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RELATIONS BETWEEN CRYSTAL STRUCTURE AND CORROSION.
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ABSTRACT.

When metals are applied as protective coatings by electrolysis or other
methods, preferred orientations are often developed. Orientation rela-
tions exist between the basis metal and the applied coating or any reac-
tion product which forms during service. The initial processes of cor-
rosion are especially important, and, under such circumstances, a con-
sideration of the effects of crystal structure and orientation is important.
Illustrations of these ideas are cited from the literature under the topics
of etching, resistance limits, chemical characteristics, grain boundaries,
polished surfaces, internal stresses, two-phase alloys, and aging phe-
nomena. New experiments are cited which demonstrate microscopically
the crystallographic nature of the corrosion of iron and tin, and which
show that the grain boundaries inhibit corrosion of tin in carbonate
solutions.

I. INTRODUCTION.

Modern developments have served to emphasize the scientific im-
portance of the initial stages of all natural phenomena. The book of
Hedges on "Protective Films on Metals " 3 affords an excellent example
of how important an analysis of these initial reactions is when studying
corrosion. A few years ago, F. N. Speller 4 called attention to this
aspect of corrosion by saying, "The useful life of any application is
determined mainly by the initial film-building properties of both the
environment and the metal." Such a viewpoint seems especially im-
portant when considering the assigned topic of "Corrosion-Resistant
Metals Applied as Protective Coatings." Under these circumstances,
the thinner the coating is, the more effective the initial processes must
be in preventing corrosion. When one metal is coated upon another,
whether by electrodeposition, vaporization, spraying, hot dipping, rolling,

i Manuscript received December 15, 1938.
2 Metals Research laboratory, Carnegie Institute of Technology, Pittsburgh, Pa.
2 E. S. Hedges, "Protective Films on Metals," Van Nostrand, New York (1937).
4 F. N. Speller, Mech. Eng., 58, 781-783 (1936).
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450 GERHARD DERGE.

or any other method, it is quite generally and often unavoidably true
that the crystals of this protective metal are not randomly oriented but
are arranged in some specific or preferred orientation.5 Indeed, the
mere act of polishing a metal surface to improve its external appear-
ance may generate a preferred orientation in the surfaces An interest-
ing paper could be prepared upon the generality of such preferred orien-
tations. For present purposes, however, let us accept this without
further proof and concern ourselves only with the consequences. Since
very little attention has been given to the effects which these preferred
orientations may have upon the corrosion properties of the material,
it should be worth-while to at least consider the possible answers to
such a problem. Such a study leads at once to so many other problems
of crystal structure that it is advisable not to confine this paper to
matters of preferred orientation only, but rather to extend it to the
examination of the broader subject of the relations between the cry-
stalline properties of metals and their corrosion characteristics. This
field is selected because it appears to have been neglected previously,
and the natural result is that the special examples cited will seem to be
somewhat unrelated. It is hoped that this will not confuse the issue,
but rather serve to accentuate the fact that a wide field of research of
immediate interest to the corrosion chemist has scarcely been noticed
and that the relations between corrosion and crystal structure still re-
quire further attention.

The first method of attack which occurs to one, is to investigate
the properties of various crystal faces of single crystals. From what
is already known of the high symmetry of cubic crystal lattices, one
would expect to find less pronounced differences between different
orientations of metals of this type than among those metals which are
not cubic. But some of the important metals which are used for pro-
tective coatings fall into the latter classification. Cadmium and zinc
are hexagonal, tin is tetragonal, and electrodeposition of chromium
and nickel can produce hexagonal modifications of these metals. 7 There
is good reason to expect different crystallographic faces of such non-
cubic metals to have different corrosion behavior.

5 W. A. Wood, Phil. Mag., 24, 772-776 (1937); H. S. Rawdon, A. I. Krynitsky, J. Berunes,
Chem. & Met. Eng., 26, 212-213 (1922); A. W. Hothersall, Trans. Faraday Soc., 31, 1242-
1247 (1935); R. Glocker and R. Kaupp, Z. Physik, 24, 121-139 (1924); W. C. Burgers and
W. Flenbaas, Naturwiss., 21, 465 (1933); R. M. Bozorth, Phys. Rev., 26, 390 (1925); N.
Promisel, Metal Ind. (London), 43, 437 (1933); H. S. Rawdon and W. Blum, Trans.
Electrochem. Soc., 44, 305-313, 427-443 (1923); G. I. Finch and C. H. Sun, Trans. Faraday
Soc., 32, 852-863 (1936); E. L. McCandless and R. F. Mehl, Trans. Am. Inst. Mining Met.
Engrs., 125, 531-559 (1937); S. Dobinski and C. F. Elam, Nature, 138, 685 (1938).

e M. L. Fuller, Metals Technology, Sept., 1938; F. Graser, Oberflächentech., 14, 173-174
(1937).

7 G. Sachs, "Praktische Metallkunde," III, p. 64, Julius Springer, Berlin (1935) ; W. A.
Wood, Phil. Mag., 24, 511-518 (1937).
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II. REVIEW OF LITERATURE.

Etching. Let us first go back to the beginning of modern physical
metallurgy, when Sorby8 etched a sample of polished iron and ob-
served that different crystals were attacked in different ways so that
they could be distinguished from each other when observed in the mi-
croscope. Now we all know that etchants will attack different grains
of a pure metal in different ways, and that the primary difference be-
tween these grains is one of orientation. Therefore, a metallurgist
can readily appreciate that different crystal orientations mean different
modes of chemical attack, and it is surprising that he has paid so little
attention to this fundamental observation when his attention has been
directed to corrosion problems. To emphasize this point, we can turn
to more specific experiments illustrating the same principle. Glauner 9

has shown that different faces of copper crystals are dissolved by acids
at different rates. If the rate of solution of a (111) surface in 0.3 N
acetic acid plus 0.1 N hydrogen peroxide is taken as unity, the rates of
the (100) and (110) surfaces are 0.90 and 0.55 respectively. Glauner
and Glocker 10 published data showing different rates of solution for
copper sheet with a random orientation of crystals than for sheet with
a preferred cubic orientation. Tammann 11 showed that copper crystals
with different orientations oxidized at different rates, so that they
could be distinguished from one another by the colors of their temper
films. When this work was extended by the x-ray studies of Mehl,
McCandless, and Rhines ' 12 Tammann's predictions that the oxides bore
an orientation relationship to the underlying metal were confirmed
for both copper and iron, and these authors pointed out that such orien-
tation relationships should have an important bearing upon corrosion
phenomena. Schiebold and Siebell 2a showed that magnesium grains in
polycrystalline material were more readily attacked if oriented with a
basal plane nearly parallel to the surface, the prismatic planes being
attacked the least.

Resistance Limits. Another familiar phenomenon is that of parting
limits, which was first studied by Tammann. 13 He found that in a

8 For a historical review see: W. Rosenhain and J. L. Haughton, "Introduction to Physical
Metallurgy," 3rd Ed., p. 12, Constable, London (1935).

'R. Glauner and R. Glocker, Z. Krist., 80, 377 (1931).
la R. Glauner and R. Glocker, Z. Metallkunde, 20, 244 (1928).
11 G. Tammann, Stahl u. Eisen, 42, 615 (1922).
12 R. F. Mehl, E. L. McCandless and F. N. Rhines, Nature, 134, 1009 (1934); McCandless

and Mehl, Trans. Am. Inst. Mining Met. Engrs., 125, 531 (1937).
isa 1;. Schiebold and G. Siebel, Z. Physik, 69, 458-82 (1931).
13 G. Tammann, Z. anorg. allgem. Chem., 107, 1, 62 (1919) ; G. Tammann, "Lehrbuch der

Metallkunde," L. Voss, Leipzig, p. 325 ff. (1921); G. Tammann, Z. anorg. allgem. Chem.,
234, 33-41 (1937).
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series of solid solution alloys, such as the gold-copper system, the
copper from those alloys containing less than 50 atom per cent gold
is readily dissolved by nitric acid, but not from alloys containing more
gold. With bivalent reagents, such as PdCl 2, the parting limit falls
at 25 per cent. In his 1933 Institute of Metals Lecture, Masing 14

singled this problem out as one of the more important metallurgical
phenomena which still require a solution. He showed that Tammann
explained the experiments by a conception very closely related to our
present ideas on superlattices. However, parting limits occur in the
gold-silver system which we do not think has a superlattice. Masing
pointed out that the parting limit in gold-silver alloys occurs at a higher
gold composition than predicted, while in gold-'copper alloys (which
have a superlattice) it is at a lower gold composition. Nevertheless,
in a list of seventeen parting limits given by Tammann, only three are
associated with compositions at which a superlattice has not been shown
to exist. Tammann showed that sharp changes in the polarization
curves occurred at the same compositions as the parting limits for these
alloys. He also showed that in the same alloy composition, the exact
position of the parting limit was dependent upon the previous treat-
ment of the alloy in such a way that less gold was required to protect
the copper in those alloys in which the superlattice was well developed.
Graf 15 contributed to the solution of the problem by an x-ray study in
which he showed that electrolytic action and atomic mobility play an
important role in building up a protective gold layer which forms a
continuous crystal structure with the underlying gold-copper alloy.
However, he was not able to explain the different parting limits ob-
tained with different 'corrosives. Evans' 6 points out that no complete
explanation for parting limits has been provided. It is evident that
here is a set of experimental observations whose correct explanation
is important if we are to understand the fundamental principles of
corrosion. Differences of a few atom per cent in alloy composition
make a difference of 100 per cent in corrosion resistance, and no one
has troubled to find out why. Thus we see that a great deal is already
known about resistance limits, and that joint application of our modern
knowledge of crystallography and electrochemistry should solve the
problem.

14 G. Masing, Z. anorg. allgem. Chem., 118, 293 (1921); G. Masing, Trans. Am. Inst. Mining
Met. Engrs., 104, 13-47 (1933).

15 L. Graf, Metallwirtschaft, 11, 77-82, 91-96 (1932) ; L. Graf and R. Glocker, Metall-
wirtschaft, 11, 226-227 (1932).

18 U. R. Evans, "Metallic Corrosion, Passivity, and Protection," E. Arnold & Co., London
(1937).
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Chemical Characteristics. The close relationship between corrosion
and superlattices has also been demonstrated in an entirely different
field.17 In the catalytic decomposition of gaseous formic acid, the
activation energy is 3,000 cal. less for an ordered Cu3Au alloy than
for the same alloy in the unordered state. Similarly, with copper-
palladium alloys of 20, 46, and 63 atom per cent palladium, the activa-
tion energy is lowered 6, 8, and 10,000 cal. respectively in the ordered
alloy. This is certainly quantitative evidence of the relations which
must exist between lattice configurations and chemical action. Would
we not expect to learn a good deal about such matters by studying reac-
tions with single crystals of alloys which form superlattices?

The importance of the concentration cell, or the differential aera-
tion theory, in corrosion processes scarcely requires emphasis. McKay
and Worthington 18 go so far as to state that this appears to be the
most important electrolytic effect in corrosion. With information such
as that given in the preceding paragraph in mind, it is hardly necessary
to indicate that the different adsorptive and reactive capacities of
different crystal orientations may form the basis for these concentra-
tion cells under a wide variety of circumstances. Research along these
lines would almost certainly lead to interesting results.

Grain Boundaries. Another feature of metallic structure which is
known to have a close relationship to corrosion is the grain boundary.
Yet a discussion of just what a grain boundary is and what effect it
may have on any given property or process, corrosion not excluded,
will generally disclose as many different opinions as discussers. Is it
not probable that an investigation of this structural problem would
simultaneously throw a great deal of light upon important corrosion
problems? To enlarge upon this, let us consider some of the things
which are and are not known about grain boundary behavior. In
the field of stainless steels, there is a beautiful example of how a cor-
rosion problem which threatened an entire industry was whipped by
giving proper attention to this very item.lsa It was deduced that the
accelerated attack at grain boundaries was due to precipitation of
chromium carbides and consequent impoverishment of chromium
in these regions. A number of methods were devised to pre-
vent this action, such as lowering of the carbon, reduction of grain
size, increase of nickel content, cold work to avoid local precipitation,

17 G. Rienacker, Metallwirtschaft, 16, 633-634 (1937) ; Z. anorg. allgem. Chem., 227, 353
(1936).

is R. J. McKay and R. Worthington, "Corrosion Resistance of Metals and Alloys," Reinhold
Publishing Company, New York (1936).

1sa Evans, footnote 16.
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454	 GERHARD DERGE.

addition of other elements—titanium, tungsten, columbium, vanadium,
molybdenum—which form carbides preferentially to chromium. The
variety of solutions provided for the same problem indicates the con-
trol which the modern metallurgist has over the material with which
he works. The success of this work should certainly encourage us to
hope that when other corrosion problems are finally reduced to the
simple structural features from which they originate, a means of solv-
ing them will also be found. Indeed, many similar problems in age-
hardening aluminum and magnesium alloys have been solved by selec-
tion of proper compositions and heat treatments. 19

Another type of intergranular attack is "season cracking" of brass,
and it has been found that this can be prevented by annealing treat-
ments which relieve internal stresses. 20 In view of these successful
solutions of the intergranular corrosion problem, the frequent occur-
rence of the following type of statement in the literature is rather dis-
couraging: "In spite of its otherwise useful and desirable properties,
further development of this alloy has been abandoned because it is sus-
ceptible to intergranular corrosion." By this, it is not implied that the
problem no longer exists. Last year's excellent Howe Memorial Lec-
ture by Y. M. Becket21 pointed out that existing theory is not adequate
to explain all existing phenomena of this type, and a reading of the
paper suggests many interesting research problems.

Another example of intergranular corrosion is the high-temperature
oxidation of iron-nickel alloys. 22 When these alloys have been cold
rolled and annealed, a well-defined cubic recrystallization texture is de-
veloped, i.e., all of the grains are so oriented that a (100) direction is
in the direction of rolling and a (100) plane is in the plane of rolling.
Researches at the Philip's Laboratory in Eindhoven showed that inter--
granular oxidation of this material was very much less than that of
ordinary, randomly oriented sheet under the same conditions. This
and other experiments23 less directly related to corrosion indicate that
in homogeneous material, the grain boundary is a region of stress,
generated by the different atomic configurations of the component
grains. If these configurations are identical, the stresses will naturally
be low, and one would expect less corrosion trouble under such circum-
stances. Since the metallurgist has quite an extensive control over the

19 H. I,. Evans, Metal Ind. (London), 51, 105-109 (1937) ; see also footnotes 16, 17 and 18.
20 See footnote 16.
71 F. M. Becket, Metal Tech., June, 1938.

J. L. Snoek, Z. Metallkunde, 30, 94 (1938).
B. Chalmers, Proc. Roy. Soc., A162, 120-127 (1937).
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type and distribution of orientations in any formed material, one might
well expect dividends from further investigation of such relations.

It is also generally believed that elastic stresses increase the anodic
potential of metal. 24 As a rule, intergranular attack is accelerated
under these conditions and corrosion fatigue results. Many interesting
questions arise in this connection. How closely is the accelerated attack
related to the excessive atomic mobility which accompanies the move-
ment of grain boundaries during creep? How closely is the inter-
granular corrosion of age-hardening material linked with the stresses
generated at the two-phase interfaces during aging, 25 which is in turn
accelerated by stresses, and which usually starts at the grain boundaries ?
It is also known that impurities of various kinds concentrate at the
grain boundaries. Dean and Davey26 have shown that in carefully
prepared solid solutions of copper in zinc, the grain boundaries are
deficient in copper. When such information is brought to our attention,
it is small wonder that the problem of intergranular corrosion exists,
but it is rather difficult to justify our failure to develop an adequate
general understanding of the causes and effects bearing upon the
problem.

Polished Surfaces. The transition from grain boundaries to polished
metal surfaces is quite direct, for the two types of material have been
considered together in many discussions of the so-called Beilby layer
and amorphous metal. 27 Though electron diffraction has provided us
with a fresh mode of attack upon the problem, it has by no means
provided the answer to all of the old questions; indeed, it has even
raised new ones. 28 The different actions of corrosives upon polished
and unpolished metal and the known differences between different
modes of polishing all call for further investigation of this structural
problem by people interested in corrosion. 29 A recent paper by M. L.
Fuller30 indicates that the polished surface of a metal consists of
highly oriented, very minute crystals which are also probably highly
stressed. The characteristics of the patterns were altered by annealing
at temperatures as low as 50° C. Such structures and structural

24 Evans, footnote 16.
°5 A.  Phillips and R. M. Brick, Trans. Am. Inst. Mining Met. Engrs., 124, 313-330 (1937).
s G. R. Dean and W. P. Davey, Trans. Am. Soc. Metals, 26, 267-276 (1938).
n F. Graser, Oberflächentech.. 14, 137 (1937); M. L. Smith, Metal Cleaning Finishing, 9,

783 (1937).
28 S. Dobinski, Nature, 138, 31 (1936) ; J. Kramer, Z. Physik, 106, 675.691 (1937) ; S.

Dobinski, Phil. Mag., 23, 397-408 (1937) ; W. F,. Campbell and U. B. Thomas, Nature,
Aug. 6, 1938, p. 253; O. Belfiori and A. Quartaroli, Korrosion u. Metallschutz, 14, 7-9 (1938).

59 J. Liger, Oberflächentech., 14, 239 (1937); W. M. Phillips, Monthly Rev. Am. Electro-
platers Soc., Jan., 1937, pp. 27-33.

30 See footnote 6.
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456 GERHARD DERGE.

changes, which actually occur in service, are certainly deserving of
attention from the corrosion chemist. Are they of value or should
they be avoided? Similarly, a review of the literature dealing with
the decomposition of bearings and other moving parts 31 makes it quite
clear that very little consideration has been given to the peculiar prop-
erties of freshly abraded and polished surfaces.

Internal Stresses. In earlier sections of this paper, it has been neces-
sary to speak of stresses. The objectionable character of stresses in
general and non-uniform stresses in particular is familar to those
concerned with corrosion. Therefore, it is only necessary to call atten-
tion to the fact that to avoid these difficulties the metallurgist often
creates special structures, such as a small grain size, or subjects the
material to special heat treatments designed to relieve the stresses.
These structures and the changes of structure resulting from the
special heat treatments often affect directly the corrodibility of the
material, and their consideration has been of great value in such prac-
tical cases as welded products. Other examples where the compli-
cated series of solid reactions resulting from internal stresses are closely
connected with corrosion problems are Pfeil bands in steel 3la and the
similar configurations which have been found in aluminum-copper and
aluminum-copper-magnesium alloys. 32 In these aluminum alloys,
heterogeneous stresses along grain boundaries, slip bands, etc., lead to
non-uniform aging characteristics, which in turn might well be expected
to lead to corrosion troubles. The stresses known to be present in
electrodeposits and other forms of protective coatings where interfaces
occur between two distinct phases should also be examined more
carefully. 33 In these cases, pseudomorphic forms, i.e., material which
does not have the normal crystal lattice, can be produced. Whether
these artificial lattices have desirable or objectionable corrosion prop-
erties should be determined, for they can be produced and they can be
destroyed at will.

Two-Phase Alloys and Aging. Many references have already been
made to age hardening and precipitation. The process is important
enough to receive whatever extra space is necessary to point out that
innumerable corrosion problems still exist in this field, the mechanics of

81 Evans, loc. cit.
sia See footnote 12a.
32 E. Ruppel, Metallwirtschaft, 16, 307-308 (1937) ; G. Wassermann, Z. Metallkunde, 30,

62-67 (1938) ; W. L. Fink and D. W. Smith, Trans. Am. Inst. Mining Met. Engrs., 22,
284-300 (1936); 24, 162-171 (1937); J. T. Norton, Trans. Am. Inst. Mining Met. Engrs.,
122, 301-314 (1936).

33 E. A. Vuilleumier, Trans. Flectrochem. Soc., 42, 99-113 (1922) ; V. Kohlschütter and
E. A. Vuilleumier, Z. Elektrochem., 24, 300-321 (1918); G. I. Finch and A. G. Quarrel, Proc.
Roy. Soc., 141A, 398 (1933); R. M. Bozorth, Phys. Rev., 26, 390 (1925).
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which are entirely 'crystallographic. As already indicated, the metallur-
gist has considerable influence over the distribution and size of the pre-
cipitate. It is only in a few specific cases, however, that he has been told
by the corrosion chemist what he should produce. Evans 34 states that
a satisfactory electrochemical explanation of the corrosion processes
occurring in two-phase alloys has not been developed. In spite of a
few generalized statements such as: (a) highly corrosion resistant
alloys are usually solid solutions (two phases set up local galvanic
cells), but small amounts of a less noble phase will have little effect;
(b) addition of cathodic elements will increase the corrosion rate; (c) a
second phase may not act as cathode, but still accelerate corrosion by
supplying active centers of attack; actual experience shows that most
cases are far more complex than these rules indicate, and that in most
instances the governing factors have not yet been determined. For
example, how can we explain the experience of the sulfuric acid in-
dustry35 that the permanence of lead sheet is improved by silver either
in solid solution or rolled into the surface as filings, while it is dimin-
ished by silver as eutectic?

III. EXPERIMENTAL OBSERVATIONS.

It would be possible to continue and show important relations which
are known to exist between the crystalline structure of metals and
almost any type of corrosion phenomenon one might select: the forma-
tion of oxide and other films with preferred orientations on both solid
and molten metals, and the effects of gases already in the metal are
examples of important topics which will not be considered because of
space limitations; the references listed show how active these fields
are.36 Nevertheless, after preparing such a review, one cannot resist
the temptation to present some new experimental evidence in support
of the argument.

Metallographic. As visual evidence that the initial processes of
corrosion are related to the crystallographic properties of the metal,

34 Loc. cit.
35 Evans, loc. cit.
^ M. Schiotter, Trans. Faraday Soc., 31, 1177-1181 (1935) ; H. O'Neil, J. Inst. Metals,

57, 407 (1935); A. Steinheil, Ann. Physik, 19, 170, 475 (1935); W. I. Bragg and J. A.
Darbyshire, Trans. Faraday Soc., 28, 258 (1932); G. D. Preston and L. L. Bircumshaw,
Phil. Mag., 19, 160-176 (1935); W. G. Burgers and J. J. A. Ploos v. Amstel, Physica, III,
1057 (1936) ; G. Aminoff and B. Broone, Nature, 137, 995 (1936) ; G. Graue and N. Riehl,
Z. anorg. allgem. Chem., 233, 365-375 (1937); G. D. Preston and L. L. Bircumshaw, Phil.
Mag., 22, 654-655 (1936) ; P. N. Nazarov and Yu V. Kuznetsova, Legkie Metal., 5, 30-35
(1936); P. A. Thiessen and H. S'chutza, Z. anorg. allgem. Chem., 233, 35-40 (1937); L. L.
Bircumshaw and G. D. Preston, Phil. Mag., 21, 686-697 (1936); H. R. Nelson, J. Chem.
Phys., 5, 252 (1937); W. H. J. Vernon, Trans. Faraday Soc., 31, 1670 (1935); L. L.
Bircumshaw and G. D. Preston, Phil. Mag., 25, 769-782 (1933); H. O'Neil, G. S. Farnham,
J. Inst. Metals, 57, 253 (1935); D. P. Smith and G. J Derge, Trans. Electrochem. Soc., 66,
263-270 (1934); D. P. Smith and G. A. Moore, Trans. Electrochem. Soc., 71, 545-564 (1937);
R. M. Bozorth, Phys. Rev., 26, 390 (1925).

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use
 address. Redistribution subject to ECS terms of use (see 134.20.11.89Downloaded on 2015-02-04 to IP 

http://ecsdl.org/site/terms_use
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there are microscopic studies of two different cases of corrosion: (a)
A piece of high-purity !hydrogen-purified iron which rusted after
storage in air for three months. Fig. 1 and 2 are typical examples of
the appearance of this rust at high magnification. The fact that the
geometric pattern of the rust changes as one passes from one grain to
another of different orientation is quite plain. Very similar structures
were observed in ancient bronzes and wrought copper by Fink and

Fin. 1. Initial rust formation on high purity iron.	 x 250

FxG.2. Same as Fig. 1.
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Polushkin.37 (b) A tin tube containing toothpaste presented the ap-
pearance of Fig. 3 when viewed microscopically, without etching. The
Widmanstätten type of pattern shown is not that of a microscopically
visible precipitate, but is due entirely to corrosion. The CuSn precipi-
tate present in this material separated before the tube was extruded
and can be found by suitable metallographic treatment to delineate the
flow lines which the metal followed during extrusion, but not the pattern
of the corrosion. As shown in the micrograph, the metal has recrystal-
lized since extrusion occurred, and the most careful metallographic

Fic. 3. Widmanstätten pattern developed in tube tin by
corrosion.	 x 500

examination has failed to disclose any precipitation in these newly
oriented grains. That concentrations of copper, or submicroscopic
particles of CuSn, may initiate this corrosion process cannot be denied 3 8

If so, it is a crystallographic feature which will have to be examined
further.

Grain Size and Grain Boundaries. Current work in our laboratory
has brought to light some rather unusual examples of grain boundary
corrosion. Tin tubes which have corroded in service (a two-phase
alloy containing about 1 per cent copper) and samples of a high-purity
commercial tin (Chemically pure, 99.99 per cent) which have been

87 Colin G. Fink and E. P. Polushkin, Trans. Am. Inst. Mining Met. Engrs., 122, 90-118
(1936).

as B. Chalmers and R. H. Humphrey, Phil. Mag., 25, 1108 -1113 (1938).
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subject to weight loss experiments in carbonate solutions, all show ele-
vation of the grain boundaries after corrosion; apparently the grain
boundaries resist corrosion more effectively than the bulk of the mate-
rial. The effects of grain size were then studied, and, as might be
expected, the weight loss was found to be the least in small-grained
material, i.e., that which had the greatest amount of corrosion-resistant
grain boundary material present. (See Table I.)

TABLE I.

Grain Boundary Corrosion of Tin.

Sample Description	 Weight Loss in g./dm.' after
25 days in 0.1 N Na 2CO3*

1. Vacuum annealed, recrystallized tin sheet; medium 	 0.430
grain, stress free.

2. Single tin crystal as cast.	 0.643

* Each figure is an average of three different samples which were in good agreement.

FiG. 4. Stripe in the oxide film on a tin single crystal. x 100

Oxidation. Studies of atmospheric oxidation of single crystals
of iron39 and of tin both showed the same peculiar phenomenon. If a
cylindrical single crystal of iron is oxidized mildly until temper colors
appear, well-defined stripes of two different colors will be formed. The
zone at which two of these stripes meet is shown in F'ig. 4. The
crystallography of these stripes has not yet been solved, but it is to be
expected that a dependence of some sort exists.

se McCandless and Mehl, Trans. Am. Inst. Mining Met. Engrs., 125, 531 (1937).
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IV. CONCLUSIONS.

In this presentation it has been pointed out that our present knowl-
edge of physical metallurgy is sufficient to show that the crystalline
characteristics of metals play an important role in many fields, such
as the resistance limits of Tammann, intergranular corrosion, attack
upon polished surfaces, age hardening, two-phase alloys, stress dis-
tribution, interface effects, and preferred orientations, which are direct-
ly related to important corrosion problems, connected especially with
those metals which are applied as protective coatings. The importance
of resolving these corrosion problems into their initial processes, if
we are to develop practical and workable theories to deal with them,
has been emphasized, and it has been indicated how a more fundamental
understanding of many of these initial processes can be attained if more
consideration is given to the crystalline structure of the metals and
alloys involved.
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DISCUSSION.

F. R. MORRAL40 : Dr. Derge, did you make single crystals of alloys or of
metals ?

G. DSRGE: Yes, the single crystals were of pure tin.
F. R. MoRRAL: On page 453 you state that it would be very interesting to

study reactions with single crystals of alloys which form super-lattices. I am
certain the x-ray metallurgist would be very happy, indeed, if he could get single
crystals of certain alloys which form super-lattices.

G. DEIGE: I think it is perfectly feasible to prepare large crystals of any solid
solution alloy by strain-anneal methods. These large crystals could be sawed out
and used experimentally as single crystals.

F. R. MoRRAt, : Pure metals, yes.
G. DERGE: Single crystals of pure metals can be made by a variety of methods,

including growth from the melt, electrodeposition, and the strain-anneal technique.
C. L. FAUST': There is one observation that I have made, quite accidentally,

which fits in very nicely with this paper and its problem. Some time ago I had
occasion to use silver anodes in a silver plating solution and the only metal
available was some cold-rolled silver sheet. The observation was brought to my

4 Research Metallurgist, Continental Steel Corp., Kokomo, Ind.
41 Chem. Engr., Battelle Memorial Institute, Columbus, Ohio.
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attention by reading the section in your paper relating to polishing, which distorts
the crystal structure of the surface and reduces the grain size. This particular
silver I used had that condition. The internal grain size was considerably larger
than the surface grain size. At the start of electrolysis the silver acted essentially
as an insoluble anode. On long electrolysis it became obvious that some of the
larger internal grains were dissolving very selectively. Eventually a number of
grains dissolved out clear through the sheet, and at much greater rate than the
finer grains of the cold-worked surface. Finally the entire anode became just a
shell with the larger internal grains completely dissolved out.

COLIN G. FINx42 : Dr. Derge referred to some of our work on bronzes, 's and
just to show you how careful one has to be in drawing conclusions, I mention the
following experience: We examined a large number of bronzes and the corrosion
patterns invariably followed the crystal boundaries, that is, the corrosion occurred
at the interfaces. We were just about to conclude that this is a general phe-
nomenon, especially in the case of tin-copper bronze, that corrosion will take
place preferentially at the interfaces. This, of course, was readily interpreted
because the impurities in the bronze had, upon cooling, been segregated in the
interfaces. Consequently the interface would naturally have an anodic potential.
Therefore, we concluded as a general observation that, if you have a well crystal-
lized alloy, you may expect corrosion to start at the interface. However, in the
next three samples of bronze examined there was no corrosion at the interface;
corrosion had started in the heart of the crystals. We had already been so
saturated with our theory based on anodic intercrystalline material that we did not
want to throw it out. It is a beautiful example of when all experts agree on one
interpretation, the opposite viewpoint is likely to prevail in the end. This is
especially so in metallurgy!

F. W. FINK: In acetic acid manufacture, where they use copper, they peen
the surface to improve its corrosion resistance. This working of the surface is
also mentioned in Dr. Morral's paper, 45 in which he says that the metal went into
solution in layers, and that sections which had been subjected to special treatment
did not dissolve at all. This effect of cold work seems to agree with Dr. Faust's
observations.

G. DtRG>r: I appreciate this discussion, and should like to add to Dr. Fink's
remarks that we have examples in high-purity tin in which the grain boundaries
after corrosion would stand up like ridges and the inside of the grain would be
eaten out. I think some of these samples might be very valuable. We might find
out a little more about what a grain boundary is, if examined by x-rays or electron
diffraction.

COLIN G. FINK: We might take care of that tin crystal case by saying that the
grain boundaries became polarized—they were originally anodic but became
polarized and turned cathodic. But I do not subscribe to this viewpoint.

2 Head, Division of glectrochemistry, Columbia University, New York City.
43 See footnote 37.
' Battelle Memorial Institute, Columbus, Ohio.
45 See page 427 of this volume.
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