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ABSTRACT

The corrosion resistance of the U-3/4 Ti alloy selected as the
ammunition 'kinetic energy penetrators'' to be used in the U.S. Air Force
rapid-fire gun (GAU-8/A) has been studied. Corrosion testing showed
that neither the chemistry nor the metal processing variables examined
caused a change of practical significance in the material's corrosion
response in either salt fog or moist nitrogen. Based upon the data ob-
tained, a coating system to protect the penetrators during long-term

storage is not necessary.

*Funding for this program was provided by the U,S. Air Force under
Project Order No, FYXPOO-76P-1113.

3/4



TABLE OF CONTENTS

Introduction
General Electric Mantech GAU 8/A Penetrator Program
Goals of Program
Uranium Alloy Corrosion
Metallic Coatings on Uranium Alloys
Material Specification
Chemistry
Metal Processing
Solution Treatment
Aging
Encapsulation
Corrosion Tests
Salt Fog Testing
Hot Moist Nitrogen Testing
Test Series I
Test Series II
Costed Penetrators
Rod Samples
Cold Straightened Penetrators
Encapsulated, Corrosion Teéted, and Fire Tested
Summary
Conclusions
Appendix

References



10.

11.

12,

13.

14,

ILLUSTRATIONS

Weight Loss Versus Time for AFML and Lot 1A
Penetrators in Salt Fog.

Compilation of Weight Loss Data for Penetrators in
Test Series I

Weight Loss Versus Time for AFML and Lot 1A
Penetrators in Moist Nitrogen

Weight Loss Versus Time for Lots 6, 16, 19, and
21 in Moist Nitrogen

Weight Loss Versus Time for Lots 2 and 14 in
Moist Nitrogen

Weight Loss Versus Time for Lots 3A and 3B in
Moist Nitrogen

Weight Loss Versus Time for AFML and Lot 11
Penetrators in Salt Fog

Weight Loss Versus Time for AFML and Lot 6A
Penetrators in Salt Fog

Weight Loss Versus Time for AFML and Lots 2
and 10C Penetrators in Salt Fog

Compilation of Weight Loss Data for Penetrators
in Test Series II

Weight Loss Versus Time for Lot 5, Test Series II,
in Moist Nitrogen

Weight Loss Versus Time for Lot 6A, Test Series II,

in Moist Nitrogen

Compilation of Weight L.oss Data for Rod Samples
in Salt Fog

Response to Salt Fog of Cold Straightened Penetrators

25

27

28

29

32

33

34

35

36

39

43

45

7/8



Table

II,

IIL

Iv.

VI
VIIL,
VIII.

TABLES

Process Data for Forged DU Penetrators

Test Series I--Salt Fog Results (Solution Treatment -
1500°F, 180 Minutes, Salt)

Test Series I--Salt Fog Results (Solution Treatment -
1500°F, 30 Minutes, Pb)

Test Series I--Salt Fog Results (Solution Treatment -
None)

Production Plan: Test Series II"

Test Series II Penetrators - Moist .Nitrogen Results
Rod Samples - Salt Fog Test

Rod Samples - Moist Nitrogen Test

Page
18
21

22
23

31
38
41
42

9/10



CORROSION TESTING OF THE GENERAL ELECTRIC
MANTECH GAU 8/A PENETRATOR

Introduction

General Electric Mantech GAU 8/A Penetrator Program

General Electric, Armament Systems Department, Aircraft Equip-
ment Division, Burlington, Vermont, is the prime contractor for the U, S.
Air Force rapid-fire gun (GAU-8/A) for the A-10 ground support aircraft.
The ammunition for this gun is a new type called "kinetic energy pene-
trators. " The material selected for the 30-mm round for the GAU-8/A
is a uranium-0. 75 weight percent titanium (U-3/4 Ti) alloy. General
Electric's responsibility in terms of the ammunition was to demonstrate
the technical and economic feasibility of manufacturing uranium alloy
penetrators using full-scale production techniques.

The main criterion used to evaluate the adequacy of the material
produced was ballistic performance. However, because U-3/4 Ti is a
lean uranium alloy, the corrosion resistance of the uncoated alloy was also
a major concern. Sandia Laboratories, Livermore (SLL) was requested
by the Air Force to assist GE in examining the material produced by a
number of suppliers using numerous production routes and to make a final
recommendation on the necessity of protectively coating the alloy.

Goals of Program

The major goal of this study was to establish relationships between
certain material chemistry or metal processing variables and the general
corrosion resistance of the uranium alloy or its stress corrosion cracking
(8CC) susceptibility, This corrosion testing program was a screening
study rather than the development of a test procedure, costing system, or
theoretical mechanism for uranium alloy corrosion. The primary chemistry
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variables investigated were titanium content; carbon, hydrogen, oxygen,
and nitrogen interstitial impurity effects; and some substitutional im-
purity (e.g., Fe, Ni, Cu, Si) effects. The primary processing variables
were the process itself (extrusion versus swaging versus forging), the
temperature at which this process was done, the solution heat treatment
temperature, the aging temperature, and the severity of the quench.

The second goal of this corrosion testing was to identify any analogous

variables in material chemistry or metal processing which prevented the
proper application of a protective metallic coating.

Uranium Alloy Corrosion

Of the significant number of papers in the open literature concerning
the corrosion of uranium and uranium alloys, two recently published
manuscripts deserve special mention. First, a review paper by Ormanl
details the different corrosion mechanisms responsible for the widely differ-
ent corrosion rates and corrosion products obtained when testing in differing
environments. Briefly, Orman discusses the reasons for the increased
corrosion rate measured for uranium alloys tested in moist nitrogen depleted
of oxygen versus that obtained when testing in moist air. Similarily, the
reasons for the increase in corrosion rate in the presence of chloride are
outlined.

The second paper is of special interest because it documents the work
done on the Air Force GAU 8 uranium alloy penetrators, which immediately
preceded this present program. This paper by Weirick, Johnson, and Dini2
gives the details of the electroplating process for applying the metallic
coating, as well as its usefulness in preventing corrosion of the uranium
alloy. Also included is the data on the corrosion response of '‘typical
uranium-3/4 titanium in moist air, moist nitrogen, and salt fog environ-
ments.

Metallic Coatings on Uranium Alloys

A recently published review paper by Weirick3 on the use of protective
coatings (oxides, organic films, and metallic platings) to improve the cor-
rosion resistance of uranium alloys shows that metallic platings have been
and continue to be the most promising. Extensive work at Sandia I.abora-
tories, Livermore (SLL) has shown that good corrosion resistance is
obtained for uranium and uranium alloys by plating with nickel. 4-6 por
severe corrosive environments, a duplex coating of nickel plus electroplated
zinc with a zinc chromate finish was found to provide even better results.
Details of the electroplating process are given in the appendix.
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Material Specification

Chemistrz

Details on the chemistry of the material tested in this program are
given in a Battelle Columbus Laboratories report. 1 Briefly, there were
two main chemistry variables explored: carbon and hydrogen. The carbon
content ranged from a minimum of 30 parts per million (ppm) to over 900
ppm. The carbon in the uranium alloy at the lowest level is most probably
in solid solution, whereas the carbon at the highest level is most probably
existing in the uranium matrix as titanium carbide particles. As stated in
a previously referenced report, 2 carbide particles can significantly influence
the corrosion resistance of a uranium alloy.

The hydrogen content of the material was either relatively low (2 ppm)
or much higher (10 ppm). The difference was due to the manner in which
the gamma solutionizing of the material was done. If the material is heat
treated in vacuum, the hydrogen is extracted from the uranium alloy,
whereas if the heat treating is done in a molten salt bath, more hydrogen
ingresses into the material. Past experience suggests that the amount of
hydrogen in the material may affect the stress corrosion cracking resistance
of the material but should not affect the general corrosion resistance.

The only other chemistry variables with any significant variation
were titanium, 0.6 to 1.0 percent, and iron, 188 to more than 400 ppm.
The richer the alloy is in titanium, the more corrosion resistant it should
be. The effect of iron as a substitutional impurity is unknown. The levels
of copper, magnesium, and silicon were monitored but not systematically
changed.

Metal Processing

The three techniques for metal processing investigated were extrusion,
forging, and swaging. The details for extrusion are given in reports8,9
submitted by Nuclear Metals, Inc. (NMI) and Reactive Metals, Inc. (RMI).
The details for forging are documentedl0 by Omark Industries and for
swaging by NMI. 8

Briefly, the major variables examined in the extrusion study were
extrusion temperature and ram speed. Extrusion temperatures in the

vicinity of 1150 to 1200°F caused the uranium alloy to be worked in the ''a"
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state. At 1275 to 1350°F, the microstructure of the uranium alloy is pri-

marily "B'". * Extruding the material in the "V' state was done between

1500 and 1550°F. Ram speeds were increased with correspondingly higher
extrusion temperatures. Past experience with uranium alloys, primarily
in the uranium-niobium system, suggests that the "Y' alloys are the most
corrosion resistant, "o'" alloys the least corrosion resistant, and '"8'" alloys
less consistent but usually in the middle in comparative corrosion resist-
ance. Ram speed would not be expected to alter the corrosion resistance

of a given material.

Forging was done on blanks made from extruded rod. The rod had
been extruded in either the "o" or 'y'" condition. Some blanks were forged
in the as-extruded condition, and others were forged after a solution treat-
ment. In addition to the remarks previously made concerning the relative
corrosion resistance of @ and Y material, one would predict no significant
effect on corrosion resistance due to the sequence of forging and solution-
izing. However, the differing states of cold work produced in the material
by the alternate preparations may affect the stress corrosion cracking

susceptibility of the material.

Swaging was done on blanks made from rod extruded in the '"8' range,
1310°F. Some blanks were swaged in the as-extruded condition, and others
were swaged after a solution treatment. As stated previously, these vari-
ables could produce a change in the SCC resistance of the material but the
corrosion resistance was not expected to change.

All of the as-extruded, forged, or swaged blanks which were or were
not subsequently solutionized and/or aged were final ground to the specified
penetrator dimensions by Omark Industries.

Solution Treatment

The solutionizing treatment was done at 1500 to 1550°F for either 30
or 180 minutes. The heat transfer medium used was either a molten
chloride salt or a molten lead or lead/tin bath. Heat treating material
which has been either o or B extruded should improve its corrosion resist-
ance. Heat treating material which had been Y extruded should have a
minimal effect, regardless of whether the material is subsequently forged
or swaged. However, solutionizing should relieve any internal stresses
produced by the metal working processes and increase the material's
resistance to SCC.

* For the purpose of brevity in this report, the nomenclature "8" will be
used to symbolize an extrusion condition between 1275 and 1350°F. This
is not meant to confer a precise definition of the metallurgical state of
the alloy.
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Aging

Aging treatments were done at temperatures between 775 and 1100°F
for times from 50 to 960 minutes. The heat transfer mediums used were
vacuum, dry argon, molten lead, or molten lead /tin. Some material was
subsequently quenched in oil, some in water, and some material was left
to slow cool. A previous publication3 stated that aging U-3/4 Ti produced
only a minimal change in the corrosion response. Thus no drastic changes
in corrosion resistance were expected as a function of aging temperature,
aging time, or aging medium. :

Earlier work by 1\/[:a.gnza.ni11 on the SCC susceptibility of U-3/4 Ti as
a function of aging treatment showed that aging to a higher strength level
caused a reduction in the resistance to SCC.

Encapsulation

A penetrator or two taken from each combination of material conditions
was encapsulated by Aerojet Ordinance and Manufacturing Corp. (AOMC).
Details of the encapsulation materials and process are competition sensitive
and therefore have not been included. Briefly, the point of concern is that
the encapsulation is not meant to hermetically seal the uranium penetrator
from the environment. Therefore, any air cavity around the penetrator
could communicate with the external atmosphere, which could possibly
contain significant amounts of water vapor.

Corrosion Tests

Salt Fog Testing

Purpose--The salt fog test was conducted to determine the resistance
of materials to the effects of a salt atmosphere. Because it is an acceler-
ated corrosion test, the results may not correlate with any realistic en-
vironment. However, the relative resistance of specimens or coatings on
specimens to a salt atmosphere can usually be determined from the results
of a salt fog test.

Apparatus--The apparatus used for the salt fog testing was a Model
MX-9204 salt fog chamber manufactured by Associated Environmental
Systems. The chamber is of double-wall construction with air at 35°C con-
tinuously recirculating inside each wall. The salt atmosphere is generated
by a nozzle which uses compressed air to siphon the salt solution from the
reservoir and atomizes it into a fog. The compressed air is first heated
and saturated by bubbling it up through 50°C water in the saturation tower.
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Solution--The salt solution is prepared by dissolving 5 parts by
weight of sodium chloride in 95 parts of hot, distilled water. The salt used
is "analyzed reagent grade' sodium chloride. The solution pH is maintained
between 6.5 and 7. 2.

Preparation of Test Specimens-~-The specimens were cleaned with
acetone, rinsed with methanol, and air dried.

Performance of Test~--The penetrators were positioned vertically
with their butt ends resting on a plexiglass base. The positioning was so
that there was no interference between penetrators. Tests were run for
five cycles with a continuous 48 hours per cycle.

Evaluation of Results--Photographs of specimens were taken before
and after tests for visual documentation of test results. The change in
weight due to exposure for each specimen was plotted as a function of time
to determine relative corrosion rates. The large diameter of each encap-
sulated penetrator was measured after each cycle in order to follow any
possible swelling reaction. After the corrosion test, the encapsulation was
removed and the penetrator examined for any possible deterioration.

' Hot Moist Nitrogen Testing

Purpose--The hot, moist nitrogen test was conducted to determine
the resistance of materials to the effects of hot water vapor in the absence
of oxygen. This test is particularly applicable to uranium alloys because
their corrosion resistance is significantly lower in water-containing envir-
onments that are also deoxygenated. This test is thus extremely useful for
determining the relative resistance of uranium specimens or coatings on
uranium specimens to humid environments.

Apparatus--The apparatus used was custom built from a design
developed at the Lawrence Livermore Laboratory. 12 Briefly, the speci-
mens are suspended from a lazy-susan contained within a stainless steel
chamber that is submerged in an oil bath maintained at 70°C. Connected to
the chamber is a gas saturator set to control the dew point at 65°C, thus
maintaining the relative humidity at 95 percent. The carrier gas for the
humidity system is deoxygenated nitrogen with the oxygen content maintained
below two ppm. Specimens are periodically weighed in situ through a
nitrogen-purged glove box by means of a Mettler H315 microbalance.

Environment--The environment is deoxygenated nitrogen maintained
at 70°C and containing 95 percent relative humidity. It is controlled in a
near static condition, with only a slight positive pressure being maintained.
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Preparation of Test Specimens--The specimens were cleaned with
acetone, rinsed with methanol, and air dried.

Performance of Test--A platinum wire loop was spot-welded to the
tip of each penetrator to provide a means of suspending the penetrator in
a vertical position in the chamber, as well as allowing in situ weight meas-
urements. The positioning of penetrators was such that there was no
interference between penetrators. Weight measurements were made after
each 96-hour cycle, with a total of eight cycles per test.

Evaluation of Results--Photographs of specimens were taken before
and after tests for visual documentation of test results. The change in
weight due to exposure for each specimen was plotted as a function of time
to determine relative corrosion rates. The large diameter of each encapsu-
lated penetrator was measured after each cycle in order to follow any
possible swelling reaction. After the corrosion test, the encapsulation was
removed and the penetrator examined for any evidence of deterioration.

Test Series I

Penetrators tested in this series consisted of material whose
chemistry was controlled and metal processing was done primarily by
Battelle. The chemistry and processing variables for this material, as
identified by lots, are given in Table I. The chemistry and material
processing history of Lot 1 is closely analogous to the material used in the
previous study2 for the Air Force Materials Laboratory (AFML). The
material contained a carbon content near 50 ppm with a 10-ppm hydrogen
level. The material was extruded into rods in the "&' condition, solutionized
in a molten salt bath at 1500°F for 180 minutes, aged in a molten lead bath
at 850°F for 75 minutes, and water quenched; this processing produced a
hardness near 45 R,. A plot of weight loss versus time for the AFML
penetrators tested in salt fog is given in Figure 1 as the dashed curve.
The data points shown are for the three penetrators tested from Lot 1A.
The data shows that there was no measurable difference in the corrosion
rates of the two classes of penetrators--i. e., GE Mantech Battelle versus
AFMIL. Thus two material processors using analogous techniques have
apparently produced penetrators with similar metallurgical properties.

In this environment, the penetrators lost weight because of the
formation of nonadherent oxides and chloride complexes. The weight loss
curve in Figure 1 shows that there was an incubation time of about one day
during which the corrosion process was beginning and accelerating. During
this time period, the chloride ion in the salt fog was progressively destroy-
ing the tarnish film of titanium-richl3 uranium dioxide which had been
providing some protection to the uranium-titanium alloy. When this surface
tarnish film was completely gone and the penetrator surface was being
uniformily attacked, the corrosion rate became linear from two to ten days.
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TABLE 1
PROCESS DATA FOR FORGED DU PENETRATORS

Solution Treatment

Aging Treatment

Extrusion Carbon Hydrogen Temp Time Atmos Temp Time Atmos Cooling Hardness
Lot No. Temp (°F) (ppm) (ppm) (°F) (min) - °F) (min) - - (Re)
1A 1200/1275 54 10 1500 180 salt 850 75 Pb wQ 44
iB 1200 43 10 1500 180 salt 850 50 v sC 46
2 1200/1275 64 10 1500 180 salt - none - - 34
3A 1200/1275 64 2 1500 30 Pb 850 50 A\ sC 47
3B 1275 57 2 1500 30 Pb 850 50 Pb wQ 46
4 1200/1275 60 2 - none - - none - - 33
5 1350 74 10 1500 180 salt 850 75 Pb wQ 46
6 1350 111 2 - none - - none - - 37
7 1200 30 10 1500 180 salt 715 240 Pb wQ 40
8 1350 127 2 - none - 850 720 v sC 34
9 1350 80 2 1500 30 Pb - none - - 317
10A 1350 135 2 1500 30 Pb 850 50 A SC 51
10B 1350 68 2 1500 30 Pb 850 50 Pb wQ 49
11 1200 30 2 1500 30 Pb 775 240 \ SC 46
12 1200/1350 63 2 - none - - none - - 34
13A 1200 416 10 1500 180 salt 775 240 Pb wQ 35
13B 1200 416 10 1500 180 salt 775 240 v SC 38
14 1200 179 10 1500 180 salt - none - - 33
15A 1200 230 2 1500 30 Pb 850 75 Pb wQ 46
15B 1200 218 2 1500 30 Pb 850 60 A sC 46
16 1200 218 2 - none - - none - - 32
17 1200 913 10 1500 180 salt - none - - 28
18 1500 54 10 1500 180 salt 850 75 Pb wQ 41
19 1500 54 10 1500 180 sé.lt 1100 90 A SC 37
20 1500 71 2 - none - - none - - 42
21 1500/1350 85 2 - none - 850 960 v sC 39
22A 1500 79 10 1500 180 salt 850 75 Pb wQ 45
22B 1500 79 10 1500 180 salt 850 60 A sc 46
23 1500 79 10 1500 180 « salt - none - - 41
24 1500 87 2 - none - 850 60 A sC 38
25 1500 90 2 - none - 850 960 v sc 40
26A 1500 85 2 1500 30 Pb 5 240 Pb wQ 44
26B 1500 85 2 1500 30 Pb 75 240 \2 SC 41
27 1500 101 10 1500 180 salt 775 240 Pb wQ 40
28 1500 98 2 - none - - none - - ‘44
29A 1500 104 2 - none - 1000 120 Pb wQ 37
29B 1500 133 2 - none - 1000 120 A sC 38
30 1500 330 10 1500 180 salt 715 90 Pb wQ 46
31 1500 330 10 1500 180 salt 1100 90 A sc 38
32 1500 330 2 - none - 850 60 A sc 46
33 1500 330 2 - none - 850 960 v SC 38
Key
Pb - molten lead bath
salt - molten salt bath
A - argon gas
v - vacuum
WQ - water quench
SC - slow cool
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Figure 1. Weight Loss Versus Time for AFML and Lot 1A Penetrators in Salt Fog

Similar corrosion behavior was observed for all of the penetrators
tested in salt fog for Test Series I. Figure 2 shows a compilation of all the
weight loss data taken for penetrators in Test Series I; the curve for AFML
material is also included for comparison. As can be seen from Figure 2,
the corrosion response of the AFML material is bracketed by the corrosion
rates observed for penetrators of various lots in Test Series I. Secondly,
the bracket taking in all of the data points is very narrow, considering the
numerous variables examined. The percentage increase in corrosion rate
between the most and least corroded samples was approximately 70 percent;
this number has statistical significance but is of very little, if any, practical
significance. A factor of two change in corrosion response between material
conditions cannot be used as a means of deciding between material conditions
for these materials in this penetrator application.

Tables II, III, and IV summarize the corrosion response data for
penetrators in Test Series I as catagorized by solution treatment. The cor-
rosion response data point given for comparison was the final weight lost
Wi,. Varying one variable at a time resulted in the following observations:

- Carbon below 250 ppm has no influence on the corrosion rate

- Carbon above 325 ppm has statistically the biggest effect of all
the variables on corrosion resistance; higher carbon, lower
resistance
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TABLE II

TEST SERIES I--SALT FOG RESULTS

Solution Treatment - 1500°F, 180 Minutes, Salt
Aging Treatment* Lot Ex Temp C (ppm) R, Wi **(g)
(°F)

850°F, 75 Min, Pb, WQ 1A 1200/1275 54 44 10,014, 10.572
10,322
5 1350 110 486 9. 591
18 1500 101 41 10.358

22A 1500 87 45 10.971, 10,970
850°F, 50 Min, A, SC 1B 1200 43 48 10.435

22B 1500 87 46 11,156, 11,329
7T75°F, 240 Min, Pb, WQ 7 120079 150 40 11.764
13A 1200 453 35 12.525

27 1500 101 40 11.917, 12,073
775°F, 240 Min, V, SC 13B 1200 453 38 10.598
T75°F, 90 Min, Pb, WQ 30 1500 330 46 11,144
1100°F, 90 Min, A, SC 19 1500 101 37 12.187
) 31 1500 330 46 11.791

None 2 1200/1275 64 34 10.601, 10.977
14 1200 230 33 8.796

23 1500 87 41 11.757, 11.100

b
See Key, Table I, for symbol explanation

ek

Wy

- final weight loss
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TABLE III

TEST SERIES I--SALT FOG RESULTS

Solution Treatment - 1500°F, 30 Minutes, Pb

Aging Treatment* Lot Ex Temp C (ppm) R W wk (g)
(°F)
850°F, 50 Min, A, SC 3A 1200/1275 64 47 11.944, 11.976
10A 1350 200 51 10.761, 10.882
12.620, 11.956
158 1200 218 46 10.955
850°F, 75 Min, Pb, WQ 3B 1275 57 46 11.178
10B 1350 94 49 11.752
15A 1200 230 46 11.064
775°F, 240 Min, V, SC 11 1200 180 46 13.560
26B 1500 85 41 12.346
775°F, 240 Min, Pb, WQ 26A 1500 85 44 10.964
None 9 1350 127 37 10.041, 8,797

)
e sle
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TABLE IV
TEST SERIES I--SALT FOG RESULTS

Solution Treatment - None

Ex Temp C (ppm) R,

Aging Treatment* Lot
(°F)
850°F, 50 Min, A, SC 24 1500
850°F, 720 Min, V, SC 8 1350
850°F, 960 Min, V, SC 21 1500/1350
25 1500
33 1500
1000°F, 120 Min, Pb, WQ 29A 1500
1000°F, 120 Min, V, SC 29B 1500
None 4 1200/1275
6 1350
12 1200/1350
16 1200
17 1200
20 1500
28 1500
32 1500

87

127

99

90
330

104

133

60

111
120

218
753

91
98
330

38

34

39

40
38

37

38

33

37
34

32
28

42
46
38

11,

12.

10.
10.
13.

10.
10.

13.
11.
11.
13.
14,
10.
15.
'15.
10.
10.
11,

WL** (g)

428,
195

. 857,
546,
749,
390

074,
513

. 885,
. 509

448,
605
023
935,
685
465
185,
217
339,
677,
4186,

11.

10.
11.
10.

11.

10.

10.

14.

14.

10.

11.
10.

178

586,
780
144,

855,

452,

887,

540,

158

244

001
572

“See Key, Table I, for symbol explanation

wleate
i

' '\WL - final weight loss )
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- Solutionized material with no subsequent aging is the most
corrosion resistant

- Nonsolutionized material with no aging is the most corrosion
susceptible

- The general trend is that material extruded at 1350°F is the
most resistant, followed closely by 1200 and 1200/1275°F
material, with the least resistant being 1500°F extruded
material

- Aging in vacuum versus lead or argon usually decreased the
corrosion susceptiblity slightly

~ Other aging factors showed no consistent trend

These results agreed with the patterns expected from these material
variables as outlined and predicted earlier in this manuscript. Briefly,
titanium carbide inclusions increase the corrosion reaction; therefore, a
higher carbon content produces a higher corrosion rate. Secondly, Y-
material is more corrosion resistant than ¢-material, therefore, a solution-
ized unaged material is the most corrosion resistant. Thirdly, aging had
a minimal effect on the corrosion response, as did the hydrogen content.
Lastly, there was no evidence of stress corrosion cracking for any of the
penetrators tested.

The weight loss versus time curve for the AFML penetrators tested
in 95% R. H. nitrogen is given in Figure 3. The shape of this curve suggests
that the corrosion reaction was rapid initially and then slowed to a barely
measurable rate after four days. What happens physically to the penetrator
is that, in the absence of oxygen, moisture rapidly attacks and destroys the
uranium dioxide tarnish film in a complete and uniform manner. TUpon the
destruction of the tarnish film, a double layer of uranium dioxide builds.
The inner layer is composed of a dense, adherent, oriented film less than
a micron thick. Simultaneously growing from this inner layer is a second
layer of uranium dioxide which is porous, nonadherent and randomly oriented.
This outer layer is also voluminous and thus accounts for the appreciable
weight loss. However, when the inner layer grows to a final thickness of
approximately one micron, it behaves as a protective layer and reduces the
formation of the outer layer drastically, thus causing the measured cor-
rosion rate to become very small.

Figure 3 also shows data points for penetrators tested in 95% R. H.
nitrogen from Lots 1A, 9, 13A, and 17. As mentioned previously, Lot 1A
is metallurgically analogous to the AFML material. As in the salt fog
testing, these similar penetrators have responded to the corrosion environ-
ment in an identical manner. Penetrators from Lots 9, 13A, and 17 also
exhibited corrosion rates very similar to Lot 1A, the differential being at
most 35 percent. This small differential was observed in spite of the
significant differences in the metallurgical condition and chemistry of the
four lots.
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Figure 3. Weight Loss Versus Time for AFML and Lot 1A Penetrators in Moist Nitrogen
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However, not all of the lots from Test Series I responded to the

moist nitrogen environment in a similar manner. In fact, the first four
"lots discussed had the lowest total weight lost for the Test Series I pene-
trators. Figure 4 gives the data obtained for moist nitrogen testing of
penetrators from Lots 6, 16, 19, and 21. The total weight lost for the
penetrator from Lot 16 is a factor of ten higher than that of Lot 1A. Thus
a penetrator which had not been solutionized nor aged showed the highest
corrosion rate in moist nitrogen, a result analogous to that from salt fog
testing. However, Lot 17, whose penetrators were also not solutionized
nor aged, had the smallest corrosion response in moist nitrogen (see
Figure 3) and the highest corrosion rate in salt fog. Penetrators from
Lots 6, 19, and 21 also had significantly higher corrosion rates than those
from the first group of four lots discussed.

The corrosion response of penetrators from I.ots 2 and 14 is shown
in Figure 5. The response of these penetrators to moist nitrogen was
between that of the first two groups of lots discussed. The metallurgical
condition of penetrators from Lots 2 and 14 was similar in that they were
solutionized the same and had no subsequent aging treatment; the main
difference was the carbon content. Thus it is not surprising that their
corrosion response was very similar.

A similar comparison can be made for penetrators from Lots 3A and
3B. The only difference in these two lots was the medium used for aging,
i.e., vacuum versus molten lead. Figure 6 shows that the corrosion re-
sponse was identical. The reproducibility of the corrosion response for
penetrators of identical or similar metallurgical condition in this moist
nitrogen test appears to be very good.

Also shown in Figures 4, 5, and 6 are data points taken for penetrators
tested in a 100% R. H. nitrogen environment. The total weight lost for a
penetrator from a given lot was between two and three times larger due to
this 5 percent increase in R. H. This result agrees with observations made
previously by Ormanl4 on unalloyed uranium and by Weirickl9 on the U-Ti
alloy. The corrosion rate increases rapidly when a condensing environ-
ment is employed for testing. This sudden and significant increase in cor-
rosion rate is most probably due to the additive affect of localized corrosion
cells set up between adjacent areas of higher and lower titanium content
when the environment becomes condensing. In addition to this observation
of increased corrosion at 100% R. H., it was also observed that the repro-
ducibility of the data and the patterns observed were analogous to those
discussed for 95% R. H. None of the penetrators tested in moist nitrogen
showed any evidence of stress corrosion cracking.

Measurements on the large diameter of the encapsulated penetrators

indicated that no significant corrosion was taking place internally such as
to cause a swelling reaction. Removal of the encapsulation confirmed this
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Figure 4. Weight Loss Versus Time for Lots 6, 16, 19, and 21 in Moist Nitrogen
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indication. After salt fog testing, the tarnish film on the penetrator had
darkened slightly but there was no evidence of appreciable uranium dioxide
formation and no oxide spallation. For those that had been tested in moist
nitrogen, the penetrator appearance had changed somewhat in that a thicker,
darker film had formed, with some of the oxide being loose. The only
significant point observed from these tests is that the different appearance
of the penetrators caused by the two environments does prove they are not
hermetically sealed by the encapsulation.

Test Series II

The penetrators tested in Test Series II were manufactured according
to the production plan shown in Table V. Starting with Lot 11, Figure 7
compares the corrosion response of these penetrators with that of the AFML
material. The corrosion response was essentially identical, which was not
surprising in that the AFML materials was made by NLO, a-extruded at
RMI, solutionized, aged, and final ground. Thus the metal manufacturers
as well as the process sequence and conditions used were almost identical
between the AFML material and material in Lot 11,

Figure 8 compares the corrosion response of penetrators from Lot
6A with the AFML material. It can be seen that the results from Lot 6A
bracket the AFML curve. Again this result was expected in that material
from Lot 6A was made similarily to the AFML material with only the ingot
supplier being different. An analogous comparison is made in Figure 9 for
penetrators from Lots 2 and 10C. These penetrators differ in metal
processing from those discussed previously in that Lot 2 was B-extruded
and Lot 10C was Y-extruded. They all were subsequently cold worked
(swaged or forged), solutionized, aged, and ground. As seen in Figure 9,
the corrosion response again bracketed the AFML standard. Figure 10 is
a compilation of the test results from all the penetrators salt fog tested in
Test Series II. The bracket obtained for Test Series II is almost identical
to that obtained and previously described for Test Series I. The total
spread from the least to the most corroded samples was only a factor of
two. The penetrators manufactured by the various routes in this production
plan all exhibited essentially the same corrosion response, and thus no
selection of procedure can be made using corrosion response from salt fog
tests as a guideline.

The good reproducibility of the corrosion response for penetrators
from a given lot as tested in moist nitrogen is shown in Figure 11. These
five penetrators represented the largest number tested from any one lot.
The highest and lowest weight loss varied from the average by only eight
percent; a very small variation in response of uranium alloy material to
corrosion in moist nitrogen. As discussed in the moist nitrogen testing of
Series I penetrators, the shape of the curve suggests the formation of an
inner, protective layer which retards the corrosion reaction with time.
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TABLE V
PRODUCTION PLAN: TEST SERIES II

NMIL
(1) Extrude 1310°F, swage, and grind
(2) Extrude 1310°F, swage, solution treat,? age,P grind to R, 44/48
(3A) Extrude 1310°F, solution treat, swage to Re 41/48, and grind
(3B)¢ Extrude 1310°F, solution treat, swage to R, 41/48, and grind

(3C) Extrude 1310°F, solution treat, swage to R 41/48, and grind;
Omark thermal age and O.Q. 9 to R, 44-51, and grind

(4A) Extrude high-carbon material (NMIB-1, -2), swage, solution treat,
age to R, 44/48, and grind

(4B)¢ Extrude high-carbon material (NMIB-1, -2), swage, solution treat,
age to R 44/48, and grind

Omark
a=extruded ELO=CVC (No. 4.3 inch ¢)

(5) Forge and grind
(6A) Forge, solution treat, age to R, 44/48, and grind
(6B)¢ Forge, solution treat, age to Rg 44/48, and grind
(7) Forge Rod 128, solution treat, age to R, 44/48, and grind
(8) Solution treat, forge, age to R, 44/48 (or maximum), and grind

(9) Forge bar ends (front and back), solution treat, age to R, 44/48,
and grind

Y-extruded ELO-CVC - Use rod from 7. 95 inch billets

(10A) Forge and grind
(10B)®¢ Forge and grind

(10C) Y-extrude; forge, solution treat, age to R, 44/48, and grind
NLO o-extruded material

(11) Forge, solution treat, age to R, 44/48, and grind

®Solution treat: minimum 5 minutes at 1475 to 1550°F
bAge: 700 to 850°F - higher temperature, shorter time preferred

Co s . . . . .
Series B are for encapsulation, corrosion testing, and fire testing

dO.Q. - 0il quench
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The corrosion response from this Lot 5 in Test Series II was similar to
that observed for the analogous material tested in Test Series I.

The final weight lost for each of the penetrators tested in moist
nitrogen in Test Series II is tabulated in Table VI. There are some simi-
larities between the data taken in Test Series I and II. First, material
which had been either o- or B-extruded, cold worked by either forging or
swaging with no subsequent solutionizing nor aging treatment exhibited the
largest weight losses. Thus penetrators from Lots 1 and 5 had final weight
losses which were five to ten times larger than those of other penetrators.
In contrast, the corrosion response of penetrators in Lot 10A, which had
been y-extruded and forged with no subsequent heat treatments, was the
smallest of any in Test Series II.

Secondly, the penetrators with a history similar to the AFML material
(i.e., a-extruded, forged or swaged, solutionized and aged) such as Lots
11 and 6A, gave very similar responses to Test Series I material. The
corrosion response data for Lot 6A, shown in Figure 12, is additionally
interesting in that while three penetrators made from one piece of bar stock
showed identical corrosion behavior, their behavior differed from that of a
fourth penetrator in this lot made from another piece of bar stock. This
result suggests that there are metallurgical differences from bar to bar
within the same lot.

Thirdly, the remaining lots within Test Series II had a corrosion
response similar to each other and bracketing Lot 11. This result was
expected in that these materials underwent a solution treatment and some
an additional aging treatment. Thus differences in processing treatment
in this category resulted in no difference in corrosion response. In sum-
mary, except for Y-extruded material, solutionizing the material either
before or after the cold working process does improve the resistance of
the material to a moist nitrogen environment.

No stress corrosion cracking was observed in any of the Test Series
IT penetrators.

The encapsulated penetrators showed no signs that any swelling
reaction took place. The changed appearance of the tarnish film on the
penetrators was analogous to that discussed for the Test Series I pene-~
trators. The penetrators that had been salt fog tested showed a darkened
but adherent film, whereas those which had been tested in moist nitrogen
had a film that was appreciably thicker and partially nonadherent. These
results prove again that the encapsulation does not provide a hermetic seal.
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- TABLE VI

TEST SERIES II PENETRATORS - MOIST NITROGEN RESULTS

Lot S/N Condition Wi*{8 1ot S/N  Condition W *(g)
1 5 A 0.1929  6A 4 B 0.0100
1 6 A 0.1999  6A 24 A 0.0207
1 13 B 0.1810  6A 26 A 0.0207

6A 28 B 0.0208
2 7 A 0.0206
2 10 B 0.0352 7/9 6 A 0.0282
2 19 B 0.0183  17/9 18 A 0.0287
2 286 A 0.0055
8A 4 B 0.0305
3A 30 A 0.0464  8A A 0.0279
3A 33 B 0.0278  8A 9 A 0.0236
3c 8 A 0.1967 9 15 A 0.0155
3C 18 B 0.0180 9 17 B 0.0087
4A T A 0.0088 10A 14 A 0.0041
4A 10 B 0.0078 10A 54 B +0. 0006
5 6 B 0.1489 - 10C 20 A 0.0252
5 10 B 0.1446 10C 23 B 0.0264
5 12 A 0.1252
5 Pl B 0.1467 11 8 B 0.0219
5 P2 B 0.1448 11 9 B 0.0216
11 12 A 0.0243
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Tt - weight gain

" Wi, - final weight loss

*A - Acceptable surface condition

*B - Unacceptable surface condition
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Coated Penetrators

A few penetrators were selected from each lot of Test Series II and
coated with electroplated nickel plus electroplated zinc and zinc chromate
finishes. (See appendix for plating details.) No difficulty was encountered
in applying the coating. The only corrosion observed on the coated units,
which was barely measurable, was the slight oxidation of the zinc overlayer
to a powdery, white zinc oxide tarnish film. Therefore, the coating pro-
tected all the penetrators very well.

Rod Sampleé

The primary purpose in testing pieces of rod in the as-extruded
condition was to observe the material for any propensity to SCC in this non-
stress relieved state. The possibility for SCC in the manufacturing process,
if the material is susceptible to SCC, is high in that long delays between -
extrusion and cold working, and/or cold working and solutionizing are
possible.

Tables VII and VIII list the material processors, the billet sizes, and
the extrusion conditions used for obtaining the rods tested in both salt fog
and moist nitrogen. The four-inch lengths of rod were tested in the as-
received condition. There was no indication of SCC in any of the rods after
either salt fog or moist nitrogen testing. Figure 13 shows a compilation of
the weight loss data for the rods tested in salt fog. In agreement with the
results from Test Series I and II, the total spread in corrosion response
was less than a factor of two. Table VII shows that the primary reason for
this spread was the difference in corrosion response between o- and Y~
extruded rod. One interesting point extracted from the data of Table VII
is that NLO material which is subsequently extruded at RMI is more cor--
rosion resistant than analogously extruded material made at ELO. This
pattern holds true for both o- and Y-extruded material. The B-extruded
material from NMI corroded similarily to the best Y-extruded material from
NLO. Increasing the carbon content did have a significant detrimental effect
on the corrosion resistance of this material, as seen in Lot 5B.

Examining the results listed in Table VIII for moist nitrogen testing
of this rod material indicates an almost complete reversal of the patterns
just described. The a-extruded material is more corrosion resistant than
the Y-extruded material, and the EL.O material is more corrosion resistant
than the analogous NLO material. Also, increasing the carbon content in
NMI material did not change the corrosion response. The best conclusion
from these observations is that the rank order of material by corrosion
response is a strong function of the test environment when the corrosion
response is very similar.
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TABLE VII
ROD SAMPLES - SALT FOG TEST

S/N Processor Extrusion Condition Billet Size Wi *(g)
27-1 NMI * B-extruded Standard product  15.47
27-2 " " " 16.71
5B-1 NMI B-extruded High~-carbon 21.75
5B-2 " " " 21. 37
158-3 ELO a-extruded 5.1 CVC 19.01
158-4 : " A " 19.98
138-1 ELO a-extruded 5.1 DF 25.07
138-2 " " " 22. 63
239-1 ELO y-extruded 7.95 CVC 20. 16
239-2 " " " 19. 94
247-1 ELO y-extruded 7.95 DF 20. 48
247-2 " " " 19. 85
149-1 NLO a-extruded 5.1 19.13
149-2 " " " 18. 67
244-1 NLO y-extruded 7.95 14. 88
244-2 " " " 16. 20
*W - final weight loss

L
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TABLE VIII

ROD SAMPLES - MOIST NITROGEN TEST

S/N Processor Extrusion Condition " Billet Size WL* (g)
2.7-3 NMI B—extfuded Standard prodﬁct 0.061
27-4 " " " 0.087

5B-3 NMI B-extruded High carbon . . 0.064

5B-4 " " " 0.088
158-1 ELO a-extruded 5.1 CVC 0.027
158-2 " " " 0.032
138-3 ELO a~extruded 5.1 DF 0,041
138-4 " " " 0.057
239-3 ELO y-extruded 7.95 CVC 0.034
239-4 " " " 0.047
247-3 ELO Y -extruded 7.95 DF 0.062
247-4 " " " 0.084
149-3 NLO a-extruded 5.1 0.072
149-4 " " " 0.067
244 -3 NL.O v-extruded 7.95 0.111
244-4 " " " 0.058
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Cold Straightened Penetrators

The primary purpose in testing penetrators which had been cold
straightened to meet inspection specifications was to observe any pro-
pensity to SCC in this nonstress relieved material. Twelve penetrators
were produced per Lot 6 requirements of Test Series II which . were signifi-
cantly out of specification before cold straightening. Six were selected for
moist nitrogen testing and six for salt fog. No evidence of SCC was seen
on any of these penetrators after testing. Figure 14 is'a plot of weight loss
versus time for the six tested in salt fog. This data is given to primarily
show the good reproducibility in corrosion response when the penetrators
are "identical." The variation in the highest and lowest rate from the
average is only five percent, which is a very small variation for response
to corrosion.

Encapsulated, Corrosion Tested, and Fire Tested

Twenty penetrators each were taken from Lots 3B, 4B, 6B, and 10B
(Table V), encapsulated at AOMC, corrosion tested in a salt fog environ-
ment at SLL, and fire tested at AOMC. The ballistic results from these
penetrators were no different than the results from similarly prepared
penetrators which had not undergone the exposure to a corrosive environ-
ment. Thus, the slight increase in the oxide tarnish film thickness due to
the environmental exposure had no effect on ballistic performance.

Summary

The most important result from this study was that no penetrator
tested showed any evidence of SCC. Thus no chemistry nor metal process-
ing variable examined caused the uranium-titanium alloy to be more
susceptible to stress corrosion cracking than ''standard'' material. Secondly,
the largest difference in corrosion response to the salt fog environment be-
tween any two lots of material was a factor of two. The material with the
highest corrosion rate had been a-extruded and forged with no subsequent
solutionizing nor aging treatment, and it also had an extremely high carbon
content. The material with the lowest corrosion rate had been B-extruded
and swaged, solutionized but not aged, and composed of nominal chemistry.

Somewhat different results were obtained from moist nitrogen testing.
In this case the most corrosion susceptible material had been either o- or
B-extruded, cold worked by either forging or swaging, no subsequent solu-
tionizing nor aging treatment, and composed of nominal chemistry. The
analogously prepared material with high carbon content was significantly
more corrosion resistant. The material with the lowest corrosion rate in
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moist nitrogen had been Y-extruded and forged with no subsequent heat
treatments. The difference in the final weight lost between the most and
least corroded material was a factor of ten. In that the weight loss for
even the most susceptible was very small, these differences are indeed
small. The differences in the corrosion rates from lot to lot are even
smaller than the final weight loss projects, since the weight loss curves
versus time approach flatness after a few days of test time.

The coating of electroplated nickel plus electroplated zinc with a zinc
chromate finish performed extremely well on all the penetrators coated
and corrosion tested.

Cold straightened penetrators did not show any evidence of SCC after
corrosion testing, and their corrosion response was analogous to those
previously tested from the same lot.

Pieces of rod tested in the as-extruded conditions had corrosion
responses similar to the analogously treated penetrators. They also did
not show any signs of a propensity to SCC.

Encapsulation did provide some protection of the penetrator from the
test environment. However, the encapsulation does not provide a hermetic
seal, and thus the external environment does communicate with the penetrator.
The communication of the salt fog with the penetrator in the encapsulant with
subsequent thickening of the oxide tarnish film d1d not produce a change in
the ballistic response of the penetrator.

Conclusions

The primary conclusion from this study is that no variations in the
uranium-titanium chemistry nor in the route or technique of metal process-
ing examined caused a change of practical significance in the corrosion
response of the material as tested in either salt fog or moist nitrogen.
Therefore, the data assembled for corrosion response of the various lots
cannot be used in selecting one lot over another. In the context of this study,
all the material performed in an identical manner.

Secondly, the penetrators could be coated without difficulty in spite
of changes in material chemistry and the metal processing route.

The combined encapsulation, corrosion, and fire tests indicated that

a coating system to protect the penetrators during long-term storage is
not necessary.
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APPENDIX

ETCHING AND PLATING PROCEDURES

Vapor degrease in trichloroethylene
Caustic soak for 5 minutes at 70° to 80°C
Water rinse

Scrub surfaces with pumice

Water rinse

Pickle in 35 percent (by weight) solution of nitric acid at
room temperature for 2 minutes

Water rinse
Etch in 1400 g/1 ferric chloride solution for 10~15 minutes at 49°C
Water rinse

Pickle in 35 percent (by weight) solution of nitric acid at room
temperature for 2 minutes

Water rinse
Caustic soak for 5 minutes at 70° to 80°C
Water rinse

Pickle in 35 percent (by weight) solution of nitric acid at
room temperature for 2 minutes

Water rinse }
Plate in nickel sulfamate solution
Plate in zinc cyanide solution

Chromate in Granodine 90
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(Solution Composition and Operating Conditions)

Nickel Sulfamate Solution

Nickel sulfamate 450 g/1

Boric Acid 30 g/1

Surface Tension 34-38 dynes/cm

pH 3.8-4.0

Temperature 48 to 50°C

Anodes sulfur depolarized nickel
Filtration continuous

Current Density 270 A/m?

(Solution Composition and Operating Conditions
for Zinc Plating and Chromating)

- Cyanide Zinc Solution

Zinc 22.5 g/1

Sodium Cyanide 56.5 g/1

Sodium Hydroxide 80.0 g/1

Cyanide/ Zinc Ratio 2.5/1

Temperature 22°C

Current Density 270 A/m?
Chromate

Granodine 90%* 10% by volume

'KProduct of Amchem Products, Inc. , Ambler, PA.
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