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MINLI'Eb OF L/th ME•IENG OF THE MEhHANLCAL FAILURES PREVENTION
GROUP, A COORDINATED PROGRAM FOR ANALYSIS, DETECTION,

AND CONTROL OF MECHANICAL FAILURES,
HELD AT THE NATIONAL BUREAU OF STANDARDS,

BOULDER, COLORADO
ON APRIL 25 - 27, 1972

ATTENDANCE: (See APPENDIX I)

BACKGROUND: The Mechanical Failures Prevention Group is an informal, voluntary
association of technical specialists from industry, educational institutions, and
government. Its activities are sponsored by the Office of Naval Research with
the cooperation of several other federal agencies to serve the interest of all
federal agencies concerned with the reduction of incidence and consequence of
mechanical failures. Prior meetings were held at the Office of Naval Research in
April 1967, at the Naval Ship Research and Development Center, Annapolis Division
in June 1967, at Mechanical Technology Incorporated, Latham, N.Y. in October 1967,
at the N'val Air Rework Facility, Pensacola, Florida in February 1968, at the
Federal Aviation Administration Headquarters, Washington, D.C. in May 1968, at
the A.S.M.E. Annual Meeting, New York City, in December 1968, at the Franklin
Institute Research Laboratories, Philadelphia, Pa. in March 1969, at Washington,
D.C. in June 1969, at the Battelle Memorial Institute, Columbus, Ohio in November
1969, at Palo Alto, California, in January 1970, at Williamsburg, Virginia in
April 1970, at the Army Tank Automotive Command, Warren, Michigan in Jul', 1970,
at the NASA/Goddard Space Flight Center, Greenbelt, Maryland in October 1970, at
Los Angeles, California in January 1971, at Dayton, Ohio in April 1971, and at the
National Bureau of Standards, Gaithersburg, Maryland in November 1971.

SUMMARY: Attention was centered at this meeting upon the EFFECTS OF ENVIP.ONMENT
UPON MECHANICAL FAILURES, MECHANISMS, AND DETECTION. Stress corrosion cracking
and lubrication failure weri among the environment-sensitive faiLdue modes to
receive attention in the technical program of fifteen prepared preaentations and
concurrent general discussion. Opportunity was provided for inspection of the
laboratory facilities at N.B.S. Meetings of each of the four MFPG Technical Com-
mittees, as well as the Steering and Government Representatives Committees, were
held in conjunction with the open sessions. A social evening was provided to
foster individual acquaintances. The host for the meeting was the National Bureau
of Standards.

INTRODUCTION: The Seventeenth Open Meeting of the MFPG was called to order at
1 p.m. on April 25. 1972 by Mr. S.W. Doroff of the Office of Naval Research.
MFPG General Chairman. Noting that this meeting of MFPG coincided very closely
with its fifth anniversary, he introduced Dr. R.H. Kropshot, Associate Chief of
the Cryogenics Division of N.B.S. Boulder Labs. Dr. Kropshot outlined the scope
of the technical laboratory activities of the 600-man N.B.S. staff at Boulder
and extended a cordial welcome to the MFPG on behalf of Dr. Birmingham, Deputy
Director. Mr. Doroff next introduced Commander C.R. Oberg, USN, Director for the
MFPG Program for ONR in Washington.
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CDR. Oberg noted that, f:llowing the present meeting, sponsorship of Liie MFPG
would be transfered (on July 1, 1972) to the National Bureau of Standards. Since
its inception, MFPH has expanded its horizons far beyond the military interest,
becoming a truly national effort. Association with the Failure Avoidance Program
of the NBS is a natural and constructive step. MFPG has al eady had an important

impact upon practices within the Navy, and practices in industry also reflect the
contributions of MFPG discussions. Closer relationships between representacives
of the many interested government agencies and the MFPG Steering Committee is
indicated in the future. Dr. Passaglia was identified as the new Executive Secre-
tary of MFPG. Noting his strong conviction of the important role which MFPG has
to play in the technological fut, re of this country, CDR. Oberg thanked the members
of the Steering Committee, Drs. Sternlicht, Ling, Gross, Gatts, and S awyer, for
their individual contributions in bringing the problem of mechanical failure pre-
vention into the national awareness, and predicted accelerated progress for the
work in its new administrative framework.

Mr. Doroff then introduced Dr. Elio Passaglia, Chief of the Metallurgy DiVi-
sion of the Institute of Materials Research, NBS. as Chairman of the first technical
session to follow. The summaries of speakers' remarks which follow were furnished
by the speakers themselves unless otherwise noted. (Readers interested in more
detailed information are encouraged to correspond directly with the speakers.)
Audience discussions are reported by the administrative staff; the Executive
Secretary will appreciate learning of substantive errors so that they may be
corrected.

1. "ADSORPTION-SENSITIVE FRACTURE OF SOLIDS," by A.R.C. Westwood, Director,
Research Institute for Advanced Studies, Martin Marietta Corporation, 1450 South
Rolling Road, Baltimore. Maryland 21227.

Some of the most fascinating and potentially useful effects of environments on
mechanical behavior of solids occur as a consequence of the adsorption of surface
active species. Such effects arise because adsorbates can influence (i) near-
surface flow behavior, especially of nonmetallic solids. and so affect the failure
controlling crack initiation step in these notch-sensitive materials, (ii) the
cohesive energy of surface bonds, and so crack propagation behavior - especially
the rate of sub-critical crack growth, and (iii) the kinetics of corrosion pro-
cesses, allowing inhibition of corrosion and stress ýorrosion cracking (SCC).

As discussed at an earlier MFPG Meeting (1), the influence of adsorbates on me-
chanical behavior can sometimes be understood. conceptually at least, in terms of
the adsorption-induced redistribution of charge carriers in the near-surface
regions of the solid, and of the effect of this redistribution on near-surface
fio, behavior. This concept is especially applicable for ceramics, glasses and
rocks. For metals of course, the high conzentration of mobile electrons screens
out the influence of any adsorbate within a few angstroms of the surface. Thus,
ordinarily, the macruscopic flow behavior of a metal is relatively insensitive to
the presence of adsorbed species. However, when the energy to form surface steps
is a significant factor in determining the mobility of near-surface dislocations -
as it is, for example, when indenting the basal plane of zinc monocrystals, - then
adsorbed species can have a significant effect on microhardness, e.g., causing
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variations of up to 50%o. This phenomenon, the electrocapillary effect may find
Useful application in Lite tuatauhiuing uOf uickel-babe bupeLaiiuyb (2).

Nevertheless, it is usually the fracture behavior of a metal, rather than its flow
behavior, which is most environment sensitive. The phenomenon is liquid metal
embrittlement (LIED pro'" les probably the most spectacular examples of adsorption-
Sensitive fractur'. In this class of solids. Recent studies have shown that this
phenomenon is by • :neans as 'specific' as previously thought. Many elements can
be embrittling, pLc.,iding the right conditions of tempprature, concentration of
active species, and grain size, etc., are met. Possible ways of controlling this
deleterious effect are (i) by adjusting the composition of the liquid phase, add-
ing elements known to form stable compounds with the solid metal, and so "brazing"
together incipient-cracks, (ii) by alloying tht. solid metal with elements known
to form stable compounds with the embrittling liquid phase (usually substantial
,dditions are required to produce significant effects), and (iii) by changing the
1cerati-g temperature - IME is extremely temperature sensitive, see Fig.l (3).
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TEMPERATURE.tC

Fig.l ILLUSTRATING THE MARKED TEMPERATURE DEPE-NDENCE 'W LEE OF
POLYCRYSTALLINE PURE ALUMINUI IN MERCURY-GALLIUM. SOLUTIONS (3).

For non-metals, on the other hand, the influence of electrically active adsorbates
can extend several microns into the solid, and if its charge carriers are ions of
sufficient mobility, then their redistribution can lead to substantial changes in
near-surface flow behavior. Now, the charge carriers in soda lime glass are Na+
and possibly, either OH- or 02 , and it may be that the adsorption-induced redis-
"tribution of these species is responsible for the spectacular effects of the
n-alcohols, etc., on the hardness and machinability of this material. For example,
heptyl alcohol produces a 25% increase in hardness and a 20-fold increase in the
rate of drilling with a diamond bit of soda lime glass over that in water,
Fig.2 (4).
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SSoda lime glass is hardest at its zero point of charge!, and anyeniomtwhc

can produce zero surface charge in the dynamic situation of machining will opti-

mize cutting efficiency for an impact type Of bit. [The mode of cutting action

0of the bit is very important (6). For a review of environment-effects on the

hardness of non-metals, see Ref. (7). ]
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Fig.2 EFFECTS OF ENVIRONMENT ON (a) DRILLING RATE AFTER 200 sec

WITH A DIAMOND BIT., Di(200) AND (b) PENDULUM HARDNESS (PHNN), 0

OF A SODA 'LIKE GLASS. NC IS THE NUMBER OF CARBON ATOMS IN

THE MOLECULE (4).
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the rate of sub-critical crack growth in glass. and hence - presumably - influence
delayed failure in this material. Experiments to investigate this possibility.,
using "center-loaded crack" specimens, have revealed that even such relatively
inert environments as tetradecane can markedly reduce the energy required to propa-
gate a slowly moving crack in glass; see Fig.3 (5). At this time, it is presumed
that tetradecane is so effective because it induces a significant positive charge
on glass, softening it locally (see Fig.2), and so facilitating 'ductile' crack
growth.

Adsorbates can also be used to control corrosion and stress corrosion processes,
one example of such behavior being illustrated in Fig.4 (8). In this case, the
caustic embrittlement of mild steel, which is particularly severe at an applied
potential of -950 mV, is completely inhibited by the addition of, for example,
15 v/o of valonea.

U) 20- n-AlreU -fn- Alcoh1ols

W a or Toluene

b 15

Xij /
A

I%

z

0 Water 2 4 6 '8 10 12 14 -16
Toluene N

Fig.3 INFLUENCE OF ENVIRONMENT IN THE ENERGY (9B) REQUIRED TO
PROPAGATE A STABLE (SUB-CRITICAL) CRACK In A SEMI-BRITTLE
MANNER IN SODA LIME GLASS (5).
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The technological potential for the application of. the effects of adsorbed species
on mechanical behavior is extremely exciting. Some obvious applications include:

(i) Enhanced drilling rates for tunneling through hard rock for rapid transit,
utility and defense systems, etc. Work at RIAS has already demonstrated three-
fold increases in drilling rate over that in water for granite in lab scale
tests (7, 9).

(ii) Enhanced machining rates for metals (superalloys) and hard ceramics.
Preliminary studies at RIAS (9) indicate that 4 - 5 fold increases in the rate of
drilling of alumina are possible, and when it is appreciated that the cost of
grinding an alumina substrate can represent 607% of the cost of a microelectronic
zomponent, clearly the potential for cost reductions here are substantial.

(iii) Improvements in the efficiency of comminution processes. Comminution
is an extremely inefficient process (-17o), and yet it represents, for example,
some 15% of the manufacturing cost of cement, and perhaps a higher precentage of
the cost of producing aggregate. With. power costs increasing rapidly, a study of
ways of utilizing auLive chemical envirrunmenLs Lu facilitate the comminution pro-
cess (as well as to act as dispergents) should be undertaken, and better ways of
cemniunuting other than the convential 'violent impact' approach should also be
sought.

(iv) Possible control of fluid-injection induced earthquakes via control of
the frictional behavior of the rocks impinging across the fault (10).

(v) Development of superior lubricants, formulated to harden (?) the oxide

films protecting the moving parts, and so reduce wear and failure rate.

-6-
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(vi) Increased use of inhibitors for corrosion and SCC.

Unfortunately, very little R&D effort is currently being applied to this area in
the United States - in contrast, say, to the U.S.S.R. or West Germany. An inte-
grated program of imaginative science and innovative technology on adsorption-
sensitive flow and fracture behavior :ould prove to be one of the most cost effec-
tive investments the U.S. Government could make at this time.

REFERENCES

. 1. Westwood, A.R.C., Proc. of llth Mtg. of MFPG, Williamsburg, Va., April 1970,
p. 5 .
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DISCUSSION - Grosskreutz noted that some glasses show a maximum surface free
energy aromnd a chain length of 7 3r 8. and asked how that could be reconciled
with the fact that cutting rate is highest at that point. This brought the
significant reminder that consideration of the whole system of solid, environ-
mental liquid, and cutting tool action made the situation rational. Tools in
general cut by either a "plowing" or "rapid impacting" action; the former (used
with aluminum) cut faster when the surface is softened, while the latter do best
when the surface is most brittle. The tool action in Fig.2 was that of an impact-
type (diamond bit) tool, and was most effective when the glass was hardest. The
speaker could give Miller no rigorous explanation of the mechanism through which
the environmental fluid produces the observed effects, or why the chain length of
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a surface electric field would have the same initial effect as some of the charge-
altering fluids; however, as a crack propagated inward it would rapidly escape the
electric field, while the adsorbent liquids would follow alo'ag with the crack tip.
There is a valuable flexibility in the freedom of choice of adsorbent liquids and
liquid mixtures to produce any desired characteristics. Thompson felt intuitively
that some kind of surface chemistry effect must occur at the crack tip; Westwood
conceded that there was no euidence that there was not such an effect.

2. "PREVENTION OF FAILURE IN GLASS," by S.M. Wiederhorn, Institute for Materials

Research, National Bureau of Standards, Washington, D.C. 20234.

The strength of glass is controlled by the distribution of cracks within the glass
surface and the growth of these cracks under imposed load. Surface cracks are
introduced accidentally when glass is handled or during finishing procedures, and
failure occurs when the crack tip stress exceeds the theoretical strength o& the
material. If a corrosive environment is present, crack growth and failure -tccur
at a much lower stress as a consequence of reaction betweer the corrosive environ-
ment and the highly strained material at the roots of th. crack tips. This process
leads to a time delay to failure, the time delay being equal to the time necessary
for cracks to grow from subcritical to critical size. This process is called
static fatigue and normally results from a reaction between glass and water in the
environment (1-6). Studies of static fatigue indicate that the time delay to
failure is absent in dry environments. Propagation of cracks in glass depends on
the relative amounts of water in the environment and upon the temperature to which'
the glass is exposeJ. Fracture mechanics techniques can provide ii-formation on the
response of cracks to stress, temperature and environment (6). These techniques
are also useful for design purposes.

The technique most widely used to obtain fracture mechanics data on glass is the
double cantilever cleavage technique. Specimens consist of glass microscope
slides, 1 inch by 3 inches in each side and 2 mm thick, Figure 1. The midplane

=, of the specimen is notcid to provids- a guiding path for the crack. The crack
velocity studies can be conducted ir, either gaseous or liquid environments and
the chemical compositio:z and temperature of the environment can be controlled.
Thus., it is possible to study the effects of glass and environment, composition,
temperature and -.pplied load on fracture. Crack velocity studies are usually made
using either a dciad %,eight loading system or a universal testing machine for ap-
plication of load, and crack velocity measurements ranging from 10-3 to less than
10-11 m/s have been obtained.

An example of the type of data obtained by this technique is given in Figure 2.
Here., the fracture behavior of four glasses in water at 250 C was investigated.
Composition is shown to have a marked effect on the rate of crack growth. Data
for soda lime silicate glass and borosilicate glass indicate an exponential de-
pendence of stress intensity factor on crack velocities greater than 10-7 and
10-8 m/s, respectively. At slower crack velocities, the crack velocity decreases
at greater than an exponential rate, suggesting a threshold stress below which
crack motion will not occur. This threshold is known as the static fatigue limit.

-8-2
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exponential over the entire range of experimental variables. There is no indica-
tion of the static fatigue limit although one presumably exists at lower stress
intensity factors. Crack propagation techniques can also be used to show that
fracture is an activated process and depends on the pIl of the electrolyte in which
the test is conducted (7,8). In gaseous nitrogen, the fracture of glass depends
also on the amount of moisture in the gaseous environment (9).

Crack velocity data can be used to obtain estimates of survival time for glass
under load. Two methods of estimation will be discussed. The first assumes that
flaw size distributions have been obtained for the glass. The second uses a proof
test to determine the maximum flaw size that could have been present on the glass
surface prior to use. In each method the time to failure can be calculated from
the initial flaw size and the crack velocity data.

The total time to failure can be determined from the definition of crack velocity,
dLfdt = v, and the assumption that the stress intensity factor, KI, is related to
the applied load, a, by the following equation,

5 = c(1)

where L cepre-ents the depth of the surface crack. This equation is approximately
correct for cracks that are small with respect to the plate thickness and for
which the length of the crack on the surface is much greater than its depth.
Assuming a constant load, the following equation for total failure time, t, is
obtained by substituting Eq.(l) into the definition of crack velocity (10).

t = (2/a 22T)O (K/v) dK (2)

where v is the crack velocity and K, is the stress intensity factor calculated

from the initial crack length and applied load.

Equation (2) can be integrated either numerically or analytically provided v is
known as a function of K. For nrmch of the data obtained on glass, the. crack
velocity is found to be exponentially dependent on the applied scress intensity
factor,

o

Substizuting Eq.(3) into (2), the following integrated expression for failure
time i3 obtained provided small terms are neglected,

t 20 Kv (2 )/(Oav ,FTT exp, Pa

-10-



where v1 is the initial crack velocity corresponding to the initial stress inten-

sity factor K1 . This equation has been checked with numerically integrated. times-

to-failure using the actual crack velocity curves and agreement was excellent over
the entire practical range of crack growth (7).

The time to failure depends only on the applied load a and the initial crack
length L . The other terms of the equation are constants obtained from crack ve-

locity data. If the initial flaw size is known, Eq.(4) provides a unique relation-
ship between applied load and time to failure, and is of course the equation needed
for design purposes. For safe design, the initial flaw length, Lj, selected for

Eq.(4) should be larger than flaws actually occurring in the glass surface. This
." procedure will guarantee a greater time to failure than calculated from Eq.(4).

Statistical information on flaws contained in a glass surface can be obtained from
strength measurements under very dry conditions such as liquid nitrogen where
stress corrosion does not occur (11). The statistical information can be used to
select a safe initial flaw size for substitutiorn into Eq.(4)*. The probability of
the glass containing flaws larger than that selected gives the probability of
failure in a time less than that calculatod Irom Eq.(4). The statistical estima-
tion of flaw severity should be typical of those expected for plates in service
for this method to be of value. The method also cannot guarantee that the flaw
distribution has not been altered by accidental mishandling of the glass.

Proof testing can be used 2o eliminate weak g!ass plates and to estimate the
largest possible flaw in the plates at the time of testing. Survival of a proof
test guarantees that the stress intensity factor of the most serious flaw in the
glass plate has not exceeded K.C since fracture is almost instantaneous when

S= KC" The maximum flaw length contained in the glass surface is given by
L = (K /a )2/- where o is the proof test stress. The minimum time to failure

can be calculated from Eq.(4). Greater safety at ope-ating stresses is obtained
by proof testing guarantees a minimum lifetime at the time of the test, it loses
value if subsequent surface damage is incurred.

In suma.y, a discussion has been presented on the use of fracture mechanics data
to predict survival time under load. This technique is useful for two purposes:
(1) for evaluating of the fracture resistant properties of different glass compo-
sitions, and (2) for development of tests to be used to assure the survival of
glass under load. Further research is necessary to fully equate the time-
dependent properties of investigations of the flaw structure of glass as intro-
duced by normal handling procedures and by grinding and polishing procedures used
to finish glass surfaces. Relationships between the flaw damage normally present
in glass surfaces and the stress intensity factor existing at the tips of flaws
will be necessary to use the above equations.

Equation (4) alplies to a glass body under uniform surface tension. For pressure
loaded plates, the variation of surface stress across the plate surface would have
to be taken into account.

-U1-



REFERENCES

1. Charles, R.J., Prog. Ceram. Sci. 1, 1-38 (1961).

2. Hillig, W.B., MHodern Aspects of the Vitreous State, Vol.2, pp.1 5 2 - 9 4 , Butter-
worths, London 1962.

3. Phillips, C.J., Am. Sci. 53. 20 (1965).

4. Mould, R.E., Fundamental Phenomena in the Materials Sciences, Vol.4, pp.119-49,
Plenum Press, New York 1967.

5. Ernsberger, F.M*., Proceedings of the Eighth International Congress on Glass,
1968, pp. 1 2 3 - 3 9 .

6. Wiederhorn, S.M., "Environmental Stress Corrosion Cracking of Glass," NBS
Report 10560, to be published in the Proceedings of the international Confer-
ence on Corrosion Fatigue, June 14-18, 1911, University of Connecticut,
Storrs, Connecticut.

7. Wiederhorn, S.M. and Bolz, L.H., J. Am. Ceram. Soc., _, 543-48 (1970).

8. Wiederhorn, S.M. and Johns3n, H., Technical Report for ONR, May 1972.

9. Fiederho n, S.M., . A-. Ce-.s-=. Soc., n 407 (1966-9).

10. Evans, A.G., private communication.

11. Charles, R.J., J. Appl. Phys., 29, 1554-60 (1958).

DISCUSSION - The use of the term "stress corrosion .rac"ing" with reference to
delayed failure of glass was indicated to reflect the speaker's acceptance of the
theory of occurrence of a chemical reaction between water and glass in the highly
stressed region at the crack tip. if this stress-enhanced chemical reaction does
in fact occur, then "stress corrosion cracking" is an appropriate term. Howdever,
"static fatigue" is the term usually used; the speaker considered the terms synony-
mous. There was some discussion of the application of the time to failure equation
to practical problems such as window glass and pressurized glass containers, where
proof testing can be most useful. Some further details of the test techniques used
in the fracture mechanics of glass were described.

3. "ROLE OF CORROSION IN BOUNDARY LUBRICATION." by E.E. Klaus, Professor of
Chemical Engineering, The Pennsylvania State University, University Park, Pennsyl-
vania 16802.

A modern mechanistic picture of boundary lubrication, particularly in steel bearing
systems, appears to consist of a sequential three-step process. In the first step,
polar molecules from the lubricant are adsorbed on the solid bearing surfaces. The
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surface. The energy source for the reaction is frictional heating which may be
aided by a catalytic effect of the solid surface, thereby lowering the activation
energy of the reaction. Physical contact between the solid asperities does not
appear to be a basic requirement for this chemical corrosion or erosion reaction.
The final step in the sequence is the removal of the corrosion product by the high
shear forces at the bearing surface or by cavitational effects as the solid surface
leaves the concentrated contact. The removal of the corrosion product leaves the
surface free to repeat this process again. The relative reaction rates in the
corrosion step and the relative tenacity in the removal step appear to be important
steps in many modern bearing applications.

Most lubricants contain a variety of impurities and additives that fulfill the role
of polar materials for the adsorbed film. Preferential adsorption determines which
of the polar materials dominates in the corrosion reaction (1,2).

The development of super-refined mineral oils in which the polar impurities have
been reduced to a few parts per million has been the key to the study of the effect
of specific additives or polar impurities (3,4). In a typical conventionally-
refined mineral oil, polar impurities containing sulfur, oxygen, or nitrogen may
range from less than 1 to greater than 10 percent. Aromatic hydrocarbons also ap-
pear to be more polar than the saturated hydrocarbons present in the super-refined
mineral oil. In the absence of these polar materials in the hydrocarbon (mineral
oil), dissolved oxygen from the air is an effective lubricity additive (5). The
effectiveness of dissolved oxygen as an antiwear additive in a auper-refined
mineral oil (MLO 7470) appears to vary with concentration when evaluated in a four-
ball wear tester as shown in Figure 1. The increase in wear below` the minimum
effective oxygen concentration represents a scuffing or seizure type failure. The
wear level appears to be dependent upon load but independent of bulk oil tempera-
ture over the range of 1670 to 400 F. It has been suggested that the wear in this
case is simply a function of the reaction of the iron on the surface with oxygen
dissolved in the fluid to form an iron oxide (6). Recent studies show that in all
cases there is a significant reaction between the metal and a component of the
liquid to produce a soluble as well as an oil insoluble organometallic reaction
product (7). This organometallic product appears to be involved in the surface
film formation along with the iron oxide. In fact the oil insoluble organometallic
material is a varnish-like product and may influence significantly the resistance
to removal of the reacted product on the surface by shear and/or cavitational
forces. The same type of organometallic products are formed in static high tem-
perature oxidation and thermal stability tests in the presence of steel surfaces (8).
In these static tests a strong affinity of the organometallic product for the sur-
face of the metal has been shown. In fact,* in many cases the layer of or~ano-
metallic material adsorbed on the metal surface reduces further corrosion of the
metal surface to a very low level. A similar level of organometallic (pyridine
soluble) product appears to be formed by the super-refined mineral oil in wear
tests conducted under an air or nominal nitrogen atmosphere. The large difference
in chemical reactivity appears to be a function of the amount of dissolved oxygen
available. The high levels of available oxygen produce what appears to be cor-
rosive wear, probably due to the ease of removal of the surface reaction product.
At low oxidation levels, the easily sheared film appears to be more. tenacious. On
the other hand, at low levels of dissolved oxygen a breach of the easily sheared
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film results in a scuffing type failure due to the lower level of reactivity in
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the two important chemical corrosion or erosion reactions that appear to dominate
wear in the so-called "nonreactive lubricants." Father than nonreactive, these
lubricants could be adequately described as liquids containing ingredients that
are less effective as lubricity additives than is dissolved oxygen.

A similar case can be made for competing surface reactions in the study of tri-
cresyl phosphate as the lubricity additive in super-refined mineral oil. In this
series. the quantity of acid phosphate impurity in the tricresyl phosphate assumes
the role of the lubricity additive (1,2) which reacts with the steel surface in
competition with the formation or organometallic deposit from the super-refined
mineral oil-metal reaction product.

Tests to determine the effectiveness of dissolved gases from the gaseous environ-
ment in contact with the liquid lubricant have been conducted in the same manner
as those using oxygen (9). These gases include helium, argon, nitrogen, carbon
dioxide, hydrogen sulfide, and dichlorodifluoromethane. In all cases the amount
of gas dissolved was measured by gas chromatographic techniques. These techniques
are sensitive enough to measure trace solubility of oxygen down to the order of
0.2 part per million by weight. Helium, nitrcgen., and argon all appear to be
inert in these wear studies. However, contamination with small quantities of
oxygen or air appears to be inevitable. As a result, the tests with these three
inert gases merely show the effect of the small concentrations of oxygen carried
along as an impurity.

Tests run under atmospheres of CO2 , H2 S ard CCM2 F2 show distinctive wear behavior

indicative of the major gas present. In these cases there is no indication that
the very small traces of oxygen present had any influence on the surface chemical
reactions (corrosion). These three gases show some level of increased corrosion
activity with increased bulk temperature as shomn in Figure 2. These gases, how-
ever, show no indication o' reaction with the super-refined mineral oil. A true
concentration versus wear picture has not yet been obtained for these gaseous
lubricity additives because of the problems of controlling oxygen impurity levels
in multiple component gaseous systems.

These data confirm the fact that the gaseous atmosphere in the lubrication system
can play an important role in the boundary lubrication reaction. In many so-
called nonreactive lubricant compositions, the dissclved gases from the atmosphere
may in fact play the dominant role in boundary lubrication.

32
1. Klaus, E.E. and Bieber, H.E., "Effects of P Impurities on the Behavior of

Tricresyl Phosphate-32 as an Antiwear Additive," ASLE Trans., _, 12 (1965).

2. Bieber, H.E., Klaus., E.E. and Tewksbury, E.J., "A Study of Tricresyl Phosphate
as an Additive for Boundary Lubrication," ASLE Trans., 11, 155 (1968).
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DISCUSSION - Snedik•.r's question brought out that in the case of a sealed system
running on super-refined mineral oil, the choice of cover or "fill" gas is less
important that the choice of lubricity additive. For the oxygen that would be in
an air environment. one can substitute any additive that serves the same useful
purpose. For instance, tricresyl phosphate seems to be independent of cover gas,
as are esters when used as additives. Jackson suggested that the environment of
a "mist" lubricating system might act differently than that of a standard forcd-
feed or splash system. The spoaker confirmed that it had the effect of making
the cover gas important, since the mist ensures that the lubricant will be satu-
rated vrith it. For air, the prevalence of sufficiently high temperature would
produce very rapid oxidation unless well inhibited. If well inhibited, one could-only guarantee operation on the high-oxygen side of the curve of Figure 1.

4. "EFFECT OF CARBONACEOUS GAS ENVIRONMENTS ON THE CORROSION OF AISI-4330
HII%(h STRENSTH STEEL," by F. SaEgusa,- Maggs Research Center, Watervliet Arsenal,
Watervliet, N.Y. 12189.

Failures of high strength steel in gaseous environments are commonly divided into
two temperature regions; the gas-retal attack and subsequent fatigue at elevated [
temperatures, and the stress corrosion cracking or hydrogen embrittlement at
ambient temperatures. Since the structural changes in materials during the
gaseous attack at high temperatures are most severe and varied, it is generally
expected that the effect of corrosion on fatigue should be large. It is know~n
that at lower temperatures, gaseous atmospheres containing water vapor enhance
brittle failure in high strength steels.
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ih thi nr.qnt work the reaction of CO-CO2 mixtures has been investigated in
order to relate the possible effect of reactions and reaction products to the
failure problems. Iron is oxidized in these atmospheres to produce a single
layer of wustite. A theory has been presented by Petit and Wagner (1) for the
linear to parabolic oxidation transition based on the interplay of a phase bound-
ary reaction and volume diffusion across the oxide layer. Oxidation behavior of
the steel 4330 in dry CO-CO2 atmosphere has been studied by the thermogravimetric
technique, metallographic examination and probe microanalysis.

In pure C02, the weight change-temperature curve exhibited a rapid gain from
10006C, whereas only a slight gain was shown in pure CO throughout the tempera-
ture range (Fig.1). However, in the mixture gases, there were regions of a weight
loss before the temperature was reached for a sharp oxidation (12000C for
CO/CO2 = 1/1, 1300°C for 1/2 and 1/3). Metalographic inspection of the alloy
cross-section indicated that the final oxidation product consisted of three oxide
layers; a compact external scale mainly of wustite, a second scale of spirel
mixtures, and a zone of internal oxidation that developed preferentially along
the grain boundaries.

The kinetics and mechanism of oxidation were studied at a series of temperatures
from 1000 to 1300%C. Under sufficient oxygen partial pressure (CO/CO2 = 1/1 at
12000 and 1/2 at 13000), kinetics followed a linear rate law as shown in Fig.2.
It appears that the phase boundary reaction at the gas-metal interface is rate-
determining. In lower oxygen partial pressure, the rate exhibited a parabolic
decrease at early stages of exposure, followed by a logarithmic increase. The
former step is associated with decarburization through diffusion of carbon, and
the latter with the growth of internal oxide zone. In the intermediate pressure
(1/l at 1000°), a transition from logarithmic to linear was seen. The overall
reaction therefore includes decarburization and both internal and external oxida-
tion depending on the condition of oxidant.

Figure 3 shows a crack developed from the alloy surface after exposure in
CO/CO2 = 1/3 at 11000C. It is noted that a zone of internal oxidation developed
around the crack in the absence of external scale. In the process of decarburi-
-zation, Oikawa et al. (2) observed that ferrite grains formed at the surface are
always columnar and the a/y interface is well-defined. The crack initiation may
be produced by the surface weakening through depletion or enrichment of alloy
components, and by the stress produced in the oxide zone, where the specific
volume of the reaction product is much higher than that of the alloy substitute.

The second type of failure in CO-CO2 is stress corrosion cracking at lower tem-
peratures in the presence of moisture. It has been reported that ferritic steels
are susceptible to stress -,.,,s,-' -c n at --- cratr -- u _4

a lack of one component of CO-C0 2 -H2 0 results in no cracking (3,4).

Preliminary experiments have been made using a U-bend specimen in an autoclave
R under CO 20 psi, CO2 100 psi and distilled water at 500C. Intergranular and

transgranular crackings observed. The cracking appears to involve hydrogen _4
embrittlem-.nt by hydrogen liberated from the liquid condensed at the crack tip.
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DISCUSSION - Jackson noted the absence of any indication of serious weight loss
due to iron carbonyl and direct sublimation of iron from the surface at tempera-
tures below 6000C, pepk carbonyl formation being in the 300-400°C range. He had
noted its occurrence in the presence of ammonia or methanol, in fact any process
where CO, CO2 and water are present, particularly when free hydrogen was present.
The speaker noted that water was not present in the tests reported.

4A. The meeting recessed at 4:55 p.m. A group dinner at 7 p.m. featured an
interesting report on the role to be played by nuclear power plants in meeting
the national energy crisis, and some of the problems solved and to be solved.
The speaker, Mr. Ramon Hull, is a Reactor Inspector with the Denver Regional
Office of the AEC. The regular meeting reconvened at 9 a.m. on April 26 for its
second technical session with Lt. R.S. Miller, USN of the Office of Naval Research
as Chairman.

5. "CORROSION FATIGUE,." by J.C. Grosskreutz, Institute for Materials Research,
National Bureau of Standards, Washington, D.C. 20234.

All fatigue failures should be termed "corrosion fatigue" except those which occur
In vacuum or an inert environment. However. it has been common practice in the
past to use standard conditions of room temperature, pressure, and air environ-
ment as the baseline against which to measure fatigue performance. For example,
the standard metallographic features of fatig..e, fractographic features, and
S-N curves have almost all been developed under these so-called "standard condi-
tions". Deviations from this behavior in more aggressive environments have been
commonly referred to as "corrosion fatigue". We will refer to this as conven-
tional corrosion fatigue.

A more rational approach to the whole subject of corrosion fatigue is to consider
the behavior of materials in an inert environment as the baseline and to sys-
tematically investigate the effects of other environments on the basic mechanisms
of fatigue fracture, i.e., crack initiation and crack propagation. Such an ap-
proach, now in its beginning stages, allows one to understand the problem of cor-
rosion fatigue and to select materials for resisting it more intelligently.

I-1
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The main effect of environment on crack init ation is to accelerate it. Prior
corrosion, in the form of pits on the surface, is analogous to notching or pre-
cracking the specimen. In the absence of prior corrosion, the environment ac-
celerates the formation of persistent slip bands and the deformation at grain
boundaries which leads to fatigue crack initiation. In an experiment on pure
aluminum (slip band crack initiation), the number of cycles to initiate a crack
in saturated water vapor was only 607. of that required in a vacuum.

Once the fatigue process enters the crack propagation stage, all of the action
is concentrated at the crack tip. Hence, the effect of environment will be
meastired in terms of its contribution to the crack growth rate. Figure 1 illu'-
trates the effect of several environments on the rate of crack propagation in an
aluminum alloy. The rate in dry argon (inert environment) is given for refer-
ence. As far as corrosion fatigue is concerned, the most important event at the
crack tip is the creation of new surface. This point is illustrated in Fig.2.
In the case of triangular waves, where new surface is created throughout the
first half of the cycle, the crack growth rate is a factor of 3 larger than for
square waves for which new surface is created only during the initial rise time
of the wave.

Loading frequency has a significant effect on corrosion fatigue cracking rates.
The higher the frequency, the less the corrosive effect, Fig.3. The usual
explanation for this observation is that a finite reaction time exists for cor-
rosive attack at the crack tip and if the period is shorter than this time, then
the effect is diminished. Another time limiting factor is the diffusion rate
of e.-•ironment down the ciack iii order Lo aLtack the fresh surface being exposed
at the tiF.

The mechanism by Lwhich the environment accelerates crack growth is not clear at
present, but a popular explanation makes use of the hydrogen which is released
when water vapor (or other environments) cause oxidation of the metal surface:

M+ HO0 MO + 2H.
2

This hydrogen diffuses into the metal and somehow reduces the surface energy or
- bond strength of the metal, analogous to hydrogen embrittlement of steels.

The control of corrosion fatigue at present is, for the most part, comprised of
standard "fixes" and intelligent selection of materials in the design of new
structures. Introduction of compressive residual stresses at the surface is a
tivne-honored method for reducing corrosion 1-1, vt cAic t

offers some reduction in fatigue crack growth rates provided the structural
component is not so thick that crack tip potentials differ markedly from those
at the surface. Coatings for protection against the environment are effective
provided they remain intact and do not crack during the fatigue loading.
Anodic coatings and electroplated coatings are notorious for cracking, in
which case fatigue cracks readily initiate at the breaks in the film and fatigue
is. accelerated. An important parameter in this case is the fracture strain of
the coating, which should always be greater than the maximum strain i :. the sub-
strate. Even so, coatings extend fatigue life only in the long-life regime and
the improvements there have been disappointing.
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Selection of materials to resist corrosion fatigue presently rests on a know-
ledge of laboratory test results for specific materials in specific materials
in specific environments. One should have available the following data, if
possible:

1. S-N Curves; da/dN vs. AK curves for various environments.

2. Stress corrosion cracking data; KSCC, da/dt vs. K curves.

3. Modified Coffin-Manson data:

e= C2 [N k-

(tabulations of C2, K. and 8 are not generally available
at present, but information should accumulate with time).
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Review o. Fatigue].

DISCUSSION - The author had suggested the existence of a cutoff frequency
above which applied loads would not produce crack propagation within usual test
duration. Gatts suggested that continuation of testing sufficiently long uould
lead to eventual crack propagation even at "above cutoff" frequencies. The
author acknowledged that this was a controversial area which has received some
attention but in which the facts are not fully established for very long time
cyclic load application. Hammit's question brought out that the "square" versus
"triangular" load-time curves had the following general characteristics:
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resistance was identified as the introduction of residual compressive stresses
which reduce or eliminate plastic deformation areas due to applied stress. It
is well established that sites of plastic deformation, such as slip bands, are
preferred sites for environmental attack. Wechsler noted that rubber coatings
for ship propeller shafts have been successful in greatly reducing stress cor-
rosion cracking. Although these coatings do not adhere in the presence of a
crack, they remain intact and exclude the hostile environment which would other-
wise greatly accelerate crack growth rate. To Glaeser's observation of limited
available data on stress corrosopn fatigue of high strength and stainless
steels, Wei observed that considerable data existed on high strength steels
such as 4340, but added that he preferred not to talk about "endurance"; if the
presence of a crack is accepted, stress is no longer a descriptive parameter of
the crack growth process. Marx was advised that increasing temperature acts to
accelerate crack growth rate; as is the general case in all chemical reactions.
Gillin reported that tests at the Aeronautical Research Labs in Australia showed
stress corrosion cracking to be stopped quite dramatically in certain steels by
adding very small amounts of oxygen, apparently contrary to Grosskreutz' report
taken from (unspecified) literature. Powell suggested a distinction between
"corrosion-induced" fatigue and corrosion fatigue, but the speaker was unable
to agree with such distinction. Hammitt suggested that the compressive stresses
imposed by cavitation might inhibit effects of stress corrosion fatigue.

5. "GENERAL FRAMEWORK OF UNDERSTANDING STRESS CORROSION CRACKING," by R. Staehle,
Professor of Metallurgical Engineering, Ohio State University. Columbus, Ohio
20234.

Introduction - This presentation outlines progress in the general understanding
of stress corrosion cracking in metals. First, we review some of the early
history of stress corrosion cracking and especially that before 1960. Secondly,
we review important developments since 1960 in the phenomenological aspects of
cracking. Next, we review important contributions to mechanistic understandings
of stress corrosion cracking. Finally, we outline some especially useful con-
cepts which are presently available.

Part of the purpose of this presentation is to suggest that very important ad-
vances have been made in the understanding of stress corrosion cracking. There
are now certain ideas which are sufficiently useful that general predictions can
be made. These ideas still lack quantitative substance, but optimistically
they furnish a basis for quantitative development.

It is not the purpose of this discussio, to consider in great detail all aspects
of stress corrosion cracking but merely to highlight important aspects in the
categories mentioned above. Detailed discussions of stress corrosion cracking
are available, and the most useful and recent are the large volume from the
1967 conference held at the Ohio State University (1). the monograph by Logan (2).,

and the recent proceedings from the conference in Portugal edited by Scully (3).
Previous volumes are available which are also useful and much of the data and
suggestions presented therein are still extremely valuable. These include the

-27-



Z

first volume published in the AIME-ASTM collaboration (4) in 1944, the volume
entiried, rhysicai Metailurgy ot stress Corrosion Fracture, published in 1959 (5),
and the book edited by Robertson in 1956 (6). No further reference to original
sources will be given here as these references are more than adequate to sub-
stantiate the discussion herein.

Important Developments Prior to 1960 - Stress corrosion cracking of alloys prior
to 1960 was dominated by a number of important ideas. One of the most important
of these ideas was that stress corrosion cracking was a "specific ion{ proposi-
tion, wherein only certain ions caused the cracking of certain alloys. This was,
at that time, and still to some extent remains a useful idea although in recent
years it has been demonstrated many times that the conditions causing stress cor-
rosion cracking are more general than the "specific ion" idea embraces. On the
other hand, the specific ion idea was an extremely useful diagnostic tool and
still remains that. This era was dominated by certain other ideas mechanisti-
cally. There were a number of the usual suggested mechanisms for stress corro-
sion cracking including a surface energy argument, a strain induced transforma-
tion, film rupture model, and others. None of these were in the least quantita-
tive or predictive.

Important examples of the specific ion concept include the following:

1. The chloride cracking of the stainless steels and aluminum alloys.
2. The ammonia cracking of the copper base alloys.
3. The nitrate and caustic cracking of the low alloy steels.
4. Hydrogen cracking in the high strength steels.

Numerous other examples exist and are well known. However, the cracking to a
large extent was dominated by the several mentioned above and most stress cor-
rosion failures could be interpreted thereby. An example of a typical chloride
cracking of a stressed stainless steel part is Figure 1 which shows chloride-
iaduced cracking of a stainless steel bellows. The chloride was made available
by the expedient of wetting and drying action. This is one of the most common
causative processes for chloride cracking of stainless steels. The str.:ess
arises from the residual stresses produced during forming the bellows.

These early studies o- stress corrosion cracking interpretatioas were dominated
by some relatively stzaightforward experimental techniques. These involved
essentially approaches of the "static fatigue" type which is simply stress vs.
time to failure type. Below a certain stress, infinite life was realized. This
was effectively the analog of the endurance limit

Stress Corrosion Cracking Since 1960 - The stress corrosion cracking st-.1dies
since 1960 have been characterized by a phenomenal incxease in the number of
mechanistic suggestions for interpreting stress corrosion cracking. Secondly,
there has been a major improvement and broadening in the testing approach used
in stress corrosion testing. Third, the specific ion concept is all but dead
as a generalizable idea, notwithstanding the fact that the specific ion idea is
a useful diagnostic tool.

One of the first observations suggesLng that specific ions were not responsible
for the stress corrosion cracking of alloys was the instance of the high nickel
alloy, Inconel 600, undergoing stress corrosion cracking in pure water.
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Subsequently, a similar observation was obtained in connection with the stress
corrosion cracking of unsensitized stainless steel in connection with the
failure of stainless steel fuel elements containing uranium dioxide. These
events occurred early in 1960. These events were the harbinger of a rash of
cracking phenomena. Probably the most significant cracking phenomenon, which
represented a substantial departure from previous history, was the cracking of
titanium alloys in N204. Figure 2 shows an example of a Ti-6A1-4V alloy which
failed in the form of a fabricated container. N2 04 is not an aqueous environ-
ment and it has a relatively high resistivity. It was quite unlikely that this
should be an environment in which such virulent stress corrosion cracking could
occur. Shortly after the stress corrosion cracking of titanium occurred, the
stress corrosion.cracking of titanium in methanolic environments was observed.
This was again a major surprise in view of the apparent innocuousness of the
methanol and the corrosion resistance of titanium. Subsequent to these early
observations an extensive number of studies was conducted demonstrating quite
clearly that methanol together with small amounts of dissolved chloride and water
was a very virulent environment.

With respect to the hydrogen-related cracking of high strength steels it was
next found that dry hydrogcn, and not hydrogen only in the form of water, but
simply dry hydrogen at ambient pressures, was sufficient to cause crack propa-
gation in the high -strength steels.

At the same time that the number of susceptible alloy-environment systems was
increasing, an evolution was occurring in the method of testing. Previous to
"the 1960's uwaL stress corrosion testing was conducted using specimens of smooth
surfaces. However, there had always been substantial scattering of results,
and, further, it was felt that the most meaningful specimen should contain pre-
existing cracks since engineering structures were inevitably in a similar state.
The advent of precrack specimens was concommitant with the application of methods
of fracture mechanics and the well known parameter of the crack tip stress in-
tensity. Thus the old "applied stress vs. time to failure" was replaced by a
stress intensity vs. time to failure. This general approach has proved extremely
useful especially in the study of high strength aluminum, titanium, and steel
alloys.

Review of Recent Mechanistic Ideas - Since the early 1960's mechanistic aspects
of stress corrosion cracking have received vigorous considerations. Probably
the first substantial efforts of significance were the general concepts of film
rupture developed by Forty and Humble, Westwood and co-workers and Bond and
McEvily. This essential idea involves the formation of a brittle layer and
subsequent fracture. The propagation of cracks then involves the sequential

"M. an --. t= aauA.theL a-jur CaLi idea Uuj-
cerned the process of slip as affected by stacking fault energies. The essential
concept here involved those conditions which produced coplanar slip, i.e., low
stacking fault energies would favor the onset of stress corrosion cracking and
indeed a number of impressive correlations were produced.

Another extremely useful concept which was advocated again by Swanm and Nielsen
concerning the formation of tunnels which preceded cracking. Thus the propaga-
tion of cracking related to the formation of tunnels by corrosion processes and
the subsequent tearing of the material. This continues to be an extremely use-
ful concept.
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Fig.2 STRESS CORROSION CRACKING OF Ti-6A1-4V ALLOYS IN N2 04 . THE :

TITANIUM BOTTLE IS APPROXIMATELY 18 INCHES LONG AND HAS AN 0.022 z
INCH THICK WALL. CLOCKW/ISE FROM YOUR RIGHT: CROSS SECTIONAL
PHOTOMICROGRAPH SHOWING TRANSGRANUIAR CRACKING FRACTOGRAPH OF SCC
REGION, MA(RO VIEW OF CROSS SECTION, PLAN VIEW OF INNER SURF'ACE.- -"-_
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Another important mechanistic idea has involved the absorption of envircnmpntfal
species. This idea, articulated by Uhlig, relates to the lowering of metal-metal
bond energies by the environment and thereby increasing the capacity for cracks
to propagate. Finally, another very powerful idea has been a refinement of the
film rupture idea involving the breaking of protective films and their reforma-
tion. There are three separate cases for this process. First, if a film is
broken and reforms immediately, no material is dissolved and no crack propagates.
On the other hand, if the film is broken and a large amount of dissolution oc-
curs, then pitting ensues. Only in the intermediate circumstance when there is
sufficient but not too much dissolution is the crack-like morphology observed.
Figure 3 illustrates the dissolution morphologies and the current time transi-
ents associated therewith. The slip-dissolution idea relates essentially to
the lower strength alloys, but depending on the alloy system may relate also to
high strength alloys.

A final and important mechanistic hypothesis relates to the effect of hydrogen
on the propagation of cracks. It has been a long accepted conclusion from early
work by Troiano and others that the high strength steels propagate cracks ac-
cording to some mechanism involving the absorption of hydrogen and a form of
decohesion which results. This idea continues to be an important concept in
interpreting the stress corrosion cracking of the high strength steels. More
recently this hydrogen-related idea has been applied to the lower strength stain-
less steels, carbon steels, and aluminum alloys by Troiano and co-workers. At
the present time there is a major controversy concerning the applicability of
this concept.
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DISCUSSION - Staehle agreed that it was not safe to generalize that suscepti-
bility to SCC is low if one is in the "passive!' area of the stability diagram.
The primary determinant of resistance to SCC is the rate at which the surface
film reforms after rupture, and in some passive regions that rate is slow. A
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question about the role of alcohol in the cracking of f--nium ledt
tion of two schools of thought, both of which are actively acquiring data so
that a choice at this time would be presumptuous. The electrochemists think it
controls the formation of a stable oxide; nehers consider it as a ready source
of hydrogen. Lastly, the role of pH at the crack tip in crack propagation was
questioned by Parrish. Staehle felt that it was not clear: the entry rate of
hydrogen into the material is the critical factor, and that entry does not re-
quire a low pH, but depends upon solution chemistry of the environment and upon
alloy chemistry. The pH does, however, give a clue to the relative stability
of films - both film thickness and reformation rates have been identified as
functions of ph.

7. "EFFECTS OF TEMPERATURE AND ENVIRONMENT ON SUBCRITICAL CRACK GROWTH."
by R.P. Wei, Department of Mechanical Engineering and Mechanics, Lehigh Uni
versity. Bethlehem, Pennsylvania 18015.

The integrity and service lives of engineering structures are governed by the
fracture toughness and the subcritical crack growth resistance of the component
materials. Whi.- .he strength of the structure is governed principally by
fracture toughness, its durability is determined primarily by the subcritical
crack growth resistance. Subcritical crack growth can occur under both sus-
tained and cyclically varying loads, and can be influences strongly by tempera-
ture and by chemically aggressive environments. Proper understanding of the
mechantisms for subcritical crack growth resistance is essential to the develop-
ment of viable programs for fracture control.

Fracture mechanics based on linear elasticity has emerged as a most useful
framework for quantitative studies of subcritical crack growth and fracture in
engineering materials. The mechanical crack driving force is unambiguously
characterized by the crack-tip stress intensity factor K or stress intensity
range AK. Currently two different approaches are used, within the general
framework of fracture mechanics, for studying subcritical crack growth: the
threshold-life approach and the kinetics approach. Schematic representation of
data developed by the two approaches are shown in Figure 1 for the case os sus-
tained load crack growth. (Analogous data would be obtained in the case of
fatigue.) Because kinetic information is of greater fundamental value, and be-
cause life data can be obtained from the crack growth kinetics by direct inte-
gration (at least in principle), the kinetics approach is currently more in
vogue and is favored.

Siberf-i-cal crac g-rth can bc brcadly grouped into four categories according
to the type of loading and the external chemical environment (1):

1. Sustained load crack growth in inert environments (such as vacuum,
inert gases, etc.).

2. Fatigue crack growth in inert environments.
3. Sustained load crack growth in aggressive environments, or stress

corrosion cracking.
4. Fatigue crack growth in aggressive environment.;, or corrosion fatigue.
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The firsr two of these are purely mechanical in nature, while the latter two
entail mechanical and environmental interactions. All four categories of crack
growth are affected by temperature, reflecting the temperature dependence of the
kinetics -3f chemical and deformation processes that control crack growth. Be-
cause thermal and chemical variables are inevitably present during service,
these factors have received and are being given a great deal of attention.

Subcritical crack growth under sustained loading exhibit typically three stages
of growth. Stages I, II and III, Figure 1. Only the steady-state rates of
crack growth are depicted in Figure 1. Steady-state crack growth condition is
attained when the rate of crack growth becomes independent of time under condi-
tions of constant KI and constant environment, Figure 2. It is contrasted with

the time-dependent nonsteady-state crack growth (transient growth, "incubation",
and crack acceleration) under constant KI, Figure 2. Stages I and III depend

strongly on the mechanical crack driving force of K.. Stage II crack growth is

nearly independent of K1 , and is presumed to be rate-limited by the controlling

chemical process(es). Useful mechanistic information can be developed from
studies of the temperature dependence for Stage II crack growth, and companion
surface and electrochemical studies (2-7). Stage I crack growth has a dominant
influence on the service lives of structural components and is of primary
engineering interest. Studies in this region are difficult because of the
practical problems of measuring very slod rates of growth and of the influences
of nonsteady-v-ate crack growth. it is heped that mechanistic studies can lead
to the development of procedures for making reliable estimates of the very low
rates of Stage I crack growth of engineering interest. A concerted effort in
this direction is needed.

Fatigue crack growth i', much more complicated. In addition to the metallurgical,
environmental and geometrical variables, crack growth is affected by a bro.-I
range of loading variables, some of which can interact with the envirunment.
Many of the observed effects of loading variables can be traced directly to en-
vironmental interactions (8, 9). Typical crack growth kinetics for various
alloy-environment systems may be broadly grouped into three types (Figure 3)
and have been discussed in detail by McEvily and Wei (9) in relation to the
apparent threshold stress intensity factor for stress corrosion cracking, KIscc.

Type A behavior is typified by the aluminum-water system. Environmental effects
result from the synergistic interaction of fatigue and environmental attack.
Type B behavior is represented by the steel-hydrogen system where environmental
crack growth is directly relatable to sustained load crack growth with little or
noJUJaaLgistc InteracLiuu. Typt C LepresenLs behavior of most alloy-environment
systems. Above '%scc' the behavior approaches that of Type B, whereas, below

K-scc. the behavior tends toward Type A with the associated interaction effects.
For Type B and Type C (above KIscc), the effects of loading variables (frequency,

waveform, etc.) may be directly related to the contribution from sustained-load
crack growth. Crack growth response to frequency and waveform on Type C systems
below KIscc and in Type A systems cannot be explained simply at this time.

Environmental effect for cei, Lin steels was observed to be a maximum for a
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zpeuiiic irequency and approached zero at nigher and lower frequencies (10,11),

and was found to be dependent on the waveform. Environmental effect was large
for waveforms with "slow" rise-time (such as sine and triangle) and was quite
small for those with "high" rise-time (such as square-wave) (10). The waveform
effects were not observed in aluminum-water systems (12). The results indicate
that these effects are intimately related to the reaction kinetics at the crack
tip and need further investigation. Similar to sustained load crack growth,
fatigue crack growth studies may be confounded by a range of nonsteady-state
phenomena (13). These nonsteady-state phenomena require further attention.

The effects of load interactions in variable-amplitude loading are very complex
and can be very -large (14). Delay in fatigue crack growth produced by load
interaction can be affected by a broad range of loading variables, and by tem-
perature and service environments. These effects are significant to design and
fracture control and need to be fully explored.

Ideally, it is desirable to characterize the subcritical crack growth behavior
in terms of all of the pertinent variables

da/dt = F(K, T, ..... )

and Aa/bN = F2 (AK, f, T, Rj .....

Ohviwsi-ly, such a complete characterizaticn i= not feasible :nd cannot be justi-
fled. Data, therefore, must be obtained under certain restricted conditions
consistent with the intended service applications. Having obtained the requisite
data., one can integrate the rate equations, in principle, to datermine the
service life or to specify an appropriate inspection interval. The lower limit
of integration is usually defined on the basis of nondestructive inspection (NDI)
capabilities; the upper limit being defined by either fracture toughness or a
predetermined allowable crack size consistent with inspection requirements. The
application of kinetic data to design must, in addition, take full account of
the effects of nonsteady-state crack growth and of load interaction. Careful
consideration must be given to these factors in the development of a viable
fracture control program.
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DISCUSSION - Wei indicated that tests to determine the effect of the waveform of
applied load had been run in the absence of a corrosive environment, and that
there had been found to be no effect. Wiederhorn asked the reason for a discon-

*E tinuity which Wei had reported in the shape of a crack length vs. time curve,
the discontinuity occurring at the point where the test was stopped overnight.
Wei indicated that two factors were probably responsible: (1) some relaxation
takes place when the specimen is left unloaded: and (2) some time is probably
required to establish an equilibrium concentration level of whatever the embritt-
ling species is at the crack tip.

8. "ASPECTS OF SOLVENT CRAZING IN GLASSY POLYMERS AND SWELLING IN FILLED
ELASTOMERS." by S.S. Sternstein, Materials Division. Rensselaer Polytechnic
Institute, Troy, N.Y. 12181.

Interaction of an active solvent environment with a polymeric solid can produce

a variety of adverse physical changes such as uniform softening and ultimate
dissolution of uncrosslinked systems; inhomogeneous swelling or plasticization
leading to large local deformations and/or stresses; chain scission and degrada-
tion of molecular weight; uniform swelling and permeation of crosslinked elasto-
mers, or inhomogeneous swelling and interfacial failure of filled elastomers.
One or several of these factors can contribute to observable reductions in
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permeability, fatigue life and so on. In this talk, two specific problems are
considered: (1) inhomogeneous swelling in filled elastomers and the characteriza-
tion of polymer-solvent interactions by swelling pressure techniques; (2) stress
field criteria for crazing and yielding in glassy polymers and preliminary effects
of solvent environments.

1. Inhomogeneous Swelling - Hard filler particles are used to enhance toughness,
strength, and abrasion resistance of elastomeric materials. The filled elastomer
is a composite of unusual properties in that the matrix is finitely deformable.
This leads to considerable complexity when the swelling method is used to charac-
terize the crosslink density of the filled material. An exact solution for the
inhomogeneous swelling, stress, and deformation fields about an isolated hard
filler particle embedded in and bonded to a swollen elastomeric matrix has been
obtained recently (1). Experimental verification has been obtained using bire-
fringence techniques (2). Thus, we are now able to predict interfacial stresses
and deformations in filled elastomers as a function of crosslink density, solvent
strength and filler modulus and to relate such information to filler-matrix
bonding failure.

In many filled elastomers, the interfacial bonding may be of secondary (van der
Waals) rather than primary (covalent) origin. This leads to what may be described
loosely as a boundary layer of immobilized elastomer surrounding each filler
particle. Knowledge and characterizatijn of this filler-matrix interaction is
vital to the understanding of the filler reinforcement mechanism. It is difficult
to use swelling techniques to characterize this effect since, as we have just
shown, interfacial failure is very likely to occur. In order to circumvent the
filler-matrix separation, we have developed a new technique whereby the filled
elastomer is constrained to constant volume while solvent is allowed to diffuse
into the sample. The solvent absorption rate and stress generation rate are
measured, the tranvient behavior giving diffusion constants and the equilibrium
"swelling pressut.' (for no volume change) giving a measure of the polymer-
solvent interactions. The latter quantity is independent of crosslink density
(since there is no conformational entropy change for the rubber network), but is
dependent on the thermodynamic state of the elastomer. In this way, we hope to
investigate the role of interfacial immobilization of rubber in the filled
elastomer.

2. Stress Field Criteria for Yielding and Crazing - Multiaxial studies have been
performed on amorphous glassy high polymers and indicate that two distinct stress
field criteria exist, one for normal stress yielding (or crazing) and one for
shear yielding (3,4). Both criteria depend on the isotropic as well as devia-
coric component of the stress tensor. The two yield criteria correctly predict
the effects of stress field on the observed yield behavior; for example, a hydro-
static pressure induced brittle to ductile transition, and a variety of yield
behaviors in the second quadrant of stress space. Preliminary studies indicate
that the crazing criterion also applies to solvent-induced craze formation.
Craze propagation studies indicate that growth rates are affected by stress level
in the same way as fracture strengths.
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DISCUSSION - The material used in the reported tests of a filled elastomer was
natural rubber, which is transparent. The filler consisted of glass spheres.
It was reported that Professor Richard S. Stein at the University of Massachusetts
had made independent determinations using light scattering intensity measurements.
The deformation fields reported by the speaker were closely confirmed.

8A. This concluded the second technical session. Following a luncheon recess,
A.J. Koury of the Naval Air Systems Command chaired the third technical session.
Mr. Koury opened the session with a brief description (F the Navy's Analytical
Rework Program, comprised of engineering analyses perf amed to the extent neces-
sary to determine the current overall structural integrity and material condition
of an aircraft or its components.

9. "CORROSION PREVENTION AND WEAR PROTECTION PROPERTIES OF POLYMERIC COATINGS,"
by A.J. Koury, Naval Air Systems Command, Washington, D.C.; A.A. Conte, Jr. and
M.J. Devine, Naval Air Development Center, Warminster, Pa. 18974.

Powder coating technology has provided a means of applying resin coatings to
substrates via processing techniques which have two distinct advantages over con-
ventional coating procedi,--. The first and prcbably mosL significant advantage

r from an ecological standpoint is the elimination of solvent c;-rriers. The absence
of solvents eliminates the emission of fumes and vapors thereby providing an

L• environment that is virtually free of pollutants. Safety standards are also im-
proved because the hazard of fire is substantially reduced. The second advantage
that results from this processing technology is the ability to form protective
resin coating:; which could not be applied by any other technique without diffi-
culty, because of the poor solubility of the particular resin in most solvents.
Thus various coating properties can be obtained which were not previously
available.
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amides, polyvinyl chloride, fluorocarbons, chlorinated polyethers, polyolefins,
cellulosics, acrylics) and thermosetting (epoxies, polyesters) resins. The choice
of a resin for a given application is dependent upon the specific ciating proper-
ties desired.

This talk reports on the effectiveness of polymer coating materials in alleviating
a particular materials problem. The specific areas investigated were: (1) spline
assemblies (fretting wear); (2) aircraft leading edge attack (erosion and abra-
sion); (3) metal fatigue (anti-fatigue coating); and (4) magnesium alloys (cor-
rosion prevention).

Two convenient methods are available for deposition of powder coatings, viz.
fluidized bed and electrostatic spraying. Fluidized-bed coating requires heating
the substrate above the fusion temperature of the powder and then dipping it into
a bed of "finely divided"V, dry fluidized powder which melts and fuses on the
heated surface to form a continuous film. The term "fluidized" describes the
fluid-like nature of the resulting powder/air mixture, the air causing the
particles to be in continuous motion.

The electrostatic spray technique (apparatus shown in Figure 1) requires electri-
cally grounding the substrate to be coated and then spraying it with charged
powder particles. This is accomplished by contact on passing the coating particles
through a suitably shaped electrode (see Figure 2). The charge is transferred to
the powder particles, and they are electrostatically attracted to the grounded
substrate at room temperature. The charged particles will cling to the substrate
until the charge is dissipated. This allows ample time to fuse the powder layer
into a continuous film. The major difference between the two techniques is that
in the fluid-bed process the substrate must be preheated to 100-150 F above the
melting point of the powder, whereas in the electrostatic spray process the tem-
perature exposure is essentially the fusion point of the powder. This difference
is important when certain aluminum or magnesium alloys are to be coated. since
the mechanical properties of these alloys may be seriously degraded by exposure
to an elevated processing temperature.

Substrate Materials - In the electrostatic spray process, the powder-coated sub-
strate is subjected to a heating operation in order to fuse the powder particles
into a continuous film. For Nylon 11 material the fusion point is 3670F; there-
fore it is only necessary to heat the powder-coated substrate to this temperature.
For given substrate dimensions, the time required to effect fusion will vary with
temperature as shown in Table I.

When subjecting aluminum or magnesium alloys to the electrostatic processing, the
heating operation may cause detrimental effects to the mechanical properties,
e.g., a decrease in ultimate tensile strength and a decrease in tensile yield
strength. Table II shows the percent change in these properties from the rGa
temperature values for various aluminum and magnesium alloys which were subjected
to 400 F for 1/2 hours. Although this table is not exhaustive and only covers
alloys for which data is available, it is evident that changes in these properties
are effected by a heating operation at 4000 F. In selecting an aluminum or mag-
nesium alloy for this processing technique, the effect of thermal conditions on
mechanical properties must be considered.
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TABLE I

FUSION TIMES AT VARIOUS TEMPERATURES FOR A
NYLON 11 COATING ON 4130 STEEL

(SUBSTRATE DIMENSIONS 3" 6"' X 1/32"1)

OVEN TEMPERATURE FUSION TIME,

OF MIo.

400 4

450 2

500 1

TABLE II

PERCENT DICREASE IN ULTIMATE TENSILE STRENGTH AND TENSILE YIELD
STRENGTH FROM ROOM TEMPERATURE VALUES FOR VARIOUS

ALUMINUM .AND MAGNESIUM ALLOYS AFTER EXPOSURE
TO 4000F FOR 1/2 HOUR

ALLOY ULTIMATE TENSILE TENSILE YIELD
STRENGTH STRENGTH

Aluminum

2014-T6 4 0
2024-T3 6 13
2024-T4 6 13
2024-T6 4 3
2024-T81 0 .5
2024-'86 0 0.5
5052-H34 2 2
5052-H38 0 .5
6061-T6 5 5
7079-T6 10 18

Magnesium

AZ92A-T6 0 0
EZ33A-T5 0 0
HK3IA-H24 0 0
HK31A-T6 0 0 -t
HZ32A-T5 0 0
HM21A-T8 0 0
HM3lA-T5 0 0
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Salt Water CorroSion Test - One test used to evaluate the corrosion resistant

properties of plastic coatings is the sulfurous acid/salt spray test detailed in
Ref.(2). Coated discs are placed in specimen holders designed so that the coated
surface of the specimen is exposed to the corrosive environment. The specimen
holder consists essentially of a glass cylinder fitted with a plastic screw cap
with center removed. Aluminum water jackets are filled with ieC- water and placed
in the specimen holders to contact the coated discs and allow a fine condensate
to form on the surface of the disc. A combination of 2 hours spraying and 2 hours
drying time constitute a test cycle. Table III shows the results of this corro-
sion test on uncoated alloys, nylon coated alloys and other metal treatment pro-
cesses. After 28 cycles the test was terminated and the nylon coating was re-
moved from the discs as described earlier (see Figure 3). No evidence of corro-
sion was observed. In contrasts AZ31B discs coated with DOW 17 showed evidence
of pitting after 10 cycles, and a chromated AZ31B specimen exhibited failure after
only I cycle. The uncoated specimens also failed in I cycle of testing.

TABLE III

SYNTHETIC SEA-WATER SULFUROUS ACID CORROSION TEST RESULTS

ALLOY CYCLES TO
DESIGNATION COATING FAILURE

AISI 1020 Steel Bare < 1

AISI 1020 Steel Nylon 11 28+

AZ31B Mg Bare 1

AZ31B Mg Nylon 11 28+

AZ31B Mg Chromated 1

AZ31B Mg Chromated + 28+

Nylon 11

AZ31B Mg DOW 17 10

AZ31B Mg DOW 17 + 28+

Nylon 11

Abrasi_- - The S.S. Wfhitc abrazion test apparatus was employad to study L',,1
abrasion resistance properties of Nylon 11 coatings. After fusion of the nylon
coating, two techniques are available for cooltng the specimen to room tempera-
ture. The first is to allow the heated specimen to cool slowly at room tempera-
ture while the second involves a quenching operation using water. It is consid-
ered that the slow cool operation produces a nylon coating with a significant
crystalline phase while the fast cooling operation produces a larger amorphous
phase. Table IV shows the difference in abrasion resistance characteristics for
Nylon 11 coatings based on quenching techniques. Results using an aliphatic poly-
urethane coating (Laminar X 500), which is commonly used on aircraft leaeing edge
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applications, are included for comparison purposes. The test specimen is located
a a . U 1L cLi%;= LL-.L a S. . . . . ... .... . 4.&&= -LdO. L.V. U.. . .. . L %.. . V 111.I.VLU IJUJ.V

mite) is forced through the spray nozzle at a given pressure, and the time re-
quired to completely abrade the coating is recorded. It is evident from Table IV
that the nylon coating with the crystalline phase (air quench) is more abrasion
resistant than the water quench (amorphous phase) coating. However, both coatings
are superior to the polyurethane coating with respect to abrasion resistance.

TABLE IV

S.S. WHITE ABRASION TEST RESULTS

Abrasive: 50p Dolemite (S.S. White #2 abrasive)

ABRASIVE
COATING SPRAY AVERAGE TIME REQUIRED TO

TEST SAMPLE THICKNESS PRESSURE COMPLETELY ABRADE COATING(MILS) (PSI) (SEC)

Nylon 11 3.5 + .3 60 78.3 + 10
(Air Quench)

Nylon 11 4.9 + .5 60 67.9 + 7
(Water Quench)

Polyurethane 3.5 + .5 40 55 + 7

Polyurethane 3.5 + .5 60 < 2

Spline Wear Test - Antiwear properties of the materials have been examined using
the Southwest Research Institute spline wear test apparatus, Ref.(3). An MoS 2
diester grease is applied to the teeth of the external spline coated with the
Nylon 11. The internal spline is also packed with grease and fitted to the ex-
ternal spline. The internal spline is clamped in a fixed position and the
flanged end of the external spline is caused to gyrate, thereby simulating the
oscillatory motion of a pair of angularly misaligned splines. A load of 25 pounds
is applied to the torque rod producing a tooth contact pressure of 3500 psi. The

gyratory motion is produced by placing a nonrotating gyrator shaft eccentrically
within a cylindrical drive shaft which rotates at 4400 rgm. Misalignment is
.006 inch/inch of spline length. The test is run at 250 F with heat provided
from heatin-g coilc -'._c^ in t- e azcz- cccc . .... a • ..

specimen. The test is instrumented to monitor specimen temperature, wear rate
and support bearing temperature. Wear of the spline is measured by movement of
the lever arm and the changing position of the lever arm is continuously recorded.
Results of the laboratory tests show that a lubricated spline without a Nylon 11

runs for 40 hours. A spline treated with the Nylon 11 and the same grease ran
for 160 hours under the same test conditions.
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Fatigue Life Tests - The Tatnall-Krouse constant speed flexure fatieue aunaratus
was used to evaluate the fatigue properties of Nylon 11 coated steel and titaniumalloy specimens. Flexure fatigue specimens wi~h a thickness of .035" for AISI

1010 steel and .076" Ti-6AI-4V alloy were coated with Nylon 11. Table V shows
the average number of cycles to fatigue failure for the various test specimens
studied. It is evident that the use of a Nylon 11 coating on the steel or
titanium alloy substrates significantly increases the fatigue life compared to
noncoated specimens.

CABLE V

FATIGUE TEST RESULTS

(Tatnall-Krouse Constant Speed Flexure Fatigue Apparatus)

SPECIMEN COATING AVERAGE CYCLES
SPECIMEN COATING THICKNESS LOAD TO FAILURE

(MILS) (KSI) (103)

AISI 1010 Steel None - 40 200

AISI 1010 Steel Proprietary 0.5 40 220
Primer

AISI 1010 Steel Nylon 11 7.5 40 496
Proprietary
Primer

Ti-6AI-4V None - 80 75

Ti-6AI-4V Proprietary 0.5 80 115
Primer

Ti-6AI-4V Nylon 11 7.0 80 1000+

Proprietary
Primer

+ Indicates test discontinued; no failure observed.

Thermal Stability - Samples of Nylon 11 coated stec! and aluminum panels were
subjected to temperatures iii the range of 303°-40O0F for periods ,ip to 24 hours.
The nylon coated panels subjected to 4000F became very tacky after 4 minutes
exposure due to the resin melting; however, atter exposure tor 4 i/Z hours the
coaling darken..', indicating decomposition. On cooling down to room temperature
the coating was still intact, suffering no loss of adhesion. The panels at 36000F
and 350fF for 24 hours darkened to a lesser extent, again showing no loss of
adhesion. Ho.iever, it is recoimended that the coating not be subjected to tem-
peratures greater than 2809F for extended periods.
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finishes, provided the polyurethane substrate is first primed with the proprietary
primer. However, no performance tests have been performed on this coating.

Fluid Resistance - Fluid resistance data was obtained for Nylon 11 coated aluminum
panels according to the method outlined in reference (4). Compatibility of the
Nylon 11 coating with the following fluids was studied:

MIL-L-7808 Lubricating Oil, Aircraft Turbine Engine,
Synthetic Base

MIL-L-5606 Hydraulic Fluid, Petroleum Base; Aircraft,
Missile and Ordnance

MIL-L-5624 Jet Fuel, Grade JP-4
O-T-634 Trichloroethylene, Technical
MIL-L-23699 Lubricating Oil, Aircraft Turbine Engine,

Synthetic Base
MIL-A-8243 Anti-icing Fluid
TT-S-735, Type II Standard Test Fluids, Hydrocarbon

Two coated panels were immersed in each of the above fluids for 24 hours after
which each panel was rinsed In aliphatic naphtha and dried. The panels were then
examined for any evidence of softening, lifting, blistering, cracking or peeling.
Two parallel scratches, I inch apart, were then made on the panel utilizing a
stylus. A piece of masking tape placed perpendicular to the scratches was then
pressed to the panel. Removal of the tape with an abrupt motion will show any
evidence of film removal. None of the panels tested in the above manner showed
any evidence of incompatibility with the fluids tested.

REFERLCr-

1. MIL-HDBK-5A Metallic Materials and Elements for Aerospace Vehicle Structures.

2. MIL-C-81309A Corrosion Preventive Cempound, Water Displacing, Ultra-Thin Film.

3. Valtierra, M.L. and Ku, P.M., "Research on Mitagation of Spline Wear by Means
of Plastic Coatings," Southwest Research Institute Report No. RS-539,
January 5, 1970.

4. FED-STD-791 Method 7001.1, Fluid Resistance of Dry Solid Film Lubricants.

DISCUSSION - Jackson suggested that baked-on metallic lubricants might be good
for the spline application mentiened by the speakers. Devine noted that these
had been tested, but were not competitive in the present context where a combina-
tion of wear and corrosion resistance was sought. The baked-on molys, for example,
could withstand a maximum of four corrosion cycles while nylon was going strong
after 28. Jackson noted further that manufacturers of chemical and abrasive
fluid pumps were using polyurethane as a total coating, with success, and Koury
confirmed that his material was in extensive use in the Navy as a universal coat-
ing. Tc Snediker, it was indicated that coating thickness was controlled in the
electrostatic process by spray time, powder flow rate, and particle size used -

-51-



all combined by operator judgement. Stern questioned how fitting tolerance was

maintained in a coated spline; the procedure used was to undercut the spline by
about 6 mils and apply a coating of like thickness. The same lubricant was used
for coated and uncoated splines obtained in the contact areas of interest; some
irregularity was found at tooth ends, but it was unimportant. Jackson suggested
use of tungsten carbide applied with a detonation gun to splines to produce supe-
rior coatings less than 6 mils thick; Devine and Koury acknowledged that there
were specialized coatings which were superior for particular limited applications,
but stressed that their object was a multi-purpose substance and process whose
use could be standardized as much as possible; nylon seemed to approach this ideal
most closely. Heaviest items to be coated for service to date were indicated to
be aircraft landing wheels.

10. "ENVIRONMENTALLY INDUCED FAILURES IN THE LUBRICATION OF 11ARINE MACHINERY,"
by Nathan Glassman, Naval Ship Research and Development Center, Annapolis Labora-
tory, Annapolis, Maryland 21402 (Secretary's summary)

The recognition and discussion of failures in terms of "environmental effects"
has not typically been the case in the past in the area of marine lubrication.
This may well be the result of a generalization that machinery systems are in-
ternal systems, thus shielded or able to be shielded from the rigors of the ex-
ternal environment. Unfortunately, the external environment of seawater and salt
air can find its way into machinery systems; machinery systems can create their
own internal corrosion environment, and maa by his chuiicez of machine design can
create an internal machinery environment that can materially affect the reliability
and maintenance of machinery systems. it is the latter, man-made, internal
machinery system environment that requires the greatest attention in the preven-
tion of mechanical failures.

Some Notes on the Marine Machinery Environment - In their appeal for standards in
ocean technology, Bloomquist et al. (1) refer to the ocean eavironment as a
unique and complex variable that must be considered in standardization of pro-
cedures for the evaluation of materials and components. In connection with de-
fining the marine machinery environment, outstanding service is performed by the
Society of Automotive Engineers' Hydrospace Information Report AIR 1063, "General
Environmental Requirements for Deep Submersible Vehicles and Submarines" of 15
April 1969 (2). The deep submergence fluid technologists (3, 4) recognize that
lubricants and fluids provide the functions uf: lubrication, power transmission,
and environmental control. Often the success or failure of a machinery system
is tied to the ability to surround it with a fluid environment other than the

*atmospherp nr the qpa A hnt- :kf lijn.4Ac 1rrsccu tz cir of
approximately SAE 20 viscosity, ranging from hydrocarbons to esters, to sili-
cones, etc. have been used as encapsulating environmental fluids (3, 4). Informa-
tion such as fluid behavior when seawater intrudes into this environment, when
pressure increases, when solids are produced by electric arcing is needed in
advance if reliable system performance is to be assured.

Turning now to surface or near surface lubricated machinery systems, wtiat is the
picture of the environment therein?
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King and Glassman (5) reviewed Navy MS 2190TEP turbine lubricating oil exnpriplwp.
In addition to noting that a variety of different formulations were able to meet
the same oil specification requirerents, they also provided information on the
conditions prevailing in a number of machinery systems lubricated by this oil,
and on the e~fects of use on the oil's stability. At that time 25 different
additive compounds were being used and the base lubricant into which these addi-
tives (in different combinations and amounts) were being added was not a single
material but varied from supplier to supplier. This was possible since the oils
were procured under a specification defining performance as measured by a .. ries
of tests considered significant and not by restrictive definitions of compositions
to be used. Ten instances related to oil performance complaints were examined.
Of these, five dealt with the observation of sludging and deposits. two with the
observation of rust and two with equipmePt dawage. Contamination ranked high as
a cause leading to questions of oil or system performance: sand and water, sea-
water., rust preventive or oil additive residues. In the two instances where
equipment damage was involved (wiping of all main turbine engine bearings),
externally generated contamination in the form of sand and seawater and internally
generated contamination in the form of loose galvanized metal were indicated as
the cause of the failures.

MacDonald (6) associated steam turbine operating problems such as gear scuffing
polished bearings, sluggish governor operation and bearing "machining'-type
failures with solids in the lubricating oil. He postulated the internal turbine
system as saturated with moist air, having free water in the oil and on system
metal surfaces ranging from a trace to a large amount. He noted the pH of the
WaLer might vary from acid to alkaline. water was seen as a source of system
solid deposits (rust from ferrous metal surfaces in both the liquid and vapor
spaces). Rust poses several threats to machinery life. He also noted that air
was present in large quantities as a contaminant in turbine oils and that its
release contributed to ferrous metal rusting; he speculated that nonferrous metal
(copper, zinc) deposits are formed by reactions of oil additives with system
metals under the eccelerating influence of water. King and Glassman (7) showed
that some copper alloys (70/30w 90/i0n and Admiralty Metalt could react with sea-
water or distilled water in a 21-day iamersion test at 14MaF in the presence or
absence of oils. In fact, the oils procured under the same specification but of
different formulations showed varying degrees of inhibition or acceleration of
the amount of solid reaction products formed depending on which alloy was used.
They also described the marine hydraulic system seawater entry problem, noting
that perhaps no other class of marine machinery showed as much evidence of appa-
rent failure to recognize the existence of the marine environment. Seawater in
a hydraulic system can cause damage by direct corrosion of metal surfaces, alter-
ing lubricant viscosity (up or down) to create wear, generating solid products
(cnrrosinn) which causeo 'alfn__.-.. in- .. z- t olarance actuating wech=aidtl•.

Much can be done to reduce the role of solids in contributing to failures. This
is by collecting, codifying, and disseminating the best practices known at any
point in time for lubricating oil system design, preparation, oil selection,
purification procedures and i.nspection, and maintenance procedures. Such an ef-
fort has been underway for many years under the auspices of the ASTM-ASME-NEMA
Joint Committee on Oil Systems Turbines. The output takes the form of various
ASTM-ASME Recommended Practices with ASME Standard Numbers:

-53-



STANDARD TITLE OF RECOMIMENDED PRACTICE

ASME 115D Design of Lubricating Systems for Marine Steam
Turbine Pumps for Various Ship Services

ASME 119 Flushing and Cleaning of Marine Auxiliary
Machinery Lubricating Systems

ASME 121 Purification of Lubricating Oil in Marine Steam
Turbine Driven Auxiliary Machinery

ASME LOS 2C1 Flushing and Cleaning of Lubricating Systems of
Various Turbine Driven Pumps for Marine Service

ASME LOS 4C1 Flushing and Cleaning of Gas Turbine Generator
Lubricating Oil Systems

This discussion of the environment has been relatively qualitative and on a
macroscale. Studies of the world that exists on the surfaces of metals and the
interaction of those surfaces with the liquid lubricant were described in great
detail at the recent NASA Symposium (January 1972) on an Interdisciplinary
Approach to Liquid Lubricant Technology. In describing the chemical and physical
nature of lubricants, the nature of solid surfaces, the current estimates of the
roles Of wear, corrosion, erosion and th ..odynamesi M i--. t-.
that symposium serves the useful purpose of this meeting in insuring against
oversimplification of the nature of the machinery environment (8 - 14). In the
case of the marine machinery environment, the complexity at the critical machinery
surfaces is increased by the entry of the external marine environment into the
lubrication system.

Some Illustrations of Approaches to the Marine Machinery Environment Threat:

The Machining-Type Bearing Failure Problem - During the early 1960's an unusual
and severe type of bearing failure occurred in a number of marine steam turbines.
This was typified by "machining" of the harder journal and/or thrust collar mate-
rials. From the outward appearance of the damage, they have also been called
"wire-wool' failures. Another characteristic is the appearance of built-up hard
scabs on the softer bearing metal.

A mechanism for the initiation and propagation of a machining-type failure was

postulated. This assumed the entrapment in the bearinz of an initially hard.

sharp particle(s) which is susceptible to becoming harder than the rotating steel
shaft or collar and the partial embedment of this particle(s) in the softer bab-
bitt metal. The particles then act as cutting tools which perform a lathe turning
operation. The detailed processes whereby the initiating particles are hardened,
produce primary slivers which then abrade the harder bearing member and are built
up by adhesion are described in detail by Karpe (15). In a laboratory bench test,
machining-type fail,-ýs were induced with those oils aud steel thrust collars
with a known service history of having been involved in a machining-type failure.
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chromium alloy steels lubricated with oils without chlorine-containing additives
are vulnerable to machining failures. They alho showed that low chromium-
containing steels (less than 2%) have their failure propensity enhanced when
using lubricating oils containing chlorine-containing additives. As a result of
this work, the use of chlorine-containing load-carrying additives in the steam
turbine oil was prohibited. The use of high chromium steels (4 plus per cent)
also was eliminated. New emphasis was placed on developing better system clean-
ing procedures, such as finer full-flow particulate solid contaminant particles
removal filters. This problem has disappeared. Further information of the test
procedure can be obtained from Karpe's work (15, 16).

The Rolling Contact Fatigue Problem - For some years we have been studying the
role that water plays in the rolling contact fatigue process. The seed for this
interest was the work of Grunberg and Scott (17) who in 1958 reported that water
in the lubricant reduces surface fatigue life in rolling-contact lubrication.
Schatzberg and Felsen (18), using a four-ball machine modified to simulate an

angular contact rolling bearing, showed that as little as 0.01% dissolved water
in the lubricant causes a significant reduction (40%) in surface fatigue life.
A smaller reduction was obtained when oxygen was present. They proposed a capil-
lary crack condensation hypothesis according to which the water condensed in the
surface micro-cracks promotes corrosion and hydrogen embrittlement, which under
dynamic stress reduces the time for the crack to grow to critical size and a

spall occurs. Schatzberg (19) using the same apparatus and experimental procedure
showed that the addition of 0.1% isoproeylaminoethanol completely counteracts the
detrimental influence of 1% seawater emulsified with the lubricant. He postu-
lated that this was due to the additive's ability to capture hydrogen ions formed
within the crack and thereby inhibit hydrogen embrittlement. It was noted that
the high stress levels used, 925 to 1300 ksi maximum Hertz compressive stress,
might be introducing effects not seen under commonly used bearing loads.
Felsen (20) using flood-lubricated actual size 208 angular contact ball bearings
at 330 ksi maximum Hertz compressive stress, showed reductions in BIO and B5 0
rolling contact fatigue lives from 25 to 80% dependent on lubricant used when 1%
by volume of seawater was added. The lubricants used included mineral oils with
and without additives. One of these oils was the same emulsifying oil Schatzberg
had used for his inhibition experiments. This oil gave B1 0 and B5 0 fatigue life
reductions in the presence of 1% seawater of 22.5 and 46% respectively - which
are comparable to the 48 and 60% reductions Schatzberg reported for his more
highly loaded (1000 ksi maximum Hertz compressive stress) experiment. At this
point we are trying to demonstrate the ability of isopropylaminoethanol to in-
hibit rolling contact fatigue in real ball bearings. To date, we have not been
successful. We are looking for reasons why. At present, we are certain that
water in the lubricant environment has a deleterious effect on rolling element
life and that the nature of the lubricant can have a profound influence on roll-
ing element life. This last is supported by the work of Rounds (21) and Muller
as reported by Fein (14).

Influence of the Environment on Sliding Wear - Schatzberg (22) in his study of
the influence of oxygen and water in the lubricant on wear iad a four-ball wear
machine with AISI 52100 z.eel balls, four lubricants of two fferent viscosity
levels and four different formulations. He noted that depending on the environ-
ment (wet or dry, oxygen present or absent), the ability of a lubricant to



minimize wear is affected when the time-dependent experiments are conducted under
light loads (non-scuffing regime). Brown (23) studied the effectiveness of marine
hydraulic and lubricating fluids in providing reduction in wear of steel-on-bronze
surfaces. His work supports the premise that differences in wear can be obtained
with lubricants procured under a common specification.

I believe that charting lubricant-machinery component interactions with respect
to machinery compatibility or increased machinery protection is a pay-off area
for research to reduce failures; that continuing to search for counter-measures
to the effects of water entering the lubricant environment is another research
pay-off area to reduce fai].ures; that continued efforts by Government agencies,
technical and progfessional societies to codify and communicate the marine environ-
ment and machinery practices to be followed therein also are pay-off areas for the
prevention of mechanical failures.
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DISCUSSION - The speaker indicated that the bearing tests which he had conducted
were done under load, details of which are given in the references. He has not
investigated oil mist lubrication systems.
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11. "CHARACTERIZATION OF MINIATURE BALL BEARINGS BY ACOUSTIC SIGNATURE ANALYSIS,"
by D.K. Snediker. L.F. Sturgeon. and S.M. wpinharger, -pc .........
General Electric Company, P.O. Box 8555, Philadelphia, Pa. 19101.

While continuing advances in the state-of-the-art have resulted in substantial
increases in the average life of rolling-element bearing/lubricant systems, con-
siderable scatter in the life still remains. This is due to inevitable manu-
facturing variations coupled with damage (or high stress conditions) resulting
from installation or environmental effects such as handling, corrosion. vibration,
etc. Some means must therefore be employed to identify and screen out those
units containing life limiting defects prior to service. In order to realize the
long life potential inherent in a given design, Acoustic Signature Analysis (ASA)
was developed.

The Acoustic Signature Analysis technique is based on the measurement, analysis
and interpretation of internally generated bearing vibrations. It is directed
toward the detection of life limiting defects before performance degradation has
taken place. The key to the ASA process lies in the interpretation of the ob-
served signature spectrum with the aid of a computer generated predicted spectrum,
derived from a mathematical model of the test bearing(s).

In this talk the ASA technique is described along with examples of its application
to the detection of subtle bearing defect conditions both inherent in the bearing
as manufactured and resulting from installation and/or environment effects. While
the emphasis is on gyro bearings, there is a brief discussion of the application
of ASA to momentum wheels and component level (bearings by themselves) ASA. The
latter tests indicated that many of the acoustically-detected bearing anomalies
were induced by the installation.

One study discussed yielded an 82% correlation between ASA techniques and the
results of subsequent tear-down analyses. The ranking of defect severity for

S, several life-critical defect modes is discussed as a quantitative means of deter-
mining flight worthiness.

Signature Analysis Concept - For several years, we have been developing a non-
destructive testing technique based on the measurement and interpretation of in-
ternally-generated vibration "signatures". Particular emphasis has been placed
on detecting the presence of life-limiting defects in electro-mechanical com-
ponents before such defects cause detectable performance degradation. Such
techniques have been successfully applied to a wide variety of subjects, ranging
from jet engines to the human heart.

Figure 1 is - block diagram of the Acoustic Signature Analysis concept. Vibra-
tions genertcd witthin tha tast speriue as r dLeU Led, recorded, subjected to one
or more forms of instrumental analysis, then displayed as a "signature'.

A detailed analysis of component geometry, operating speeds, and other factors is
also performed. From this analysis. a mathematical model is developed to predict
the vibration signatur. (i.e., frequency/amplitude/time patterns) to be expected
for normal conditions. and for the presence of various defects. The measured
signature and the predicted signatures are then compared. and from the corr la-
tions observed, conc.usions are reached with regard to the internal conditions
of the test specimen.
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The above, of course, is the ideal flow, as shown by the solid lines in Figure 1.
In bcth t- --- hc W dualyses and math-model development are
iterative processes. As more is learned about interpretation of the display
signatures, analysis requirements (e.g., sample duration and bandwidth) are modi-
fied accordingly. The analytical model is also modified and updated as empirical
data becomes available. These "feedback' paths are shown as dotted lines in
Figure 1.

One point should be noted in the application of Acoustic Signature Analysis to
spacecraft components: this technique is designed to supplement, not augment,
more conventional test methods. The value of the signature analysis approach
lies in its ability to detect the presence of defect conditions before performance
degradation has taken place, and thus, to identify defect conditions not gener-
ally detectable by ordinary means. Of special interest to the Space SystemsOperation, of course, is the detection of those defect conditions that could limitdevice life, and thus, prevent completion of extended missions.

Application to Miniature Precision Bearings - Acoustic Signature Analysis data
on bearings is obtained by temporarily cementing an accelerometer to the test
specimen. (The optimum location, not usually critical, may have to be determined
by experiment.) While the specimen is operating normally, the output of the
accelerometer is recorded; a few seconds of data is sufficient. A selected por-
tion of the recording is formed into a continuous loop and played back for analysis.
While more sophisticated instrumentation is sometimes employed, the principal tool
for analysis has been the narrowband recording wave analyzer. This instrument
produces an accurate plot of vibration amplitude versus frequency; this is the
" signature" used for most analysis.

Mechanical defects in bearings may be divided for signature-analysis purposes
into two general categories: (1) discrete defects, such as dented balls, scracched
or brinelled races; and (2) distributed defects, such as out-of-roundness, race
waviness, or unequal ball forces. Dynamic effects, such as retainer instability,
appear as modifications of these basic signature phenomena. The third, and most
important, bearing problem - lubricant failure - also manifests itself in modifi-
cations of the basic bearing signature, but the nature of lubricant failure does
not lend itself to analyzical treatment. Past experimental results, however, have
indicated the feasibility of detecting lubricant failure through signature
indications.

As stated earlier, the Acoustic Signature Analysis method is based on correlating
the self-generated vibration signature of a bearing or bearings (suitably re-
corded, analyzed, and displayed) with the analytically predicted signatures of a
normal unit, and of units containing various defects. The gross signature of a
discrete-bearing detect i the impact repetition rate, which may be predicted from
known relationships descrLbing the relative motion of bearing parts. This simple
model is not sufficient to explain the observed acoustic signatures, however.
The manner in which even gross signature indications are transmitted from a bear-
ing part to a transducer external to the device is highly dependent upon loading

cconditions and upon the nature of the intervening structure. In addition, there
is considerable interaction between defects within a bearing; and most defects
are always present to some degree, however slight. This complexity underscores
the importance of a thorough understanding of the mechanisms of vibration genera-
tion and propagation.
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The discrete-defect signatures previously discussed may be considered as special
aSPSi" I t-hi Ti~n~rA h. ...ri ..T.. .t..t h.1..S . dC..C.CPd. Thi. . InuudcL prediULb

the dynamic deflections of the races which result from the action of a system of
forces transmitted between inner and outer race by the rotating balls. In the
model, these forces can be sinusoidally varied as a function of the rotational
angle of any of the bearing elements. Once a solution for a simple sinusoidal
variation is obtained, of course, any arbitiary dimensional variation with rota-
tional angle can be synthesized as a Fourier series. It can be shown, for
example, that a bearing with an out-of-round race will generate certain vibration
frequencies that do not appear in the signature of a "normal" bearing. The pre-
sence of these frequency components in the measured signature of an electrome-
chanical device (such as a gyro or reaction wheel) is therefore an indication
that the component contains an out-of-round bearing. Similarly, characteristic
signature indications are generated by other types of defects, such as brinelled
races, scored balls, etc. Note, however, that the defect indication is not typi-
cally the simple presence of a particular frequency component or components in the
signature. More generally, a defect is indicated by the amplitude, frequency
variation, or harmonic content of a "family" of signature components.

The mathematical model also takes into account: (1) interactions between the
signature components generated by multiple defects, and (2) the various modes of
propagation of acoustic energy from bearing elements into the surrounding structure.

Because of the vast number of possible defect combinations, and because of addi-
tional complexities introduced by structural and instrumentation characteristics,
the interpretation of an observed signature in terms of even geometric defects
cannot be a simple matter of matching with a predicted model. Load variations,

dynamic instabilities, and lubricant-degradation phenomena add further complica-
tions. The development of the Acoustic Signature Analysis process, therefore, has
depended heavily on experience, and a continuing correlation of empirical data
with the mechanisms of signature generation and propagation as revealed by the
math modeling work. A set of guidelines that have been translated into usable
test criteria have emerged, however, and have been successfully applied to screen
gyros for flight worthiness.

A Discussion of Some Specific Applications - Narrow-band Acoustic Signature
Analysis has been applied successfully to small, high-speed gyros, in two separate
programs. In both cases the data were taken in the gyro vendor's plant and re-
turned to GE for analysis. Each gyro was analyzed at the wheel level. Although
several vendors are involved, all gyro wheels are mounted on R-2 size ABEC-7-q
angular contact ball bearings. In one study, involving 9 gyros, the ASA perform-
ance definition was correlated with the results of an exhaustive tear-dcwn analy-
sis. Table 1 summarizes the results of the correlation. In general, 80% correla-
tion was obtained. ASA was successtul in identifying 100% of the good units.
Note, in particular, that ASA shows good fidelity in identifying race and ball
damage, both defect categories that can be environmental in origin and can be in-
troduced by mishandling at any point up to launch.

A second study, involving 32 units, was not subject to such thorough tear-down.
This study is significant in that the units were rated for flight-worthiness
based upon defect severity distributions. These distributions were generatr.d
from ASA data for the following important defect categories: preload/wear, race
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distribution consiscs of the sum -Af defect severity indice3 calculated from the
ratios between relative levels of groups of peaks for a given signature com-
ponent. More than ona severity index is calculated for each defect category.
For example, race dam.ge can give rise tc several different spectral anomalies.
An index is computed for each. The defect severity distribution is the average
of these indices. The individual distributions are then combined to obtain the
flight worthiness distribution shown ip Figure 2. Note how the distribution isI• skewed toward the better units. Present success could be based upon this distri-
bution - future succes in long mission could require the judicious selection of
the 90th percentile units and the continuous monitoring of environmentally-
induced defects right up to the pad.

Research and development in ASA is in progress in two major areas: real "ime
analysis of transients, and ASA of bearings as components.

Real-time analysis, using a spectrum analyzer, has been applied to the acoustic
analysis of the effects of slewing on a large contr i moment gyro. This approach
has been promising, with preliminary data indicating Lhat the spin axis is cock-
ing or that the bearings are being forced out-of-round by the dynamic loads. An
important conclusion from this work is, that while real-time broad-band analysis
is an extremely useful tool for the analysis of transients, narrow-band analysis
with careful mathematical modeling of steady-state spectra is required for proper
interpretation of the transient spectra.

Component-level tests have been carried out on R4 bearings from two different
vendors, built for two completely different applications. The bearings were
dead-weight thrust loaded in an "ideal" installation. The acoustic spectra
were:, i' general, very uniform with remarkable similarity. Differences were
revealed only by subtle indications not evident in the general appearance of the
frequency-amplitude plots. This was surprising in view of the high variability
in condition of bearings installed in such diverse devices as gyros, momentum
wheels, tape recorders and horizon scanners. Two conclusions are possible:
tmathematical modeling and narrow-band ASA are essential to the acoustic scree,.-
ing of precision bearings as components and installation and handling appear to
be responsible for a great deal of bearing degradation.

DISCUSSION - The General Radio frequency spectrum analyzer was reported to be
used. The mathematical model used for calculating a reference signature pro-
vides relative amplitude versus frequency spectrum for each defect category.
Miller questioned whether any useful information (regarding mechanical condi-
tion) had been found in very high freqnency rangp such ns those reprecenting
ball resonance. Although Snediker reported no practical inte-est in that range,
it was noted from the audience that Boeing is getting useful information in the
megaherz range. The very high frequency signals attenuate rapidly, so that it
is difficult to transmit them out of a mechanism through an oil film. Schlereth
suggested that this fact might be used as a simple check on the effectiveness of
lubrication; if the very high frequency signals from internal elements were
transmitted out, it would suggest rupture of the oil film. Schlereth also re-
ported having listened to gear tooth vibration in the 100 kilocycle range.
M.T.I. is looking for an air path to transmit such signals, perhaps via a
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sealing shipboard mechanisms which suffered bearing damage at the haid-: of the

maintenance people. To Stern's question of the change in signature It.Lween a

class 5 and class 7 bearing, the author indicated that he had never lo0ked at the

acoustic signature of a ball bearing worse than class 7.

i1A. The meeting recessed for the day at 5:30 p.m. It reconvened al 9 a.m. on
April 27 for the fourth technical session with Dr. F.F. Ling, DirecLor, Institute
for Wear Control Research, Rensselaer Polytechnic Institute as Chairi,':il-

12. "INSTRUMENTATION TO DETECT FOREIGN OBJECT DAMAGE IN JET ENGINES,# by
H.R. Hegner and H.G. Tobin, I.I.T. Research Institute, 10 West 35th st reet,
Chicago, Illinois 60616.

Foreign Object Damage (FOD) in jet engines is a major flight safety -itd mainten-
ance problem to the military. Few objects which damage the engines are identi-
fied, but typical damage is caused by runway surface debris or by obj,-cts left

or failed within the air inlets. The inspection and checkout of compressor rotor

blades on an engine installled in the aircraft is generally a difficil- and time-

consuming problem at best. Normally, FOD is not found until, it sevcr,'lY affects

engine performar-e in flight. Hence, therp in n need to detect FO i,#fore its
results cause a major engine failure, especially in flight or on the Ilight line,
without the need for disassembly. The objective of the activity described was to

determine the feasibility of doing this.

Since most of the blade damage appears on the leading edge, this FOD cotild be
detected by noting leading-edge defects. Damage near the root of the" Ilade fre-
quently results in crack development and ultimate failure. A precur!;r) of this
failure can be detected by noting abnormal twisting or bending of tht Ilade.
Another similar type of blade failure is frequently initiated by loca I ved areas
of corrosion. These can cause crack development in highly stressed p,,r-ions of

Sz.he blade and can also be detected in advance of failure by noting a3nl,,,rmal blade
bending, especially under full aerodynamic loading.

The aforementioned approaches were developed as a part of a broadly-b.,Cd feasi-
bility program. The ideas and services of a wide number of engineerf: ;,id scien-
tists with various backgrounds and training were drawn upon early in lise program.
The program was initiated with an examination of over forth oossible -,hysiCal
effects or phenomena. Then seven techniques were selected for analy:;I:i. as given
in Table 1. The more promising techniques were then experimentally e.v:niuated on
a simple simulated compressor section whicii resembled a table-top fan. After
these initial laboratory breadboard tests, only two techniques - the ,,i ilimeter-
wave interferometer and eddy-current detector - appeared worthwhile I;r additional
consideration as leading-edge-defect detectors.

These two techniques were then evaluated on a laboratory-mounted J-47 , ompressor
section. Another technique was developed during tests on the comprc::'.,," section.

It was discovered that the blades were magnetic and that if any one o! tihese blades

were struck by an object to cause a defect, it c:ould be pernianently (h.,,-,agnetized.
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An analysis of the specified tolerances, relative to blade positioning and rework.
indicated chat zthe smaiiest variations occurred at the blade tips. Tests and
analyses also demonstrated that significant damage or crack development resulted
in one or more of the tip parameters exceeding the specified tolerance limits by
a large value. By suitable tip-parameter sensor design, important evidence of
FOD or crack development can be monitored. To demonstrate this, an eddy-current
sensor was placed in a small hole ir the shroud above the row of rotor blades to
be monitored. This sensor system wa.- designed to detect overall twisting or
bending at the blade tip. While subjected to a number of qualifications, bread-
board tests cn the J-47 compressor indicated that damage was easily detectable,

The program demonstrated the potential of three techniques to detect FOD, as
summarized in Table 1, and no major problem areas of critical experiments were
identified. Thus, all aspects appropriate to a feasibility investigation were
found favorable for these three systems. Therefore, it was recommended that an
exploratory model of a tip-parameter sensor be developed. Further development
of the millimeter-wave interferometer system, as shown in Figure 1, was consid-
ered as a flight-line test technique to determine the extent of FOD by locating
the position and size of the defect.

The exploratory model system, in Figure 2, has shown the capability for detecting
tip curl, blade-tip twist, and blade-tip-to-blade-tip spacing which exceeds the

normal engine tolerances ,f these quantities on the J-47 compressor at monitoring
speeds and on the J-57 engine from idle to 90 percent power, with the detector
configuration shown in Figure 3. While this type of FOD blade deformation is only
a percentage of total FOD found on blades, it is believed that a strong correla-
tion between this detectable damage and the total extent of FOD does exist. The
extent that this is true for all engines, however, must be established before this
system can serve as a reliable indicator of total compressor FOD. A survey of
U.S. Air Force jet engines indicated the detectors can function in the J-57Y
J-75, TF-33, J-79, and J-85 engines, although structural analysis of the sensor
modification requirements is necessary.

At this point in the development of an FOD detection system, an exploratory model
in-flight and flight-line system has been demonstrated as capable of detecting
the class of FOD resulting in distortion of the blade-tip geometry. Prior to any
engineering applications to specific engines, the logical continuation of this
effort would include a more comprehensive FOD analysis program.

The continued development of the FOD detector is important because the system
offers a valuable tool in the determination of engine status. It is believed
that the continued FOD development will provide an FOD diagnostic system to posi-
tively identify FOD difficulties which ti!!n in -n ad to considerable savus -I

in both time and money at overhaul and maintenance facilities. Furthermore. the
FOD detection instrument is believed to be a key element in the system for com-
plete in-flight assessment of engine performance.

.DISCUSSION - The capabilities and limitations of the prototype detector were
brought cut. Successful operation at full power has been obtained in the J-57.
No effort has been made to detect blade resonance (when it occurs) or rotating
compressor stall, but both should be possible. Sensor-to-tip separation is about
60 mils. Although test installations were made in the first few rows, service

-70-



A Q

installations would probably cover the last stage or two, where damage anywhere
in rhe compressor should show up. Temperature capability was indicated to be
that normally encountered in compressors. Gardner suggested basic similarities
in the IITRI and Bendix programs; they are both based upon logic circuits to
indicate when a flaw is detected, but are separately supported for differently-
oriented users. Reason for rejection of the eddy current principle was its
sensitivity to normal axial position variations of the rotor.

13. "MECHANISMS CONCERNED WITH THE - "'T OF ENVIRONMENT ON STRESS CORROSION
CRACKING," by Jerome Kruger, Institute for Materials Research, National Bureau
of Standards, Washington, D.C. 20234

The failure by fracture of stressed metals in corrosive environments [Stress
Corrosion Cracking (SCC)] is one of the major factors limiting the use of metals
in a desired medium. SCC is a highly interdisciplinary phenomenon, involving a
critical mix of metallurgical, mechanical, and chemical (electrochemical) factors
in order to take place. The last factor, which includes environmental composi-
tion., effect of surface films, and electrochemical potential, determines the role
that environment plays.

*11is talk focuses its attention on the role environment plays in determining the
susceptibility of a stressed metal to cracking and therefore assumes that the
mechanical and metallurgical conditions for cracking are met when the effects of
en-r narc .. minand. It explores mechanisms which attempt to explain how an

environment affects SCC in order to be able to predict susceptibility to failure
in an environment where SCC behavior is unknown, assuming that the development of
a useful mechanism guides one in producing diagnostic tools which allow one to
assess the prognosis for failure.

Mechanisms - The mechanisms most frequently proposed for SCC are the following:
1) film rup~ure mechanism; 2) mechano-chemical mechanism; 3) stress-sorption
mechanism; 4) brittle film mechanism; and 5) hydrogen embrittlement mechanism
..his talk describes the role that environment plays in each of these mechanisms
and discusses the major problems inherent in each of them.

Film Runture Mechanism - This mechanism, suggested by Logan (1) and Champion (2),
proposes that the protective film present on a metal surface (if it were not
there the metal would fail by corrosion alone) is ruptured by continued plastic
deformation at a crack tip where the exposed bare metal becomes an anode and
metal dissolution takes place. The rest of the metal surface, especially the
walls of the crack- acts as a cathndp. R,.apnt-ibility depends Cn the rate at
which the metal exposed by film rupture is repassivated vis a vis the rate of
metal dissolution. Environment has an effect on the rate of repassivation be-
cause it affects the composition of the film formed and because it affects the
electrochemical potential of formation. Environment also affects the mechanical
properties of the film (its ability to fracture). A major problem with this
mechanism is that cracking has been observed in systems where films are thought
not to be present. Recent experiments (3) indicate that films can exist in
systems where they would not be expected from a thermodynamic basis. Another
problem is that cracks have been obser'!ed propagating from a surface which is
dissolving at a high rate.
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Mechano-chemical Dissolution Mechanism - This mechanism proposed by Hoar and
Uii,= (4) but=a~b buiti buiuilaiLiet LO Lhe one just discussed in that the crack

tip becomes an anode where dissolution takes place, But the difference in po-
tential between the crack tin and the crack walls (cathode) is not due to the
presence of a film. Instead, the crack tip is anodic because the deformed metal
there has a greater tendency to dissolve than the less deformed metal elsewhere.

(-AG) (ZF) where
The rate of dissolution is i An exp exp --- environment

affects AG, the free energy of activation for dissolution and q1, the overpo-
tential for dissolution. "A!' is a constant; "r'1, the density of dissolving sites
of the surface (affected by stress); a is the fraction of I that assists the
dissolving ions over the energy barrier; Z is the number of charges; and F is
FaraCly's constant. The main problems with this mechanism are that it is diffi-
cult to rule out the existence of films in most cases and the effect of environ-
ment on AG and I is much less than the effect of strain on n. Therefore, speci-
ficity of environment is more difficult to explain using this mechanism.

Stress-sorption Mechanism - This mechanism, most actively advocated by Uhlig (5),
proposes that a specific species adsorbs and interacts with strained bonds at the
crack tip causing a reduction in bond strength or, thermodynamically stated, a
reduction in the surface energy, leading to a lowering in the stress required to
produce brittle fracture. Uhlig has proposed that the effect of potential on SCC
susceptibility arises because adsorption is potential deprndent. Environment
plays a role in this mechanism because of the specificity of adsorption of a given
specien on a given surface and because environ=mn fixos the potential at a Value
where adsorption can or cannot take place. One problem with this model is that
for most alloys their ductility is sufficient to produce extensive plastic deforma-
tion at a crack tip. The blunting that this produces eliminates the infinite
sharpness required for this mechanism to work. Another problem is that the large
avount of metal dissolution observed in many experiments makes this model seem
unlikely - the metal dissolves out from under the adsorbed film.

Brittle Film Mechanisw - This mechcnism., first developed by Forty (6), suggests
that SCC occurs bccau.se the environment produces an embrittled surface layer which
undergoes brittle fracture when tensile stress is applied. The crack produced
enters the ductile metal below this layer and a new film is formed on the bare
metal so produced. The process continues by a repetition of the film fracture -
reformation cycle. Environment affects this model via its influence on the film
formation kinetics and its influence on the mechanical properties of the surface
layer. For some systems the evidence speaks strongly for the model, e.g., the
finding of striated fracture surfaces indicating a cyclic process. For other
systems where the crack rate is low. where striations are not observed, and where
extensive metal dissolution is known to occur during cracking, the model does not-
appear to be applicable.

Hydrogen Embrittlement Mechanism - This is considered by some to be a different
phenomenon than SCC, but since cathodic reactions (which produce hydrogen under
the proper conditions) are as much a part of corrosion as anodic ones (producing

* films and/or metal dissolution), it is difficult to exclude it in a general trEat-
ment of the role of environment on SCC. This mechanism operates by the production
of a brittle region at the crack tip by means of the introduction of hydrogen into
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Fig. I TRIBO-ELLIPSOMETRIC APPARATUS. THE POLISHING WHEEL REMOVES
EXISTING FILMS ON A METAL SURFACE AND THE RATE OF REPASSI-
VATION IS MEASURED BY HIGH SPEED ELLIPSOMETRIC TECHNIQUES.
SIMULTANEOUSLY THE CURRENTS INVOLVED IN REPASSIVATION AND
METAL DISSOLUTION ARE MEASURED USING THE COUNTER ELECTRODE.
THE REFERENCE ELECTRODE AND A POTENTiOSTAT (FROM 11).
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_ IFig. 2 COMPARISON OF THE CHARGE TO THICKNESS RATIO FOR REPASSI-
VATION OF MILD STEEL IN SODIUM NITRITE AND SODIUM NITRITE
SOLUTIONS AS PLOTTED AGAINST TIME AT 850C. THE STEEL IS
SUSCEPTIBLE IN THE NITRITE AND NOT SUSCEPTIBLE IN NITRITE.
(FROM 11).
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the process by influencing the rate of proton production and by enhancing or
inhibiting the entry of H2 into the metal through the interposition of adsorbed
layers or reaction layer films. The main problem preventing this mechanism from
being a universal one for SCC is that a number of experiments have shown that,
under conditions where hydrogen has been known to enter the metal, no SCC occurs,
while under other conditions for the same system where H2 does not enter, SCC
occurs readily.

Experimental Approaches to Predictability - In order to determine which mechanism
is operative for a given SCC system and predict susceptibility for a given
system, a number-of new experimental approaches have been or are being developed.
These include occluded cell chemistry (7), electro-chemistry of straining elec-
trodes (8,9), and scraped electrodes (10) and tribo-ellipsometry (11). These
experimental tools designed using the above mechanisms as a guide promise to
throw light on the phenomenon of SCC and to provide tools for predicting the
probability of failure in a given environment. Tribo-ellipsometry apparatus
and the sort of results it produces are shown in Figs.l and 2.
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DISCUSSION - None ensued at this time.

14. "STRESS CORROSION CRACKING OF STEAM TURBINE MATERIALS." by S. Yukawa,
Consulting Engineer, General Electric Company, 1 River Road. Schenectady, N.Y.
12345 (Secretary's Summary).

When some muetals are subjected to tensile stresses in certain chemical solutions
of the proper concentrations, cracking can occur with no visible plastic strain
at a fraction of the normal tensile strength. The tensile stresses may be imposed
by external loads or by internal residual stresses created by heat treatment,
welding or cold work. -The cracking may be intergranular or transgranular, de-
pending on the material and the temperature, the stress level, and the medium
involved.

As a result of sporadic instances of stress corrosion cracking in a number of
large steam turbines during the past decade, the author's company initiated a

program several years ago to determine the relative susceptibilities to these
phenomena of a number of metallic materials in common use in turbine construction.
The program was also directed toward determining the order of magnitude of the
stress levels that must not be exceeded to avoid cracking in the corrosive media
that have been encountered in some steam turbines.

Service Experience - The general design features, materials and steam conditions
-in th turbic -hich sufr- strs -roin '- rcking are tabulated in Table 1.
There have been additional cases of stress corrosion cracking in expansion bellows ii
made of austenitic stainless steel, in low-alloy bolts, and in martensitic stain-
less steel bucket covers and tie wires. Although these instances have been rare -

and apparently associated with unusual combinations of feedwater treatments,
carry-over problems, material conditions, and design - they indicated a need for
more quantitative information concerning the behavior of turbine materials in
corrosive environments to provide turbine designs as resistant as possible to
stress corrosion cracking, and also to provide turbine owners with better evidence
of the need for avoiding the introduction of harmful contaminants. We believe
that the service experience with the sodium sulfite feedwater ,.-atment and the

cracking which had been demonstrated in samples subjected to sulfite-treated steam
at only moderately high stress levels amply demonstrated that this practice should
be avoided in boilers operating over 900 psi. Apparently, hydrazine has been
demonstrated to be as satisfactory an oxygen scavenger as sodium sulfite, with I
no deleterious effects. The case for caustic is not as clear-cut because many
turbines have operated satisfactorily in spite o# caustic deposits. There appa- j
rently is not- a suitable feedwater treatment available which will give positive

assurance against the introduction of caustic, especially when there are con-
denser leaks introducing large quantities of contaminants that cannot be handled
satisfactorily with the zero solids treatment.

Accordingly, an extensive laboratory program was initiated to study the behavior
of a wide range of turbine materials in caustic. It was decided to conduct the
tests at the temperature and caustic concentration representative of that occur-
ring near the dew point in a modern reheat turbine. The condition frequently}
occurs at the next-to-last stage in the low-pressure section at about 150°F and
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TABLE I

"GENERAL DESIGN FEATURES, MATERIALS AND STEAM CONDITIONS IN
TURBINES WITH STRESS CORROSION CRACKING

Source ol Steam Conditions at
Corroding Location of Crack Lucation

Medium Turbine Type Cracks Material Temper:. are Pressure

"Dilute" 1800-rpm. single- Shrunk on lCr-1/2Mo 752F/440F 185/28.7
caustic shaft, condensing wheels steel psia
wash

Caustic 3600-rpm. 3-shaft, L-1 wheel 1Cr-lMo- 140F 2 psia
steam triple-exhaust, fillet 1/4V solid
treat- single- reheat rotor
ment

3600-rpm, single- Dovetail 2-1/2Ni-lCr 300F/220F 150/14
shaft condensing hooks -1/2Mo- psia
boiler feedpump 1/10V

Hydrogen 3600-rpm, 2-shaft, Rubbed 2-1/2Ni- 148F 2.2 psia
sulfide double-exhaust, area be- 1/2Mo..
from single- reheat tween L 1/10V
sodium- and L-1 solid low-
sulfite wheels pressure
feedwater rotor
treatment

3600-rpm, 2-shaft, Dovetail lCr-lMo- 243F/227F 2.3/18
double-exhaust, hooks L and 1/4V solid psia
condensing L-1 wheels HP rotor

on HP tur-
_ _ _bine rotor

TABLE II

MATERIAL CHEMICAL COMPOSITION

Alloy I
Io•t..ification C Mn P S Si Ni Cr Mo V Other

1 0.23 0.29 0.010 0.013 0.03 3.48 1.75 10.39 0.11

2 0.24 0.38 0.010 0.011 0.24 3.15 0.14 10.34 0.09

3 0.31 0.71 0.007 0.007 0.27 0.23 1.24 1.20 0.24

4 0.28 0.67 0.010 0.013 0.18 3.85 1.27 0.54 0.09

5 0.28 0.34 0.011 0.010 0.22 3.38 1.67 0.57 0.10

6 0.44 0.57 0.014 0.011 0.29 - 0.95 0.52 0.31

7 0.13 0.40 0.017 0.028 0.21 0.35 11.86 0.18 -

8 0.24 0.65 0.009 0.003 0.08 0.91 10.73 0.63 0.15 0.85W

9 10.038 0.47 0.012 0.011 0.4910.30 13.98 - - 0.15A1
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2.0 psi. Since the equilibrium concentration vi caustic under these steam condi-
tions is 28 percenL, the tests were conducted with this concentration at 15OPF.
The pressure was atmospheric, but this higher pressure is not believed to have
significantly affected the corrosion results.

Test Procedure - Altliugh it is common to use bend type tests in stress corro-
sion cracking investigations, the determination of the stress distribution in
such samples is not precise. Since one of the major .nuposes of this study was
to determine the relationship between time-to-"racking and stress level, the

A bolt type test specimen shown in Figures 1 ;:d 2 was developed. A calibration
of elongation versus st:ess was obtained for each ttaterial, using strain gauges
attached to the specimens. The test stress applied to each specimen was deter-
mined by tightening the nuts and measuring the over-all bolt length. The speci-
men length was again measured after test to ensure that the bolts had not re-
1 led. It is estimated that the stresses imposed in this manner were with
+ 5 percent of the calculated value.

The specimen and the fixture were of similar material to avoid thermal expansion

stress and galvanic effects. Before assembly the test specimens were washed with
acetone and deionized water. The carbon steel vessels in which the tests were
conducted were also washed by deionized water flxing at a low rate for 24 hours
before the tpst. The caustic solutions were prepared from reagent grades of
sodium hydroxide and demineralized water (resistivity 10 megohm-cm or higher at
room temperature). The chloride content of the test solutions after test was
always less than 3 ppm. The specimens were examined metallographically for
cracks in the as-polished and etched conditions.
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Fig.l SKETCH SHCV111": DIMENSICAS OF THE SMOOTH-BAR
AND NOTCHED-BAR STRESS CORROSION SPECIMZNS.
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Fig. 2 PHOTOGRAPH OF UNMOUNTED AND MOUNTED STRESS

CORROSION SPECIMENS. I

Table II lists the chemistries of the materials tested and Table III lists the

mechanical properties. Alloys 1, 2, 4 and 5 ha',e been commuonly used for low-
prt-ssirp rntnr- ard h:." s , whooels; al!j.y 3 iQ re--n'-

used high-pressure, high-.0, aperaturc rotor material which in older designs car-

ried some stage:; operating in the wet regions of the turbine. Alloy 6 is similar
to ASTM A193 Grade B16 used in bolting applications. Alloy 7 is Type 403 turbine

quality 12 percent Cr steel used for turbine buckets and bucket covers.
Alloy 8 is similar to ASTM A437 Grade B4B used for high-temperature turbine
bolting and alloy 9 1s essentially AISI Type 405 used in some instances for

diaphragm partitions. The test results are presented in Table IV.

Dise'kqsion of Laboratory Tests - A comparison of Tables III and W shows that

all oi the materials tested cracked in the 28 percent caustic solution within
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24,000 hours at stresses a fraction of their 0.02 percent yield strength.
Airhough no ::tnresnold.; stress below which cracking will occur has been estab-
lished by these tests, even the most optimistic extrapolation would indicate
that the "safe" level of stress in these materials in caustic solutions is ex-
tremely low - certaii.ly below the values necessary for the reasonable design of
modern large steam turbines. Additional tests are necessary to provide a deter-
mination of the threshold stress levels of the various materials and to explore
the effects of temperature and concentration on time-to-crack.

It may be argued that the results of the laboratory tests a.e not consistent
- with general service experience, since many units observed to have caustic de-

posit' have not experienced cracking. Possibly the actual concentration of
caustic in the early moisture region is somewhat less than the 28 percent solu-
tion used in these tests, or it may be that other contaminants in the steam tend
to inhibit the corrosion compared to the pure chemicals used in these experiments.
it may also be the case that in the units having caustic deposits that have not

cracked, the service times have not been sufficiently long for cracking to occur
in the particular materials and at the stress levels imposed.

TABLU III

MATERIAL PHYSICAL PROPERTIES - ROOM TEMfPERATURE
(0.505 DIA&TER TEST SPECIMENS)

Alloy Tensile 0.02o YIELD Percent

Identification Str. - KPSI Str. - KPSI Elongation %Red. Area

1 1!6 94.5 22 69

2 101 79 21.5 56.2

3 108.5 87.3 20.5 57.1

4 116 97 24 66

5 147 120 19 59

6 127 123 23 65

7 I 108 78 22 65

8 147 115 16 44

9 L... ~31.2 32 66.2
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TABLE IV

SUMMARY OF RSULTS. 28% CAUSTIC AT 1500F

Alloy J ress Time Cracks
Identification PSI Hours Detn'cted

1 14,000 1.400 Yes
If 0, 'T 1,500 Yes

1 3.600 Yes
47, .. 24. 000 Yes

2 79.000 1,400 No
"38, 000 24. 000 Yes

3 87,000 1.400 No
37, 000 4. 000 No
25. 000 24. 000 Yes

4 97,000 1.400 No
57,000 3,60G Yes
38,000 24. 000 Yes

5 120, 0OJ 1.400 Yes
78,000 3.600 No
52. 000 24.000 Yes

6 123,000 1.500 Yes
67,500 4.000 Yes
45, 000 24,000 Yes

7 85.000 2.100 Yes
78,000 1.400 No
33,000 24,000 Yes

8 120,000 2,100 Yes
"76, 500 4, 000 Yes
51,000 24,000 Yes

9 40,000 1,500 Yes
31. 00 1.400 No
30. 000 4, 000 No
20,000 24. 000 Yes

Therefore, in spite of the successful operation of some units with caustic, it
would seem prudent to make every effort to keep caustic out of turbines and to
frequently inspect those units where caustic carry-over has been shoi.,n to be a
problem.

Conclusions - The results of service experiences and laboratory tests reported

herein indicate that:

1. Caustic washing of turbines even with dilute solutions should be avoided
because, when evaporation occurs as the turbine heats up, the caustic solutions
produced can be suffi-iL0ztly concentrated to cause stress cce:osion cracking.
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it can produce hydrogen sulfide in the steam which can cause stress corrosion
cracking.

3. Care should be taken to avoid caustic contamination of the turbine because
the materials whose characteristics are suitable for turbine construction are
subject to stress corrosion cracking at moderate stress levels.

4. Those units which are known to have a caustic carry-over problem should be
subjected to frequent inspection, particularly in the vicinity of the early-

* moisture region of the turbine.

DISCUSSION - Yukawa reported that attempts had been made to identify contami-
nants on the intergranulkr fracture surfaces by direct microscopic analysis.
Difficulty arises in th. the caustic may turn to sodium carbonate when it is
exposed to air, with its CO2 content. The cracks which occurred where packing
rings contacted the rotor were reported to have originated in the heat-affected
zone but spread through the virgin rotor material. The seal material itself
was non-ferrous. Hamberg questioned whether the laboratory test findings had
led to a change in turbine materials; Yukawa replied that few significant
changes had been made since there were strong constraints at work. For example,
the high pressure rotors are of chrome-moly-vanadium steel, formulated for
essential high temperature creep strength; the very large forgings used dictate
low-alloy steels.

15. "ENVIRONMENTAL EFFECTS ON MECHANICAL FAILURE INVOLVING PARTICULARLY
MULTIPHASE FLOWS," by F.G. Hammitt, Professor of Mechanical Engineering,
University of Michigan, Ann Arbor, Michigan 48104.

Introduction - The subject of this presentation concerns mechanical failure
involving particularly multiphase flows. This concerns in most general terms
two major types of phenomena, i.e., those involving: a) primarily liquid
flows; and b) primarily gaseous or vaporous flows. In each such category there
are several technologically important damaging situations which are listed
below.

1. Liquid Flows
a) Liquid flow with entrained vapor bubbles (usually also with some gas

content), i.e., cavitation.
N b) Liquid flow with entrained solid particles leading to ordinary erosion.

c) Liquid material combinations where chemical reactions contribute sub-
stantially to material damage.

2. Gaseous and/or Vaporous Flaws
a) Primarily gaseous or vaporous high-velocity flows with entrained liquid

droplets.
b) Primarily gaseous or vaporous high-velocity flows with entrained solid

particles.
c) Gaseous or vaporous flows where chemical reactions with adjacent material

surfaces are substantial.
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Environmental Effects - Environmental effects upon material damage and failure
are important in various ways in the situations outlined in the preceding para-
graph. In more general terms these may be characterized as below, hopefully
in probable order of importance:

1. Increased temperature of fluid and/or structure.
a) Fluid-dynamic effects, particularly in the case of cavitation. The

sensitivity of cavitation damage to temperature is primarily the result
of rapidly increasing vapor pressure and density which lead to increased
heat transfer restraints on bubble collapse (called "thermodynamic
effects" in cavitation literature), as well as reduced collapsing pres-
sure differential if system pressure is considered fixed.

b) Reduced mechanical properties of materials at increased temperature.
c) Increased chemical reaction rates leading to corrosive effects.
d) Changes in other fluid properties with temperature such as primarily

viscosity and surface tension.

2. Increased fluid velocity.
a) Increased energy intensities, particularly in impact phenomena and

cavitation.

3. Increased fluid pressure.
a) The effect of increased fluid pressure is particularly important in

cavitating liquid flows, where it is really a question of the difference
between liquid pressure and vapor pressure, i.e., the suppression

- pre~sire. An inrrens0 in suppression pressire results in two conflict-
ing trends, i.e., a dimunition in number of cavitation bubbles, but an
increase in violence of collapse. Figure 1 shows the effect for cavi-
tation damage for a vibratory damage test facility where the second
effect strongly outweighs the first, so that there is a strong increase
in damage with suppression pressure in this particular case.

4. Scale Effects.
a) Scale effects such as droplet size in aircraft rain erosion or cavita-

tion bubble or "cavity" size. Some cavitating flows in fact involve
macro-instabilities capable of creating gross structural damage to com-
ponents such as propellar blades, hydraulic turbine blades, etc. (1).

Specific Examples of Environmental Effects - More specific examples of environ-
mental effects upon material damage in multiphase flows were discussed. They
are briefly summarized as follows:

1. Temoerature and Pressure Effects - These are considered together because
in those cases involving liquids they are essentially inseparable because of
the importance of vapor pressure in the cavitation process and its direct de-
pendence upon liquiP temperature. Since the effects upon the fluid-dynamics
of bubble collapse are probably of greatest importance they will be considered
first. The experimental data (2,3,4) for a variety of fluids including high-
temperature liquid metals from tests in vibratory damage facilities (the only
systematic data presently available) were discussed, and application to flowing
systems considered. Figures I and 2 summarize this data to some extent.
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(such as high-speed surface ships operating in sea water) as they depend on
environmental factors was discussed.

2. Velocity Effects - The effects of velocity include the increased energy
intensities in impact due to higher velocities, and also the rather special
effects in cavitation, where the effect of flow velocity depends essentially
upon its effect upon pressure. Figure 3 summarizes velocity effects in a
"rotating disc" cavitation damage test device (5). Increased velocity of

o course L. o affects chemical corrosion rates which may be of pArticular im-
portance where strong corrosive effects axe present as in applications with
sea water.

3. Size Scale Effects - The effects of size are important both in regard to
impact phenomena where damage rates are extremely sensitive to the size of
droplet or solid particle, and also in regard to cavity (or bubble) size in
cavitating flows. These aspects were discussed in some detail.

4. Similarities Between Basic Phenomena Involved - Some mention was made of
the basic similarities between impact damage and cavitation damage, and some
relevant slides from the work of our own laboratory in this regard were shown.
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Fig. 3 CAVITATION DAMAGE VELOCITY EXPONENT
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DISCUSSION - Sytko asked whether work had been done on the effect of gases
dissolved in the liquids upon cavitation. Hammitt indicated that precautions
were taken to limit the amount of dissolved gas, although there must always
be some, and the content was measured. In general, presence of a lot of gas
accentuates cavitation damage; a very small quantity retards cavitation through
lack of nuclei; while in the intermediate range, effects are not significant.
It was noted that no thorough study of the problem had been made.

16. CLOSURE - Mr. Doroff expressed the thanks of all conference attendees to
the NBS Boulder Laboratories for its fine hospitality and to the NBS Wiashington
staff for its efforts with arrangements. On behalf of the Office of Naval
Research. he thanked all participants for their interest and contributions
from the floor; and the authors and session chairmen for their respective
contributions. He announced that the next meeting, to be announced by NBS,
would probably be held in Washington in about six months and would feature a
technical program arranged by the DDP Committee. A major meeting about a year
from now would attempt a broad overview of the entire mechanical failure
problem area, leading perhaps to a "white paper" on the subject. With these
announcements, he adjourned the formal meeting at 12:35 p.m., with a tour of
laboratory facilities to follow at 1:30 p.m.
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