfer passivity vas 3nly 8
e A ———

*Submitted for publication June. 1978 -evised Novamher 1978
*Bartteiie Columbus Laborarories. Columbus. Ono.

At.%,x th contrast to the approximate 12 At.% required in
crystaliine stainless steels. Thus, preliminary studies of this naw class
of materais indicated that it constitutes a novel 3iloy system with
not only improved <Orrosion resistance reigtive tc crystalline
starniess steels, but also with the potentisl for conserving Cr, »
critical reasQurce.

The favored hypothesis to explain the good Pitting resistance of
amorphous Cr containing alioys s based on their homogeneous
structure. Because the alloys are amorphous, they are free of grain
boundares, disiocations, stacking fauits, and other defects asso-
ciated with the crystailine state. Because they are quenched at rates
n axcess of 10s K's, they are aiso free of severs microsegregation
and second phases, which are formed by sohd state diffusion, At
mMQst, they are somewhat heterogeneous On an atomic scaie because
of short range oroering and clustering. The slioys, therefore, are
oresumed 1o rasist Ditting because of the difficuity of initiating
locatized attack, The fact that heterogeneous surface sites, at which
merng ofren initiates in crystailine alioys, are absent in amorphous
a''0vy '3 user 'O rationaize the fact that Ecy 13 considerably more

Regninted from CORROSION, Vol. 38, No. 6, pp. 250-258 (1979) June
Copyright 1979 hy the National Association of Corrosion Engineers, P. O. Box 986, Katy, Texas " 450
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TABLE 1 - Effect of O; on Open Circuit Corrosion
Rates in 1N H, SO, + 1M NaCi' V)

Crystalline Corrasion Rate
Alloy State O Availsble (mpy)
Metgiss 2826A Amorphous Yes <0.00>
Maetgias 2826A Amorphaus No 3.0,3.0
T304 Crystalline Yeos FAR-]
T304 Crystalling Nao 58,70

“)Rnulu of pravious unpublished resgarch by the author.

nobie than in crystailine ailoys. That the passive films formed on
amorphous Fe-Ni-Cr-P-C alloys are not unique, but closely resembie
those on crystathing stairiess steels with respect to compasition and
strur.tun.s supports th- hypothesis that structural differences
between the siloys and not between the passive films account for
the different degrees of corrosion resistance.

Theretore, the key to the resistance of certain amorphous alloys
to pitting appears to result from the difficuity of pit initiation, but
not necessarily from a resistance to propagation. it stands to reason

sscond purposs of this studv was to determine the amount of Cr
needed (o conler resiscance to crevice artack.

Experimental Procedure

Materisls

Five amorphos alloy compositions wers prepared st Bartelle
for this resesrch crogram. The Cr concentration was varied from 2
to 18 Atr% tc datermine the amount of Cr ded t0 confer
corrosion resistance under the exposure conditions used. The
compasitions of these allovs are oresented in Tabie 2. The ailoy
from Allied Chemical Corporation was inciuded as representative of
an amorphous alloy of composition similar to the 16 At.% Cr
Batteile aiioy, but produced at another iaboratory. T304 stainiess
was inciudec as an exampie of commarcial stainiess stests. Incoloy
800 was evaluated because the Fe, Ni, and Cr levels spproximate
those in the 16 At.% Battelle siloy, but they are present n @
crystailine rather than amorphous structure.

The five Batretle allovs were first cast into0 pancake shaped
ingots by convenuonal castung techniques involving induction
meiting of pure components it 8 controlied atmosphers. Next, 30
gram portions from each crystalline ingot were removed and meit
$ouUn Into amarphous filaments. The meit spinning was performed as
shown schematically in Figure 1 The liquid impinged on a weter

ied wheel rotating at 2550 m/minute in grgon. The

that if pits can be initisted, they might propagete re tily. Indeed
Devine demanstrated this fact by oromoting locsiizeq corrosion in
Metgias 2826A (Aitied Chemical’s FeygNiyeCriaP 48s sitov) by
first cold roiling it t0 Induce surface microcracks.® Local 1d sttack
occurred 1n the cracked specimen at a potential which wes wetl
act.ve to that required for the undeformed alloy. it Dresumably
resuited because of easy imtiation at mcrocracks produced by
roiting.

It was aiso demonstrated that the open cirguit corrosion rate of
Metgias 2826A in an acidified chionde solut- n sealed from oxygen
13 nearly 1000 nmes greatsr than that for specimaens in the same
solution open to the atmasphere, as shown 1n Table 1. Therefore,
it a00ears that oxygen is necessary t0 promots passivity of the
amorohous alloys, just as 1t 1s tor conventional Cr bearing stainless
stests.

The above observations were interpreted as indicating a possibie
Achilies heel n the otherwise remarkable ¢ “sion resistance of
these ailoys: namety, they might be Mighiy suscsotibie to Crevice
corrosion. Secause crevice corrosion does not require surface
heterogenmitigs for imtiation, and because Oxygen depietion can
readily OCgur within crevices, 't was wondersd whether the aliovs
might readily corrode in 3 créwice geometry, unlike their perform
snce when avaiuated n a freely exposed Jeometry, The research
descr bed :n this paper sougnt to determing the degree to which
amorgcncus Cr contaimng siloys, wnich otherwise resist localized
corranon remarkably well, are suscepthible to crevice corrosion, A

resuiting filaments were about 800 um wide and 30 um thick,

The tilaments wars evsiusted by differsntisl scanning csio-
rimetry (DSC) as 3 mesns of assessing the presence of sn amorphous
structure. The heating rate was 5 C per minute.

Electrochemical Techniques

A veriety of electrochemical techniques were used 10 evaluare
the various alloys. A speciman hoider was specisily adapted to the
filament specimen geometry by soidering s 2 crm length of filsment
t0 a3 fine copper wire txtending through a giass tube. The - .oper
and soider were masked with an acid resistant facquer which aiso
served to seal the 'ower end of the tube. Polarization, both
potentiostatic and potentiodvnarmc, was performed in a glass cell of
sbout 1 iiter capscity equipped with Lugpn capillary, counter
electrodes separated from the buik electrolyte by porous giass frits,
and a fritted bubbier for deasratan wath tank mtrogen. Polanzation
was accomplished with an electronic potentiostat and electronic
function generator. Potential scans were performed by sweeping the
potentiai trom the coen circurt pOtential tO VEBrious anodic vaiues.
All potentiais were maessured relstive t0 3 saturated calomsl
eiectrode {SCE) that was external to the cell. Specimen surfaces
were first prepared by cathodic poiarizsnon to -1.5 V (SCE) for up
10 2 minutes 0 achieve an active and QUaSISTATIONSrY open circuit
potential. Except in t-e study of simulated crevice corronion, the
sjectrotytes were deaeraied by vigorously bubbling mtrogen through

TABLE 2 - Compositions of Alloys Used in Corrosion Studies

(1)

Preparation Composition, At.%
Techmique Source Amorphous Fe Ni Cr P 8 Si c Mn Ti Al
Meit Soinning Battesie Yes a7 30 2 15 6
Yes aa 30 s 195 6
Yes 42 30 7 18 [
Yas 39 30 10 15 8
Yes kk} 30 16 15 [}
Me't Soinning Al eg Yes 32 36 14 12 §
Canse~tans Mt No 69 8 20 12 JC0 17 304 siainess
cast ng ana stee: !
"9.ng No 48 kAl 2 000 2005 0.008
Incoray 500
Ve ameoos.tars of T304 and incaiov 300 are Aamine
231

e s e




R,

T g -

e o

- — W

PRESSURE

X

|

Al203 TUBE CRUCISLE

-]

]
o-=—INOUCTION COI.
Q

MELY

GRAPHITE SUSCEPTOR

00000000000

LIQUID JET \QON FIBER
WATER-COOLED
COPPER
CHILL BLOCK

FIGURE 1 - Schematic disgram of the meit spinning
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FIGURE 2 —~ Schematic disgram of the PTFE crevice celi
used tO evaluate crevice corrosion susceptibility.
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FIGURE 3 - Ditfsrential scanning catorimetry (DSC) curves
for melt spun alloys with the indicated Cr contents. Scan rate
was 5 C/minute.

them prior to each experiment. Two scans, in independent
experiments, were performed for nearly ali alloy-corrodent comba-
nations studied.

The pH of the various chionde solutions used throughout the
resegrch was carefully adjusted prior 1o each expenment. Adjust-
ment was made with HClI or NeOM, and the pH was periodically
checked with a pH electrode previously calibrated n approoriate
butfer solutions.

Severat crevice cel! designs were trned for evaluating susceoti-
tility to crevice corrosion. The one chosen for this research 1s shown
schematicaily in Figure 2. The crevice wes formed by clamping the
wecimen between two pieces of PTFE. The towt specimen area
within the crevice was about 0.2 cm”: no special surface pretreat:
ment was used. A specimen of total surface area ten times greater
then that within the crevice served as the external (cathode)
specimen. In practice, the two electrodes (crevice snd externyl ) were
electrically connected to each other through 3 2erc resistance
ammeter (ZRA). This crevice etectrode assembly was made the
working electrode of an siectrochemical cell. The external electrode
wat polanized potentiostatically to a spec:fic potentiai, and the
resuiting current flowing between crevice and external specimens fay
read on the ZRA) was recorded over a specific period. Thiy
procedure enabied deterrminat:on of (a) whether crevice corrosion
occurred, (b} the criucal potental for imtiation, €qe. el *he time
rsquired for its niation; and {g) severity of attack, a3 Messured by
the steady state cell current. The cel! thus engbled measurerment of
crevice corrosion in real thme for the nanideal jeometry of mert
spun filaments.
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Results and Discussion

Structural Characterization
of Meit Spun Alloys

Three of the five atiay compositions were evaluated by DSC to
determing wne:ner they weres amorphous. } Resutts of these DSC
scans are snown n F.gure 3. The ailovs exhibited sharo, ~arrow
oeaxs characensuc of crystali.zation of metalhic glasses as recorted
Dy other workers.” The mnessured Crystali Zation temperstures were.
2Cr. 426 C. 7 Cr. 437 C and 16 Cr, 476 C. These temperatures are
amthin the 400 to SO0 C temoeraturs range «n which gmorphous
Fe-Ni-Cr-P-8 alloys are known (o crystathze. Therefore, t 8
concluded tnat the ailoys Oroduced st Battelle by Meit soinning
exmiDited DregomMnantty aMOrohous bensvior.

Potanzation in Simulated
Cravice Solutions

Senavior of the amorphous #nd Crystaling Alovs 1n simuiated
cravice sOIUhIONS Was CRaraclerzed extensively Dy potentiodynam.c
ang cotent.ostatic Poiar:zation. These experiments were performed
w drecict 1) whethar crevice Corrosicn shoui€ fogicaily De
expected 10 gcgur. (2) wnether 1t sROUId D severe Or siignt reigtive
to irewice corrosion of crvstaling aitoys, and (3) the degree o
WRICh -Acregsing the Cr sontent could be exoected tO amenorate the
severity 2 artack gncountered «n ACTUSI CTECES.

Qata ‘rom 3 ser.es >f Dotar-zaton lurves are condensed and
aresentes r F gures d and 3. Trese ‘qures inow *he decendences of
the 2- 1:CaI Zur-ent Jennty cequ-red 10 Mtate DASSIVItY o) and 'he

TimmUm Cags /e Cutrent denity gt an Croconteat ‘or 'wo
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FIGURE 5 — Critical and passive current densities versus Cr
content for amorphous ailoys polarized in 6% FeCly, pH 1.4,
(See Figure 4 for expianaton of sy

chioride solutions. In Figure 4,1t is evident that ic was decressed by
a factor of 30 and ig Dy a factor of 5 when Cr wes ircressed from 2
10 16 At%. In Figure 5, ic and ip were decressed by factors of 92
and 3, respectively, over the same Cr range. Severai features of this
polarization behavior are nateworthy:

1. The degree of passivity achieved by the 2 Cr alioy was
remarkably good (0.05 and 0.097 A/m’) considenng the extremaely
corrasive nature of these two elecirolytes.

2. The effect of increasing the Cr content wes much stronger
on facilitating passivation than on enhancing the degree of passivity
Jitimately resched.

3. Aithough it 13 not evident in these figures, these slloys did
not exhibet !ocahized corrosion attack ' at potentisis below that
required for oxygen evolution, which was about 1 V (SCE)} and
above.

4. The Metglas 2826A ailoy exhibited deviations in ic and in
generaily Dy factors of 10 cr less retative to the curves piotted aith
the BCL alloys. Metglas 2826A displayed higher corrosion rates,
aven though 1t contained more Ni and tess Fe then the in-house
aloys

Parglieiing the second observanon above, the effect of Cr n
Srystsiiing 31Oy Nas 2isQ been observed to decresse i Dy 8 greater
degree than .~ Apparently. Cr was needed to enhance protection
at fims formed &t Sotentials correspoNcing to active dissolution of
tne Fe-Ni-P-3 ailoy. Decause &t these potentials, the oxidation
products of iron are more sowubie than trose of Cr.'® At mare
nobie DOte~tals COrrespOnding to dassivity of Se-Ni.P.B, tnhe rore of
C: ~gs tess nignificant Decause ron was dbie 1O Jevei00 & ‘airty
srotective Dassive film by itsef. Here, e sffect of Cr was o
annance °ne arotecunn drovided Dy the DasSIvatIing TON *ich 1aver

The 3sbove dJats can De .sed 0 OrediCl teveral ‘aatures
sonceraing stewice and Atrer ‘orms of 1ocaized sorrosicn of tnese
amororous 3'cys. Forccaized tor-0s:0r Or 2¢ciuded el torros.cn
{OCC) 0 sccur. AN Oy Must 2anBit two ‘eatures cejeraing
colar-2ator beravior F oMt t must De abte tO Catpivate A °me
waceroiyte 0f .nrergst. Sezond, ncreasing the cHIOrde 'tvel ana/or
48¢°988.1Q "Fe DM 1mOuig pcCeierate tNe "ot Of artack. Thig type ot
Derav 37 Fyures STaDIty 3 SCUVE-D8SvE C2HS ON NG 810y furiace,
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and hence the possibility of OCC. The first of these requirements,
1e., existence of passive behawior, 18 satisfied for tha amorphous
aloys as shown in Figures 4 and 5. The pH dependence 1s chscussed
below.
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FIGURE 9 - Potentiodynamic polsrization curves for
amorphous meit spun slloys of the indicated Cr contents, and
for crystalline T304 and Incoloy 800 sitoys.
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The effect of pH on poiarization behavior is documented in
Figures 6 through 11. Figures 6 through 8 show potentiodynarmc
polarzation curves for BCL alloys with Cr contents of 2, 7. and 16
At.% obtained at 22 C. The effect of decreasing the pH from 7.0 to
118 strvgntforward for the 2 and 7 At.% Cr stioys 1Figures 6 and 7).
Soecificaily, as pH decressed. i ncreased uniformiy, sithough o
extubited no obvious dependence. Acidification of the electroivte,
therefore, intenyuified actuve dissotution, a3 required for the occur-
rance of OCC. The dependence of 1. on oM 15 shown  Table 3.
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TABLE 3 - Dependence of Critical
Current Densities for Passivation
(i) on pH for Amorphous Alloys

Polarized in 1M NaCl!

Cr Content
in Alloy ig
(AL%) o (A/m°]
2 7 0.40
] 0.73
3 1.8
1 9.5
? ? 0.16
s 0.26
3 0.42
1 43
18 7 0.29
L] 0.02
3 0.03
1 0.13

The roie of DM 15 less clear for the 18 At.% Cr matenal, as
shown n Figure 8. For pH values of 7, 5, and J, decreasing the oM
apoeared to facihitate passivity and suppress acuve dissolution. For a
pH of 1, however, & prominent active pesk deveioped. !t s
concewsabie tnat some cf thig varnation was due tQ naturs! scatter in
experimentsi resuits. For exampie, the 16 At.% Cr ailoy displayed a
Strong tendency tQ pPassivate, and it wes, therefore, difficuit to
ctvate the silov (by cathodic polerization) and 10 messure
reDrOduCIDIE SCive Pe3ks. Another Dossibility s that ditferences a
cOrrosion Denawior betwean the two surfaces of the fhlaments
contributed to the scacter. Perhaps abrasion prior tO Dolanzation
would De a better surface Dresreatrment than cathodic palani2ation.

A comparison of ocolanzatuon behsvior of amorohous slloys
with that of crystailine staniess steets 1s made n Figure 8. Results
from Incoloy 800 are particutarly significant, since the Fe, Ni, and
Cr contents of ths allovy are somewhat simiar 10 those of the
amoronous 16 Cr stloy, but Incoloy 800 s crystailine: thus, the
ettects of te tnree metallic allov additions can De separated
accorging to state of cryswalihmity ang difference n aloy homo-
geneity. However, 3 mMOore Strict COMEarison wou'!d necessitate
compsrabie P and 8 !eveis n the iIncolov 800 altay as n the
amorphous 3loy, but such 3 Compos:tion was "0t obtainabpie
without copious intermetallic phases being present. In essence, both
crvstatline allays sutferad OCC in this case, pitting), which imitiated
ot about 0.15 V (SCE). The occurrence of pitting 1n this stectrolvte
was sxpected and st serves tO eMDNSLIZE TRE rMBLIVEly greater
ranistance to OCC of the amoronous ailcys it 13 apparert that tne
corrasion reasistance of the amarphous 2110ys J0es Ct ger've ‘rom
the particular teve's or ratios of Fe, Ni, and Cr oresent, as evidenced
By tne sevare pitting of the Incoloy 300 Rather me eftect 3 far
more subtie angd presumably results from :he homogerety and
00sSi1bly Nign P leves (n *Na amoronous Matersis.

To summarize tre Gata oresented ‘hus ‘ar .t Nas Deen shown
that tNe AMOroNous TE'T SDun B1ICYS 2YMIDIt ACTHIVE-O8sSive trans)-
trOrS M SN.Or.ge J0ILTIONS, and Mat aC At CIT I St Che sarutong
NCreases the active dissOIution king"ics ™arkedly '3 Tnese facts. ang
e «rINn je0endency 3! Or zontsn Ag 2'0vs 3N Siss0sed Ixvgen
fOr MACtAInIAG D888 Ty 22N D Jie0 10 OT2AICT INAT SOMe Jegree Of
e ——————

“Hlmay areaie 14 2m0r GE 3OACEMITAT OP N2t ~O! S8eA G uGed A

tm g imge3cter 23007 Of aMOroAcus 3iovs  t "as Deen demon-
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susceptibility to crevice corrosion, snd OCC in genersl, may exist
for the amorphous ailoys. That is, depletion of oxygen within o
crevice and subsequent pH decresss due to corrosion is expected to
establish an active-Dassive ceil capable of maintaining acce erated
corrasion. A comparison of corrosion kinetics with crystailing
staniess stesis suggests, however, that the amorphous alioys shouid
display greater resistance to OCC than the crystailine steels.

Seversi experiments were performed potentiostatically  at
various snodic potentiais to assess the \mgortance of tme on the
kinetics of corrosion. That is, Decause crevice corros:on often takes
hours (or longer) to imitiste, 1t was considered advissbie to measure
dissolution kinetics in simulated Crevics toiutions over extended
ume intervals. An interval of 1 hour generally provided sufficient
ingicaton of mhether the alioy Wes DBSSIVEIING Or beginning 10 10se
its Pasmve nature.

Resuits of potentiostatic polerization of the 2 At.% Cr alloy in
pH 2.4, 1M NaC! ars shown in Figure 10. it is apperent that
polarization at 0.80 V (SCE) resuited in protective film growtn, as
evndenced by the decrsese !n current with sncreasng PoOlarization
time. No localized corromion occurred during the 80 minute
polarization period. as verified Dy subssquent scanning slectron
microscope (SEM) anaiysis of the specimen. Note that the potential
of 0.6 V (SCE) i1s well snodic t0 that which causes pitting of the
crvstailing stainiess aslloys represented in Figure 9, vet the low
chromum siloy did not undergo pitting. The potential of 1.10 V
{SCE) 15 at the anodic end of the passive patential regron (Figure 9).
The current density incressed from 0.08 to 2.1 A/m® over the 60
minute period, suggetting that pitting may have occurred. Although
some positive hysteresis occurred dunng the return sweep, this
hysteresis disapoesred at 0.3 V (SCE}. Exemingtion of the specimen
surface by SEM revesied no [ocalized asttack whatsoever, even
though scratches on me surface had been mede with 800 grit silicon
carbvds DEPEr Drior tO DOISNZATION O CENELrate any EXIsTING OXide
film, and thersby to provide sites for easy initlation of OCC.

The effect of incressing the Cr content of the sliov was to
dramatically \ncresse the tendency for passivetion, The sadition of
16 At.% Cr caused a steadily decreasing corrosion current during
potentiostatic polanzatnon at 1.33 V (SCE), & ootencisl wet! into the
oxvgen evolution region of polsrization behavior. This soecimen wes
not oreted during the 60 rmnute Dolsrization, sither.

In genersl, Pitting couid nOt Be nduced at potentials below
ooroximately that required for oxygen evolution for any of the
amorphous alloy compositions contaning 2 to 18 At% Cr.
Therefore, 1t was not possibie to observe the conventional sudden
increase N dissoiution current when mitting nitisted, becsuse
invariably ¢t wes masked bDv a large current resuiting from the
oxidguon of water. Pits «n the amorphous Battelte alloys typicaily
were randomiy distributed, rapdly penetrsted the filaments, and
Were noncrystailographic 10 shape.

These potentiostatic Polarization experiments reinfarce results
obtained porentodynamically. That 's, the allovs exmibited extreme
resistance to breaxdown of passvity in scidified ch:onde soiutiors,
even after extenced doianzation at potentials anodic to trose that
cause fim Breskdown on crystalline alioys. The effect of this strong
tengency ‘Or Dassivation On crevice corrosion will be apoarent in the
next section.

Crevice Corrosion Experiments

It was ressoned that the MOSt severe Crevice Jpometry hat
coutd De ‘armed n hese $1I0vS would result fram Oroduction of
~ucrocracns 0 he Hiament surface. Such cracks, which spparently
190 @ be produced ~ Metpas 28264 bv 2 coid “eduction of 32%,
would Dbe ex‘remerv gnt and surrounded bv iarge aress Of
uncracxed Mater sl o 3¢t 38 & cathode. To Jerermire wnetner
MICTICTACKS AOULE MTIate OCah2ed STTACK Of *Ne FiI0VS Lsed (N TS
stuy. tme 16 At: Cr 3ioy was caid roiled 0 a 387 reguetion .
IPICKTELS.  LiTPASOMCHMIY I eanad N THCmior0e™yisne ard  ren
xetone ang dotentiostaticdily Dowar-zed o 1M NaCi gt o= T )
Onar zation .vas 0%*tyrmea 3t 260 V SCE' apotentia wnien aas
exDeC ed ‘0 DO u°HC. 4Ny INOAIC 10 DrOMOLe CoOVICE CIre 2800 ¢ ¢
wourd 1NOeRC JCCur Raguity 3f 2018r-22g DON 'Ne SOIA rolied ara
130U HIDys Are shcwn A Fogure 1T, Cotd rOhing caused 3 arge
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FIGURE 12 - Corrosion pits formed on the cold rolled
specimen polsrized as shown in Figure 11, (a) 100X, and (b)
1000X.

active dissolution pesk, and it increased the passive current density
signiticantly over tnat of the as-spun specimen. However, during the
60 minute hold at 0.60 V (SCE), the current density decreased
rather than increased. the atter be:ng expected 'f crevice corrosion
were increasing «n severity, At the end of the 60 minute period, a
negat've Nysteresis was observed, which agan was Jnexpected based
on the assumed occurrence of crevice corrosion during the forward
DOtantial SWeeD.

Examination of the coid rolled soecimen by SEM Figure 12i
reveaied Many smait Orts ranging uo to 10 ¥m :n drameter. The Dits
~ere aever abserved to oenetrate the specimen. Examination of a
OMmpanion spec.men wn:ch a3 not cold rolled showed only 3 oits,
and tnese were 3150 iess than sbout 10 um n diameter. The pit
density  Aes several orders of magritude greater or the cold roiled
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FIGURE 13 ~ Cell current and spplied potential versus time
for T304 stainiess steel in the crevice test ceil.
specimen,

The difference in corrosion behavior of the two materiasls can be
rstionslized as follows. Upon anodic polarizstion, the microcracks
in the coid rolted alloy initiated crewice corrosion, and the measured
anodic current dansity, therefore, was greater than that for the
undeformed alloy. Howsver, sfter the crevices had grown during the
forwerd potential scan, during which they widened and became pit
shaped, the electroiyte within each one became diluted with bulk
electrolyte. By this point, about the time the 60 minute potentio-
static hold was complete, all microcracks had corroded, widened,
and then passivated as bulk etectroiyte mixed with that previously
present in them. Previous deta show that the bulk electrolyte
composition of 1M NaCl at pH 7 is not sufficiently sggressive to
destroy passivity at 0.60 V (SCE}; hance, ingress of the eiectrolyte
would indeed be expected to resuit in passivation at this potentisl.

The observation that crevice corrosion apparently can be forced
1o occur with an amorphous alloy wes pursued with the crevice cell
shown in Figure 2. Typical data obtained with this cell are shown in
Figure 13, which depicts classical crevice cocrosion of T304 stainiess
steet. (Total current rather than current density is plotted, because
the active specimen area within the crevice was not known.} This
material, known to readily undergo crevice corrosion in chioride
sotutions, was used initially to ensure satisfactory operation of the
crevice cell. Crevice corrosion did not initiate at measurable rates
under freely corroding conditions within 24 hours with this alloy,
and, therefore, all experiments were performed st anodic potentiasis
which were appiied potentiostatically. (Potentials quoted are those
externai to the crevice.) Figure 13 indicates that sbout 800 minutes
afrer 3 potential of 0.100 V {SCE) was applied in 0.1M NaCl at 50
C. crevice corrosion initiated. After the experiment was terminated,
the crevice specimen was found to be severely corroded end the
anolyte possessed a green color, presumably from Ni'* and Fe®*
ons.,

Figure 14 shows comparable data for the amorphous alloy
containing 2 At.% Cr. Crevice corrosion occurred at an sppiied
potential of 1.00 V (SCE!, and the criticat potential for crevice
corrasion {Ece) presumably was between 0.6 and 1.00 V (SCE). (Up
10 about 24 hours or 1440 minutes were allowed for initistion of
cravice corrosion for these experiments. This was an erbitrary
choice, made to expedite screening of altoys during these trals.
Longer warting periods might have resuited in less noble Eqe
potentials because nitiation s a hime dependent process.) Note that
the current attained a steady state vaiue. The relatively short time
over which the corrosion current was measured refiects the small
dimensions of the filament specimen, which was rapvdly dissolved
after crevice corrosion imitiated.

Figure 15 lystrates benavior ‘or the alloy wath 7 At.% Cr. It
was considerabiv more difficuit to rmitiate crevice coOrronon with
this alioy, as evident from the series of current decavs following the
stepwise inCreases :n anolied potential Not until 1 50 V (SCE) was
a30phied did 3 current persist for more than a few minutes. Even at
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FIGURE 15 ~ Ceil current and applied potentisi versys time
for the 7 At.% Cr amorphous sllay in the crevice test ceil.

s nobie potential, (he specimen exhibited 3 tendency to passivate,
as .ndicated Dy the gradually decreasing current.

The stfect of increasing the Cr level to 16 At.% i3 snown n
Figure 16. No significant corrosion currant was measured until 1.40
V (SCE) was ao0iied. At this value, however, the IOy within the
cravice pessivated and the current decaved to tess than 10'6 A
Increasing the aopiied potential to 1.6 V (SCE) again oroduced a
large current trangient, but the 3iloy was sbie to Dassivate, and he
current rapidly Jecressed.

Addittonai dats were generated wath the crevice zeii wmth
modified specimen Digcement jJeometries. These nvoived Mac'~g
WO and hree lavers Of amoronous ailoy fiament adiscent to each
orher within the 2revice 10 Drovide a metal-to-metal nterface for
crevice attack to 'mitate. Another used & Selemion'?’ anion.
cermesbie Membrane adiacent to e ailov filament to sttempt ‘0
Sumutate crevice attack Dy CONCENTraLNg CaUONS  athin the
crevice.'! Netrer modificaton oroduced SiIgrficantly  chitterent
Crevice Zarrdsicn Sangvior 'han the simpie PTEE 310y PTEE ang-
mcn deoicred n Fgure 2. Other Jata ~ere sotained aitn Ve'gias.
T304 ang incoioy 300 ailovs Dut sre "0t dresenteq ‘*or brevity
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FIGURE 16 — Cail current and applied potentisl tins

for the 16 At.% Cr amorphous alioy in the crevice test csil.

specimens in simylated crevice solutions. In this regard, the
potentiostatic 3nd potentiodynamic polarization experiments pro-
vided an accurate indication of the resuits of the crevice exper:-
ments. the alioys are Quite passive, Dastivity .mproves with
increasing Cr content, and. therefore, the alloys effectively resist
iocalized corrosion.

However, the attack on the cold :clled alloy documented in
Figures 11 and 12 is an 3pparent anomy ' «n the sbove reasoning.
That . 1t 1s not clear why crevice corrosion occurrad n the coid
rolied ailoy, vet high cell currents were not messured with the
crevice cell for this same ailoy . One could attempt o rationalize the
different resuits between the experiments involving cold rolled
filaments and those empiaving the crevice cell Yy simoly sssuming
hat the crevice cell did not form as tight 3 :revice 3s did the
microcracks. This situation could conceivably have cregted & more
noble Ecc and 8 smaller corrosion Current ik the crevice cet!
Nevertheiess, it s strl nOt possible to account quantitativety for the
rate of crevice corrosion observed with the cold roiled filament. This
rate can be est'mated 88 ‘ollows. Lat d equal the diameter to which
8 typIcal it yrew during the period of active growth, this Denod was
the nterval between about -0.6 V and the eng of the 60 minute
hold tme {Figure 11), or 1.2 hours. From Figure 12, a tymicai ot
radius (r) 15 seen to De about 5-10™° m. The corrosion current 1)
required 1o form pits of this size over the growth period of about
1 2 mours can be acoroximated s |-
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more rapid corrosion rates were observed in the deformed filament
than with the same ailoy in the crevice ceil. One conceivable
explanation of this apparent discrepancy is that the intense
deformation sround each microcrack locally crystailized the alloy:
crystallization would be expected t0 render the alioy more
suscentible to corrasion based on previous research.? Or, perhaps
oxygen depletion occurred to a lower level within the microcracks
than was produced by nitrogen deseration of bulk electroiytes,
resuiting in higher corrosion currents n the former case, A less
likely possibility 1s that the pH and chioride leveis that developed
within the microcracks rendered the crevice electrolyte more
corrosive than the simulated eisctrolytes. These various possibilities
are being pursued and will be the subject of a subsequent
publication.

Conclusions

Results of this research raveal several new features of OCC of
amorphous alioys. Most importantly, the alloys studied were not
particuiarly susceptibie to crevice corrosion, as had originally been
thought possible. Although microcracks induced by deformation
were initisily rapidly attacked, they widened, and then passivated.
Additions! experiments with an artificial crevice geometry indicated
that the alloys are extremely resistant to crevice corrosion. This
latter observation agrees with poiarization experiments in simulated
cravice electrolytes. Specifically, the alioys did not pit but exhibited
passivity at potentials active to that for hexavalent dissolution of Cr
in even pH 1, 1M NaCl. They are, therefore, quite stabie and are
expected to resist all forms of OCC at passive potentiais. A
significant observation is that only 2 At.% Cr are required to render
an amarphous Fe-Ni-P-B allgy highly resistant to pitting and crevice
corrosion, in agreement with 3 separate studv.l The effect of
incressing the Cr content in the alioys s to iower i considerably
and (; t0 8 lesser extent, and to increase the aiready excellent
resistance t0 Crevice corrosion.
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Crevice Corrosion of Glassy Fe-Ni-Cr-P-B Alloys*

RONALD 8. DIEGLE"®

Abstract

Cravice corrosion of glassy Fe-Ni-Cr-P-B alioys in NaCl etectrolyte was investigated as a means of
differentiating between initiation—related and propagation-reiated corrosion behavior. Specimens
containing deformation-induced surface microcracks experienced a transient type of crevice attack at
potentials only slightly anodic to the free corrosion potential. Howaever, the crevices widened into pit
shaped voids and quickly passivated, apparently as a result of ingress of buik electrolyte. Separate
experiments with alloys cold worked in compression showed complete absence of attack at shear
bands, indicating the needq for microcracks for localized attack. Experiments with an electrochemical
crevice cslt, instrumented to record changes in anode potential and anolyte pH, required polarization
above about 1 V (SCE} to cause crevice corrosion. The potentials of crevice specimens did not
dacrease substantially during corrosion, indicating the possible presence of a partiaily protective fiim.
It was concluded that the alloys exhibit a high degree of resistance 10 crevice corrosion that parailels

their excellent pitting resistance.

Earty studies of the corrosion behavior af giassy chromium-
~<ontaining alloys showed that they possess considerable resistance
to pitting anack.l-‘ This resistance has been credited to therr very
homogeneous structure, which is free of crystaitine defects such as
grain boundaries, dislocations, stacking faults, and simuar sites for
nitiation of pits. The ability of these alloys t0 passivate at very high
rates is also thought to be important in SUDRressing pIt INILIATION,
More recently, an investigation was performed to determine whether
the localized corrosion resistance of glassy Fe-Ni-Cr-P-B alloys
extends to crevice corrosion.” Crevice corrosion does not reiy on
the presence of heterogeneities in alloy structure for its initistion;
therefore, an investigation was undertaken to determine whether
glassy alloys would also resist crevice corrosion, or whether they
would be as susceptible to this form of attack as are many
conventional crystalline alloys. Resuits of the investigation demon-
strated that the glassy alloys are very resistant to crevice attack.
Anodic polarization behavior in acidified chioride soiutions suggest-
ed that some degree of suscaptibility to crevice corrosion can be
anticipated, but that this suscepuibility is usually less than that of
crystalline stainiess steel of comparable chromium content. Sub-
sequent experiments with surface-precracked specimens vearified
that crevice corrosion does occur, but 1t ceases as soon as the
crevices widen and passivate. Additional experiments were per-
formed with a sandwich-type ceil that created a prepared crevice on
the surface of glassy filament specimens. Crevice corrosion occurred,
but only at extremely oxidizing potentials exceeding about 1.4 V
{SCE) for alioys containing 16 atomic percent chromwum and
polarized in 0.1M NaCl

This paper describes results of continued research on crevice
corroston of glassy alloys. It pursues the interesting observations
that cold rotling of glassy filaments induces some degree of
susceptibitity, and 1t describes the electrochemicai changes that
occur within a3 crevice as cofrosion initiates and proceeds toward
staady state.

*Submitted for pubiication Novamber, 1979 revised March, 1980.
*Batteie Columbus Laboratories, Columbus, Ohio.
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Experimental Procedure

Materials

The alloys used in this msearch were the same as those
described prcvuouslv.s Their compogitions were determined by wet
chemical analysis and are listed in Tabie 1. Vanadium was present at
the level of 2 atomic percent as 3 unintentional impurity: it is not
considered to have had a significant effect on corrosion behavior at
this tow levei. The five alloy compositions prepared at Battelle were
first cast into pancake shaped ingots by conventional casting
techmques involving induction meliting of pure components in 3
controlled atmosphere. Next, 30 gram portions from each crystal-
line ingot were removed and meit spun into glassy filaments. The
liquid impinged on a water cooled copper wheel rotating at 2550
m/minute in argon. The resuiting filaments were about 800 um wide
and 30 um thick. The filaments were evaiuated by differential scan-
ning calorimetry as a8 means of assessing the presence of a glassy
structure. The shape, size, and number of exothermic peaks and the
measured crystallization temperatures indicate that the alloys
extubited behavior typical of the transformaton of glass to
crystalline material.

Effects of Deformation

Localized corrosion was produced in crevices formed directly
on the freely exposed surfaces of glassy filaments. These n situ
crevices were produced by cold rolting the filaments by a reduction
of up to 38%. Although the crevices could not be detected by SEM
examination of surfaces of the cotd rolled filaments, att ¢ ‘perimen.
tal evidence indicates thatr they indeed were created during the de-
formation process. Corrosion aiso was studied on filament surfaces
deformed n compression with a tool steel puncn. Thinning the
filaments «n compression with a8 punch produced intense localzed
deformation, but without the simultaneous formation of tensile
microcracks. After deformation, the filaments were ultrasonically
ctesned in trichloroethviene, then acetone, and then rinsad .n
disuitied water. They wers mounted on the ends of tubular glass
etectrode holders and subjected to various types of anodic polari2s-
tion n electroiyte containing sodium chloride.

Reprinted from CORROSION, Vol. 36. No. 7, pp. 362-368 (1980) July
Copyright 1980 hy the National Association of Corrosion Engineers, P. O. Box 218340, Houston. Texas °7218
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TABLE 1 — Compasitions of Alloys Used in Corrosion Studies

Composition, A\%( 1
Preparstion
Techniaue Source Glemy ®o N & P B V® g mn
Meit Spinning Batteile Yes 45 30 2 15 [} 2
Yes 42 30 5 15 8 2
Yes 40 30 7 15 [} 2
Yo 37 30 10 15 [] 2
Ye N 30 16 15 8 2
Meit Spinning Altied Yes 2 36 14 12 8
Chemical
Corporstion
Conventional Milt No 89 8 20 12 1.7 (Type 304
stainiess stoel)
(1)eomposition of Type 304 is nominsl.
(z)chdium wes prassnt as an impurity.
crevice and was connected t0 3 bundie of similar filaments in the
buik electroiyte through a 2ero resistance smmeter (ZRA). Thus,
crevics corrosion current, or “‘ceil current’” flowing between the
0 crevics speacimen (snode) and externsl specimen (cathods), couid be
—— PONPRORO! messured as a function of experimental persmeters. The snode-to-
h) Cathods area ratio was meintained st about 1:10 throughout the
r~ Ozt sxpenimentation.
-l The electrolyte used during most of the resesrch wath this cell
é l f Oyt was 1M NaCl. It was mmintained st a pH of 7 throughout eech
3 7 sxperiment by periodic titration with sppropriate smounts of dilute
ﬁm NaOH or HC! solution. Thus, the pH of the catholyte was heid
! cyingrical constant but that of the snolyte vas silowed %0 very. The catholyts
m‘m»—- L] lal was 8iso oxygensted during each experiment to insure an adequste
i suoply of cathodic resctant. Most experiments were performed at
ambent temoerature, though some were performed st 85C.
," ‘ d’m amophas In practice, the ceil was sssembied end steady state conditors
& : i / 1 of stectrode p 8 were to develop. Next, the crewice

e I\
\_ ) __J

PIGURE 1 ~ Schematic disgram of instrumented ceil used
for electrochemicai studies of crevice corrosion.

Elecrochemical Measurements of Crevice Corrosion

A crevice cell instryrmented with appropriste eiectrocdes wes
used to cowin information about the electrocnernical nature of
crevice corrosion of giassy alloys. The ceil, adaoted from a similar
design used by Efird ang Verink,” 13 shown schematiaily in Figure 1.
It consisted of a smail crevice chamber of about one ML volume n
contact with one liter of bulk electroiyte through a fine frirted disc.
Insioe the crevice champer were coiied about three cm ° of fiament,
whiCh served as he anode during the crevice experiments. A
siivergiver chiorde (Ag AgCll migro-reference electrode and &
sem Micrd comMbDination pM  electrode aiso penetrated rto the
cravice region, “hereby eNadiing mMegsurements of siectrode noten-
nal and ord of crevice stectroivis 10 De mace continudusiy during
esch 2axperment An eectrical ead that was 3oidered <0 tthe
fiament and mMasked with an acid refIsTant acquer exited the

363

and external eslectrades were siectrically connected through the
ZRA and the resulting current flow, if any, wes monitored by mesns
of the proportional gutput from the ZRA. Reiatively few experiments
vare conducted under freely corroding conditions because crevice
corrosion did not octur at detectable rates in regsonable ume
intervais of about 24 hours. Therefore, the externsi electrode
bundie was poisnzed anodicsily by means of an electranic potentio-
stat. Often, 3 series of potentials wes so0iied sTepwise during 8 ningle
epenment, which was terminated when the crevice filsments were
dissolved or corroded into seversi pieces.

Results and Discussion

Effacts of Deformation

Dunng the previous unmngnon,’ 't was ressoned that the
MOst severe Crevice geometry that could be formed n these alloys
would result from production of mwcrocracks in filament surfaces.
Such cracks, which apparentiy had been produced 1n Metgias 2828A
by coid rouing,’ would be extremely tght and surrounded by ‘i ge
arsas of uncracked matenasl to act as a cathode. To determine
whether microcracks would mitigte localized attack of the sioys
uted in this study, a hlament of glatsy alloy containing 16 atomic
percent Cr weas cold roned to 3 J8% reduction n thickness,
exarmined by SEM, and rhen anodicaily poterized \n TM NaC! at om
7 Resuits of this polarization and SEM photograr  of specimen
surfaces are shown n Fraures 2 and 3. The wavy nature of the shesr
bands n Figure 3 refiacts the absence of crystailographic 5. 't was
characteristic of this specimen . and ail others nat were coid roi'ed
during this research program, that the surface cracks couid Aot be
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FIGURE 2 - P iody ic/ tiostatic polarization
curves for a 18 atomic percent Cr glamy alloy in the
undeformed and cold rolled conditions (Ref. S).

FIGURE 3 — SEM photographs of surfaces of giassy filaments
containing 18 stomic percent of chromium. (a) After coid
reduction by 25%, (b} after 38% coid reduction, then anadic
polarization in 1M NaCt at 0.60 V (SCE) (Ref.8).

resolved microscopicsily. Therefore, all statements regarding their
presence are made by inference from corrosion behewior rather than
by their direct observation.

Figure 2 shows that cold rolling caused a large active dissolution
peak, and it increased the passive current density significantly over
that of the as-spun specimen. However, during the 60 minute hold
at 0.80 V (SCE], the current density decressed rather thaa
incressed, the latter being expected if cravics corrosion were
incressing in severity. At the end of the 60 minute period a negstive
hysteresis was observed, which was besed on the sssumed occur-
rencs of crevice corrosion during the forwerd potential sweep.

Examination of the cold rolled specimen by SEM (Figure 3b)
revesied many small pits ranging up o 1O in dismeter. The pit
density was several orders of megnitude grester on the cold rolled
specimen.

The behavior described above was rationalized by proposing
that, upon snodic polarization, the microcracks in the cold rolled
WCi experi d t crevice corrosion, widened, and
eventusily passivated. This hypothesis wes tested in the present
study in two weys. One was to polarize a cold rolled specimen in
such a way as to exhaust all sites for crevice attack, snd then
determine if its suds polarization b returned to that of
8 nondeformed specimen. Once sl microcracks had been widened
by corrasion and passivated, they should not have infl ed anodic
polarization behavior during subsequent potential scans. To test the
validity of this hypothesis, 8 strip of Metglas 2826A wes coid rolled
to sbout 30% reduction in thickness and polsrized for one hour at
0.60 V (SCE) in 1M NaCl, pH 7. During this time, the specimen
exhibited more rapid snodic dissioution relative to 8 nondeformed
counterpert; furthermore, after polarization, the surface wes heavily
pitted. Atwer examination by SEM, the same specimen was
reinsarted into the electrolyte and 8 potentiodynamic snodic
polarization curve was obtained. This curve, togéther with one from
a nondeformed filament, are displayed in Figure 4. The nesrly

FIGURE 4 -~ Potentiodynamic polerization curves for
Matgias 2826A in the non-coid rolled condition, and after
prior potentiostatic polarization for one hour at 0.80 V
(SCE) in TM NaCl, pH 7.

coincident nature of the two curves supports the hypothesis that
microcracks sre the cause of the transient localized sttack of cold
rolled filaments. Additionsl evidence is presented in Figure §, which
shows the surface of cold rolled Metglas 2826A after the first
(potentiostatic) polsrization at 0.60 V {SCE), and another region
after potentiodynamic polarization to 1.50 V {SCE) and back to the
free corrosion potentigl. The morphology of attack, especisily pit
depth and number of pits per unit area, is similar for the regions
shown n Figure S(al and S(b), agein indicsting that the second
polanzation did not create significant new localized attack.

The foregoing represents one test of the hypothesis that surface
microcracks were the csuse of localized attack. However, an

- .
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FIGURE S - SEM photographs of surfaces of Metgias 2826A
filaments after 2 25% reduction in thickness, (a) Pits formed
after polerization for one hour at 0.80 V (SCE) in 1M NaCl,
pH 7, (b} another region on same specimen after potentio-
dynamic polarization to 1.5 V (SCE) in 1M NaCl, pH 7.

aternste expianation i3 tNat the ntenss coid work 3t certan shesr
bends csused !ocsiized crystailization, and that these crystatiine
regrons expenenced accelerated attack, (Mﬂgn 2826A corrodes at
very ra;id rates after tnermar crystallization.®) It was reasoned that
intense deformation of tilaments with the absance of microcrack
formation shouid resuit (n poigrnization behavior that s similer to
that of nondeformed filaments f microcracks and not locatized
crvsiaiization are the necessary criterron. Detormaton n the
aosence of microcrack formanon was achieved by reducing the
‘1arment thickness by compression. Soecificaily, filaments were cold
aduced ub to about 10% .~ *Rickness by 1MPACct wath 3 tooi stees
sunch Puncning maintained a state of (ocal coOmoression during
Jeformangn. unike $o/d roling, wiich created 8 state of tension on
the soec:men surface Secause the surface uNdergoing the most
‘nrense detormation wes ~ 3 state of COMPression dunng punching,
MCrOC aCks ~ere Ot 2xDecieq to Jevelop Reguits of one such
axoerment are oresented n F gure §. which snows deformed
mGions De‘ore ang 3trer poiar 2ation n 'M NaC! at pH 7. Frgure

FIGURE 6 — SEM photographs of surfaces of Metgles 2826A
that wes reducsed in thickness by shout 10% by punching. {a)
Surface after punching, (b} th gion after punching,
then polerizing for one hour st 0.60 V (SCE) in 1M NeCt, pi
7.

8(s) documents the fact that the punching process produced intense
locslizea deformation, as evident by the shear bands. Figure 6i(bl,
which i3 another region of the same spec:men after cleaming and
polerizing at 0.60 V (SCE} for one hour, shows a complete absence
of oits. Thus, up to 10% plastic deformation n the sbsence of
microcrack formation 15 not sufficient to produce locsiized attack
during anodic polanzation. This wes verified Dy examining the
surfaces of seversl soscimens that had been thinned by dunching
na then anodicsily polarzed: ‘A NO CISE WES CODIQUS Drtting
obterved such as that shown «n Figure 5. (Although it was desitabie
to evaiuste comMpressive straing comparabie to those oroduced by
cold -oihing, attemots 10 oroduce strains Grenter than sbout 10% by
punching caused the filaments to breax (nto preces.]

It has been shown that piastic deformanion of glassy altov
hiaments Dy roliing resuits .n 3 crevice corrosion tyoe of attack at
potentiais at and beaw 0 60 V iSCE} in neutral 1M NaCl solution.
It gopears that the Cracks themseives, and not the deformation that
CCOMBaNIES CTaCK ‘OrManion. Dromote this attack. The crevices




PIGURE 7 — Call current, anode potentisl snd anolyte ph
versus time for Type 304 stainiess steel eveiusted in the
instrumented crevics osll in 1M NaCl, pH 7, oxygenated, st
22¢.

propagated by corrosion into the alioy to depths of only a few
microns, at which time they widened and passivated.

Crevice Cell Experiments

Previous ressarch showed that the critical potential for causing
cravice corrosion on cold rolled 16 Cr filaments was barely anodic to
the free corrasion potential in 1M NeCl, yet it was sbove 1 V (SCE)
in a fabricated crevice cell. Therefore, it wes decided t0 investigate
this spperent snomaly by learning more sbout the slectrochemical
conditions that develop within propagating crevices in glsssy alloys.

An indication of typical dsta obtained from the instrumented
crevice cell is shown in Figure 7 for Type 304 stainless steel. In this
experimeny, Type 304 stainiess stesl was polarized st room
temperature in 1M NaCl at a butk pH of 7.0 and satursted with
oxygen. After polarization for 600 minutes at a potentist of 0.00 V
(SCE)(?) applied to the fresly exposed slectrode, no cell current
was observed; therefore, 0.100 V (SCE) was applied and another
1000 minutes were sil d to o Again, ACe COrrosion was
not detected as evidenced by the sbeence ot ceil current, 50 0.200 V
(SCE) was spolied. In a matter of minutes, the cel! current rose to
over8 mA/cm?, 2 the p isl of the crevice speci decressed
from 0.24 to sbout 0.1 V{Ag/AGCl), and the snolyte pH decressed
10 below 2. These changes are in agresment with electrochemicst
theory regerding the mechanism of crevics corrosion and occluded
coll corrosion in genersl, and they serve to illustrate the type of
information that was obtained from the instrumented ceil.

Results obtained with the 2 Cr glassy alioy sre typified in
Figurs 8. No crevice corrosion occurred st the free corrosion
potentiat or st potentiostatically spplied potentials cathodic to 0.60
V (SCE). Accordingly, that portion of the experiment occurring
before the spplication 0.860 V (SCE) was omitted from the plot
becsuse no significant changes in current, potentisl, or PH
occurred. Upon applicstion of 0.60 V (SCE), the ceil current
dengity rose rapidly to over 70 uAlemz. Howaever, untike with Type
304 stainiess steet, the cell current did not continue to incresse. This
would have indicated » loss of pessivity Over an ever incressing
fraction of crevice area, combined with an increasing sggressiveness
of the corrodent. !r d, it gracdusily decr d. The pH of the
snaiyte continued t0 decling, presumably the result of hydrolysisof

(”Ponnmls of the freely exposed {cathode) specimen are quoted
relative to @ saturated calomel slectrode, SCE, whereas those of
the crevice {anode) specimen are quoted relative to a silversilver
chioride electrode, Ag/AgCl. The Ag/AgCl electrode was about
40 mV more positive then the SCE, i.e., 0.00 V (SCE) = 0.04
ViAg/AgCl).

2y current densities are referred to the anode area, which was
about 3 cm
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FIGURE 8 — Coll current, snode potentiel, and snolyts pH
vergus time for ¢ 2 Cr glemsy alloy ewelusted in the
instrumented crevice osll in TM NeCl, pH 7, oxygenated, st
2¢C.

metal cstions. Interestingly, the potentisl of the snode did not
decrease significanty below the potential of 0.80 V (SCE) that hed
besen spplied to the cathode specimen externel to the crevice
chamber. Anodic dissolution possibly occurred through 8 corrosion
product film which, through its presence, wat able to maintain a
relatively noble potentisl on the snode while it wes dissolving. The
fingl sharp decreass in cell current density at shout 750 minutes wes
caused by breskage of one of the anode filaments due to corrosion.

The influence of incressing the chromium content to 7 stomic
percent is shown in Figure 9. The effects of incressing the spplied
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FIGURE 9 - Call current, anode potential, and anolyte pH
versus time for a 7 Cr glassy slloy evelusted in the
instrumented crevics ooll in 1M NaCl, pH 7, exygensted, st
22¢C.

cathode potential in a stepwise tashion are refiected in the stepwise
potential incresses of the anode. Messurable current did not flow
untit 1.20 V (SCE) wes spplied, after which a current transient
ensued. Application of 1.30 V (SCE) produced a higher
current, and 1.40 V (SCE) produced s still higher transient. After s
few minutes had elspsed at an spplied potentisl ot 1.40 V (SCE),
the cell current density sudde iy incressed to several hundred
uA/cm’. The solution pH at the beginning of rapid crevice corrosion
was sbout 2. The snode potentist fluctuated downward by only 3
few mittivoits at the onset of crevice corrogsion, paralisling the
rel. sely steadv potentisi-time behavior of the 2 Cr specimen
{Figure 8). The critical crevice corrosion potentisl messured in this
particular « Deriment wes between 1.30 and 1.40 V (SCE).

Figure 10 shows behavior for the alloy containing 18 atomic
percent chromium. Application of 1.20 V (SCE) to the cathode
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FIGURE 10 ~ Col’ current, snode potentisl, and snolyt pH
verms time for a 16 Cr glassy slloy ovelusted in the
instrumented crevice csll in 1M NaCl, pH 7, oxygensted, at
2c.

produced caif current density of sbout 20 A/em?, sfter which the
the current density decreased to less then 10 .. alem®. 1t is
suspected that this very sudden decresse in current resuited from
breskage of one of the seversi persilel strands of alloy filament in
the crevice chamber. (These stranc, were connectd in  ellel and
coiled inside the chamber to comprise the anode; occasionelly &
s>and was obesrved to break during an experiment ss @ resuit of
cOrrosion and the stress that accompanied coiling of the strands.)
Breakage of a strand had the effect of instantanecusly decreasing the
totsl sres of corroding snode, and thus of causing the cell current to
fail suddenty to & lower vaiue. In Figure 10, the fact that the cell cur-
rent remained at the low veiue of several yAIem’ indicates that the
was not until 1.50 V (SCE) was applied that the cell current
increased, after a preliminary incresss and decline, to relatively large
velues indicating the onset of rapid crevice corrosion. It is
intgresting to note that 1.40 V (SCE), evan in the presence of
anolyte acidified to a pH slightly less than 3, wes insufficient
produce continuing crevice sttack. Thus, the i~fluence of incressing
the chromium content was to confer 3 very _urked ability of the
gassy alloys 10 MEiNtain a pessive state, sven in acidified chioride
slactrolytes at very oxidizing potentials,

Other expenments were performed that further smphasize the
sbility of gassy aifoys to maintsin passivity under conditions
promoting crevice corromon. One such experiment is depicted in
Figure 11, which provided data on the crevics protection potentisi.
Crevice corrosion of 8 16 Cr filament wes rapidly initisted in 1M
NaC! by soplying 1.40 V (SCE) to the cathods specimen, thus
cresting » cell current density excesding 200 tA/cm? and s pH
beiow 2. Next, the s00lied potentisl wes decrsased by 100 mV to
1.30 V ISCE), resuiting 1n a similer shift in anode potentigl from
1.44 10 1.34 vV (Ag/AgCH and s decresss in ceil current sssentiatly
to zero. Further decrsases in potentisl produced no measurable
effects on ceil current. This cycle could be repested. as indicated by
the onset of crevice corrasion when 1.50 V (SCE) was spptied to the
cathode and *he decresse in current when the potential was returned
10 tess nobie vaiues. Simitar trends 1n porential-current behavior
couid be produced with Metgies 2826A.

These istter expenimants are ugmficant because they demon.
STrate that ONCe Crevice corrasion s mitiated wath 14 Cr and 16 Cr
glassy alovs, passivity g restored f the potential i3 decreased by
only 100 mV betow that required to rmitigte the attack. Thus, the
difference between tne crevice imnation potentisl and the crevice
protection potential i§ ‘ess than about 100 mv This ¢4 3 reistivety
narrow spen compared to those of Many crvstalhing stainiess steels,
WRICT (1 SOMe Cases are seversl Rundred miiivoits. The narrow range
bDetween these two DOtentiais ¢MONasiIZes the abihity Of guassy siloys
to passivate readily once the very oxidizing potent:dis reQuired to
Drodegate crevice corrosion are removed.

Severs! crevice corrosion expernments were conducred at 88 C
10 OEtErmune wWhetner gn ¢evencn 10 temoersture subttantiatly
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FIGURE 11 — Coll cwrrent, sncde potential, and anolyte pH
vereus tims for 3 16 Cr gleasy slloy ovelustes in the
instrumented erevies osil in 1M NaCl, pH 7, oxygenated, st
2¢.

siters the behavior of these alloys. No significant differences ware
noted between corrosion behavior determined st 22 and 85 C. Any
temperature offects were not discernsbie outside of the renge of
experimentsl reproducibility,. The dets show that even st 85 C,
crevics artack occurred only st potentisis above sbout 1 V (SCE)
for the chromium-containing glassy sllays, in genersi sgresment
with experiments performed st room tempersture.

Summary
The primary reason for investigating crevice corrosion of glsssy
sitoys was to ditferentiste b Nated and Prooage-

tion-reigted cOrrosion behavior. It wes ressoned that crevices would
pravide resdy made sites for ininistion of locslized attack, sites
which do not exist On freely exposed glasty alioy surfaces becsuss of
the very homogeneous neture of the alloy structure. Messuremaent
of susceptibility to crevice corrosion would heip to determine
whether the corrosion resistance exhibited by these aiioys extends
t0 propagation as well g initigtion phenomenas.

A studv Of anodic polarization showed that Crevics corrosion
shouid logicsity be expected to occur: the alloys exhibited enhanced
corrosion at reduced electrolyte pH such ss would be expected to
develop guring acctluded cell corrogion, thus ensuring some degree
of stability Of active-passive ceils on specimen surfaces.’ However,
the very corrasive conditions required tO 9roduce corrosion of these
siloys at sensible rates indicated that the degree of suscepubility to
crevice corrosion woud be considersbly iess thet thet of many
crystalling steeis of similar chromium content, under similar
exposure conditions, Subs t experi confirmed these
predictions. Specifically, cold rolling the filsments produced a slight
susceptibility to enchanced dissoiution, presumably dus to the
formation of surfsce mucrocracks that initisted Crevice corrosion.
Howaver, the deoth of atTack was onty SEVErsi m when the crevices
pessivated.

Experimentation, nitially with 3 sendwach-type crevice ceil and
subsequently with the instrumented ceil, verified that susceptibility
of the chromium-<contaimng giassy 3HOYS tO Crevice COfrosion was
indeed shight. Althougn classical Crevice attack involving locsiized
snadic dissolution and acidification of the anolyte could be made to
occur. quits omdizing (nobiei potentisis were required. These
potentisis were more than 1000 mV more nobie tor the 16 Cr gassy
slioy then for Type 304 stainiess steel. Intes~stingly, the potentiais
of giatsv crevice {anode’ specimens did not decresse Marxediy atter
the onset of crevice corrosion, but rather they remained wmthin
seversi millivoits of the potential 20Dhed to the camode Thu
Denavior can L inrerpreted 8t 8 renistance to (O0ss Of Dassivity.
dissolunion oceurring instead througn a film that orevaiied resstivery
INTACT dunng crevice c. *0sion Thig tendency tO reMan covered Dy
8 DOSHIVE 1EYET 1S 1IN CONTFaSL 1O NE DENBVIOr Of Sry Sttt ing sta.riess
STamS, WMEH EXDETIenced 8 10ss Of DasSIVIty ThaT INCTessed with t:me
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8 corrosive conditions within the crevice became sstablished. An
indication of such a time-dependent activation is the large cathodic
shift in slectrode potentisl exhibited by Type 304 stainless stesi in
Figure 7.

This resssrch indicates that corrosion resistance of glassy slloys
extends to progegation ss well as initistion of locslized corrosion.
The alloys exhibited an apperent strong tendency to remain covered
with 8 passive film, which other studies have shown to be snalogous
in structure and composition 1o the hydrated chromium oxyhy-
droxide found on ional chr beering steeis.® It is the
ability of this film to exist under extremely corrosive conditions
that confers excellent corrosion resistance. This sbility, in tum,
presumably results from the homogeneous nature of the alloys; that
is, the absence of structursl defects in the alloy matrices contributes
to the integrity of the film. It is probable that the chemistry of the
alloys also contributes to their excellent pessivity. it has been
cisimed that the pr of phosphorus strongly benefits this
enhanced pessivity, snd that it confers corrosion resistance by
creating rapid anodic dissolution at unfilmed sites and thereby
accelersting reformation of the film; in other words, by promoting
passivity 719 However, results presented recently by Wang and
Munw have shown that extremely corrosion resistant glassy alloys
can be prepared without phosphorus, thereby casting doubt on the
concept that phosphorus is essentisl for extreme corrasion resist-
ance. The question of the role of phosphorus and other metalloid
sdditions on conferring pessivity should be the subject of future
ressarch.

Conclusions

Glassy Fe-Ni-Cr-P-8 alloys exhibited considersbie resistance to
crevice corrosion. This behavior parailels their demonstrated ability
0 resist pitting, and it reflects their extremely passive nature. Cold
rolling can induce limited susceptibility to crevice attack, sithough
the crevices propegate to depths of only seversl cm and then
passivate. Crevice corrosion can aiso be produced in e prepered
crevi ithin an electr ical cell, sithough anodic polsrization
to oxidizing potentials exceeding about 1 V (SCE) is required to
cause attack of the higher chromium alloys. Duning this attack, the
anolyte pH decreases to helow 2, but the anode potentisi does not
activate 3s in the case of crystalline stainiess steels. The nobile nature
of the anode potential during Crevice corrosion is interpreted a8
resulting from the presance of s partiaily protective tiim that is
present during dissolution. The smail anodic current dengities that
resuited are further evidence of the presence of this film.

el
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Corrosion Behavior of Glassy Chromium-Containing
Alloys Prepared by Sputtering

Ronald B. Diegle
Battelle, Columbus Laboratories, Columbus, Ohio 43201
and M. D. Merz
Battelle, Pacific Northwest Laboratories, Richland, Washington 99352

Glassy alloys containing Cr, P, and various other
elements have been shown to possess excellent corro-
sion resistance by a number of workers (1-8), and
were the subject of a recent review by Masumoto and
Hashimoto (9). These alloys resist localized as well as
general corrosion in electrolytes such as FeCly and
acidiied NaCl. Furthermore, as little as 2 or 3 a/o
of alloyed chromium are sufficient to confer this re-
sistance (7). The interest in these alloys presently is
of a rather fundamental nature, such as learning more
about the influence of structure on corrosion and pas-
sivity. However, it is clear that glassy alloys have
Practical value as corrosion resistant coatings provided
that a means can be developed for applying them as
such.

An inherent feature of the fabrication of many cor-
rosion resistant glassy alloys is the high quench rate,
about 103 C/sec, necessary to attain the glassy struc-
ture upon solidification from the melt. Elaborate tech-
niques, such as melt spinning (10) and melt extraction
(11), typically are used to attain these high quench
rates. A limitation of all liquid quenching techniques
is that the dimension of the specimen is necessarily
thin in the direction of heat extraction; typically, this
dimension is about 50-75 um. with about 125 um a rea-
sonable upper limit for this class of alloys. Although
the filaments and narrow strips that result from liquid
quenching are suitable for laboratory research studies.
they cannot be utilized as coatings. Sputtering, on the
other hand. is a vapor deposition technique used for
coating large areas and complex geometries with thick
deposits. Therefore, sputtering was investigated as a
possible means for depositing extremely corrosion re-
sistant Cr-containing alloys in the glassy state.

Experimental

The sputtering targets used during this research
had the compositions Fe,;sNi;nCraV:P;;Ba  and
Fe NioCrisVsP13Bs. Vanadium was an impurity un-
intentionally added through use of a ferrophosphorus
alloy. The primary variable was chromium, which was
either 2 or 16 atomic percent (a/o). The alloys were
prepared by melting together appropriate quantities
of components in an induction furnace under an argon
atmosphere, homogenizing for % hr. and then pouring
into cyclindrical molds 13 ¢m in diam. Sputtering was
performed at Battelle's Northwest Laboratories with
triode sputtering equipment. It was performed in
krypton at rates between 25 and 40 «m/hr. The sub-
strate was copper, chilled either to —196°C or water
cooled to about 15°C.! Three types of deposits were
prepared, namely, 18 Cr sputtered onto copper at
either 15° or —196°C, and 2 Cr sputtered onto copper
at —196°C. The deposits were about 75 um thick, non-

The state of crystallinity of the deposits was ex-
amined by thin foil transmission electron microscopy
(TEM), selected area electron diffraction (SAD), and
differential scanning calorimetry (DSC). Surface to-
pography was characterized by scanning electron
microscopy (SEM), and composition by x-ray fluores-
cence (EDAX). Results were compared to those ob-
tained from glassy alloys of nearly identical compo-
sition but prepared by melt spinning. Prior to struc-
tural characterization the deposits were removed from
the copper substrates by dissolving the copper in con-
centrated nitric acid. The deposits were not noticeably
affected by this treatment.

Corrosion was measured gravimetrically with
coupons exposed in 10% FeCly solution at ambient
temperature, and by potentiodynamic anodic polariza-
tion in neutral and acidified 1M NaCl solutions. Sput-
tered deposits were subiected to gravimetric measure-
ments after first removing them from the copper sub-
strates as described above. For anodic polarization the
specimens were left intact on the copper, which was
masked with an acid resistant stop-off lacquer.

Results and Discussion

Structure.—~Examination of the three sputtered de-
posits by TEM indicated the absence of resolvable
structure, in particular, microcrystalline regions and
associated grain boundaries. SAD verified the absence
of detectable crystallinity, as denoted by broad diffuse
ring patterns. Thus, the structures of the deposits were
completely glassy within the limits of resolution of
the<e two techniques.

DSC results from sputtered and melt spun alloys are
summarized in Table 1. The crystallization tempera-
tures. T, of sputtered vs. melt spun alloys differed by
11°C for the 2 Cr alloys and by 4°C for the 16 Cr al-
loys. The heats of crystallization, AQ,, varied by about
15% for the 2 Cr alloys and by about 12¢% for the 16
Cr specimens. There were no obvious trends in T, and
3Q. relative to the method of specimen preparation.
i.e., sputtering or melt spinning. Furthermore. the ef-
fect of substrate temperature on these parameters for
the 16 Cr material does not appear to be significant. It
is apparent from Table I that the crystallization be-
havior of the sputtered 2 Cr and 18 Cr deposits ap-
proximated that of melt spun alloys of the same com-
positions.

Compositions of the sputtering targets and corre-
sponding deposits were compared to determine whether

Table ). Temperatures and heats of crystallization of
sputtered and melt spun glassy alloys

porous, and extremely adherent to the substrates. For Chromium Substrate
the purpose of comparison, liquid quenched specimens content, Prephnrmon temperé c 3Q., cal/
were prepared by meit spinning as previously de- 2o technique ature, T g-atom
scribed (7).
2 Sputtering -198 428 1278
!(:y words: pitting, ~assivity, :mo?.?ws. ?clt-npm‘mu. 2 Meit spinning ~13 439 1008, 1113
or convenience ti. copper su rate temperatures are re- -
ferred to either as —196° or 15°C. In actual fact the temperatures }: :p"“"m' l:: m ::;g' 110
may have beeu somewhat higher because of the heat dissipated puttering -
during the sputtering process. 16 Melt spinning ~15 4“4l 1008, 1118
2030
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enrichment or depletion of any elements had occurred
during sputtering. Variations in concentration between
target and deposit were generally ! a/o0 or less. An ex-
ception was the chromium content of the nominal 16
Cr alloy, which was 2.3 a/o higher in the deposit. An
important observation is that phosphorus was not de-
pleted in the deposit. Since phosphorus is needed to
achieve the glassy state and to enhance corrosion re-
sistance, it is significant that it can be sputtered at a
concentration that is close to that in the target. No
information could be obtained about the initial and
final concentrations of boron, since quantification of
boron by EDAX was not possible.

Surface topography.—The surfaces of sputtered spec-
imens contained numerous hillock-shaped mounds.
Figure 1 shows SEM photographs of the as-sputtered
surfaces of several deposits. Figure 1(a) shows these
hillocks, which were present to a greater or lesser de-
gree on all sputtered specimens. Figure 1(b) is a higher
magnification view of these features. Although still
present, the hillocks were smaller and fewer on the 16
Cr specimen sputtered onto a water-cooled substrate,
Fig. 1(c). This behavior agrees with prior sputtering
experience with other alloys, i.e, that warmer sub-
strate temperatures favor less pronounced growth fea-
tures. Chromium content in the alloy did not strongly
affect their formation for, as shown in Fig. 1(d), they
were also present on the deposit containing 2 Cr. (Sev-
eral of the larger hillocks had been broken off during
handling, hence their truncated appearance.) Hillocks
such as those shown in Fig. 1 were not present on melt
spun filaments, although shallower, less cone-shaped
mounds could be found on the shiny surfaces of the
filaments,

The source of the hillocks shown in Fig. 1 is not
known, although they sometimes appear on other types
of sputtered alloys including crystalline alloys of con-
siderably different compositions than those reported in
the present investigation. They are thought to result
from growth instabilities that occur during deposition
of atoms onto a substrate. Their sxgmﬁcance to alloy
properties is not known: however, it is shown in a later
section that they were not preferred sites for localized
corrosion, neither did they compromise the corrosion
resistan.ce of the deposits.

(L]

Fig. 1. SEM photographs of surfaces of sputtered deposits (a),
{» 16 Cr (LN substrate); (c) 16 Cr (water-cooled substrate); (d)
2 Cr (LN3 substrate).

C-3
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Corrosion behavior.—The corrosion behavior of sput-
tered and melt spun specimens under freely corroding
conditions was compared in 10% FeCl; solution. Data
were obtained on duplicate specimens after 167 hr of
exposure, and the corrosion rates were extrapolated
to a um/year basis. The corrosion rates of the 2 Cr
deposits averaged 1114 um/year, whereas those of the
2 Cr melt spun alloy averaged 427 um/year or 38% of
the former value. Analogously, the corrosion rates of
the 16 Cr deposit averaged 1.8 «m/year and those of
the 16 Cr melt spun alloy averaged 3.5 .m/year, or
43% of the former value. Three features are particu-
larly noteworthy regarding these data, as follows:

(i) The effect of increasing the chromium concen-
tration in the sputtered deposits was to reduce greatly
the corrosion rates, in parallel with the influence of
chromium in melt spun specimens.

(ii) Corrosion rates of the 2 Cr deposits were about
two to three times greater than those of the corre-
sponding melt spun specimens.

(iit) Corrosion rates of both the melt spun speci-
mens and the sputtered deposits containing 16 Cr were
relatively low, indicating that the alloys were spon-
taneously passive in the FeCl; solution.

Anodic polarization was used to obtain more detailed
information about corrosion behavior, as shown in Fig.
2 and 3. Figure 2 shows that the 2 Cr sputtered deposit
underwent an active-passive transition in 1M NaCl,
PpH 3, whereas the 2 Cr melt spun filament was spon-
taneously passive. A reaction of unknown origin gave
rise to a slight active-passive transition at about —0.45
to —0.50V (SCE). The critical current density for
passivation for the sputtered alloys was about 10—3
A/cm?, and the minimum passive current density for
all three specimens was about 8:10-3 to 10-¢ A/cm?.

-
-
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Fig. 2. Anedic potentiodynamic polarization curves of sputtered
and melt spun 2 Cr alloys in 1M NaCl, pH 3, deaerated.
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Fig. 3. Anodic potentiodynamic polerization curves of sputtered
and melt spun 16 Cr alloys in 1M NaCl, pM 3, deoerated.
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The steep increase in current at potentials above about
0.8V (SCE) was due to the selective oxidation of
chromium as the hexavalent ion, Cr+4,

As indicated in Fig. 3, the 18 Cr specimens were
spontaneously passive in pH 3, IM NaCl, with passive
current densities in the approximate range of 2-10-3 to
2:10-¢ A/cm2. This spontaneous passivity extended
even to pH 1 solutions (data not shown). The deposits
exhibited passivity that was as complete, or nearly so,
as that of corresponding melt spun alloys. Very sig-
nificantly, the sputtered alloys resisted pitting corro-
sion to the same degree as those prepared by melt
spinning. The positive hysteresis during the return
sweep for the sputtered alloy was typical of polariza-
tion for all sputtered and melt spun specimens that
were polarized to transpassive potentials. It may have
been caused by temporary active dissolution in micro-
scopic pits that formed at transpassive potentials, and
then rapidly passivated at potentials in the passive re-
gion of polarization behavior.

Pitting could not be produced by polarization in the
passive range of potentials, even for extended times.
For example, the surface of a sputtered 2 Cr alloy that
was potentiostatically polarized for 1 hr in IM NaCl,
pH 3, is shown in Fig. 4 The corrosion produced a
scalloped appearance on the flat regions and no prefer-
ential attack of the hillock-shaped mounds. [The
truncated tops evident in Fig. 4(b) were the result of
surface damage prior to exposure to the electrolyte.]
The corrosion that occurred in the passive potential
range of behavior produced a sort of general attack, a
surface roughening reminiscent of pits that were not
able to propagate after initiating. Shallow pits were
observed after potentiostatic polarization at potentials
that were well into the oxygen evolution range, above
about 1.3V (SCE). However, even at these very oxi-
dizing potentials the pits that developed tended to
propagate to depths of only several um, after which
they apparently passivated and new pits formed near-
by. Shallow pit depths and high pit densities were a
characteristic common to sputtered deposits polarized
at transpassive potentials. Conversely, transpassive
corrosion of melt spun filaments generally produced
more through-pits and lower pit densities.

There was no substantial effect of substrate tempera-
ture on anodic polarization behavior. The polarization
curves for the 16 Cr deposits sputtered at —196° and
15°C were similar. Both types of deposits were spon-
taneously passive in 1M NaCl at pH 7 and 3, with the
passive current densities of the water-cooled deposits
ranging to about twice those of the liquid nitrogen-
cooled specimens. However, pitting susceptibilities were
unaffected, with pitting occurring only at transpassive
potentials (i.e., above about 1.20V (SCE) for the 16
Cr alloys). Examination of the specimens after polari-
zation indicated that pits were shallower on the alloy
sputtered at —196°C. The effect of substrate tempera-
ture on pitting and overall corrosion behavior needs
further study to better define the role of this variable
on corrosion.

Conclusions

Sputtering can be used to prepare alloys of the Fe-
Ni-Cr-P-B variety with a completely glassy structure.
Thermal characteristics, such as temperatures and
heats of crystallization. of sputtered alloys are similar
to those of alloys of the same nominal compositions
but prepared by melt spinning. Because of these simi-
larities it is inferred that the structures of the two
classes of alloys are also similar. The corrosion and
electrochemical behavior of the sputtered deposits re-
sembled, but was not identical to that of melt spun
alloys of the same composition. Specifically., open-
circuit corrosion rates and oxidation rates during
anodic polarization of the sputtered deposits exceeded
those of melt spun specimens. sometimes by about an
order of magnitude. However, the sputtered deposits
exhibited the same resistance to pitting corrosion as

September 1980

Fig. 4. SEM photographs of 2 Cr sputtered deposits polarized for
1 hr in 1M NaCl, pH 3, ot the following potentiais: (o) 0.60V
(SCE); (b) 1.10V (SCE).

their melt spun counterparts, with pitting occurring
to a large degree only at transpassive potentials in
acidified chloride solutions. There is some evidence that
a colder substrate temperature may favor improved
corrosion resistance, but this tentative conclusion needs
verification. Sputtering is a viable alternate technique
for depositing extremely corrosion resistant glassy
Fe-Ni-Cr-P-B alloys.
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