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INTRODUCTION

The Civil Engineering Laboratory (CEL) has developed a family
of supercorroding magnesium alloy s that react spontaneously and
vigo rously in seawater. The alloy s predictabl y sel f-destruct by
corrosion processes and produce usable qv’ aiti ti es of heat and hydrogen
gas. This research was performed wi th Independent Exploratory Develop-
ment funds and conducted during FY-78.

Discovery of the alloys evolved during research aimed at uti lizing
the accelerated corrosion of magnesium in the form of a short-circuited
seawater battery to produce heat for milita ry divers 1 . Although
the alloys were originally2conceived as an efficient heat and hydrogengas source, early research indica ted other potential appl i cations.
The research described herein was conducted to provide further i nform-
ation on the niechanical strength , corrosion properties, and sel f—
destructi ng predictability of the alloys in compacted powder form
for possibl e use as oceanographic timi ng and activating devices .
Such devices , usually referred to as corrodable links , are useful
for recovery of ocean installed instruments , shedding of protective
shrouds , delayed acti vation of mechanical or electrical functions ,
and scuttl i ng or discarding appendages underwa ter.

Various cathodic materials in powdered form were mechanically
alloyed wi th magnesium , and evaluate d to determine the reaction
rate in seawater. Samples of each of the powdered alloys were compacted ,
sintered and tested to determi ne their mechanica l properties and
corrosion characteristics 5 The goal was to obtain prelimi nary information
on the alloys for use in the design of underwater corroding links .

BAC KGROUNL)

In general , magnesium reacts wi th seawater according to the
formula:

Mg + 2H20 
-
~ Mg(OH)2 + 142 + heat (1)

The reaction has a theoretical energy density of 14.9 kJ/kg (1885
W—hr/lb)1and produces 1.0 liter of hydrogen gas per gram of magnesium
(14.8 ft”/lb) at STP .

By itsel f, magnesium corrodes slowly in seawater because of
low local potential di fferences wi thin the magnesium. When a suitable

• cathodic material is brought i nto close proximity and electrically
connected to the magnesium , an electrochemical cel l (battery) is
formed, and the corrosion reaction proceeds rapidly 1 The dual—plate
cell shown in Figure 1 represents this configuration. When the
electrical load is replaced by a short circui t, the reaction proceeds
even more rapidly, and the cell efficiently produces heat and hydrogen

• gas. The rate of reaction has been shown to be a function of (1)
electrolyte temperature, pH, salinity , and density , (2) anode—cathode
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Figure 1. Dual Plate Cell Arrangement. For
maximum heat or hydrogen gas production
the electrical load is replaced by a
short circuit.

pl ate spacing, and (3) ambient pressure1 ’3. The basic probl em wi th
the dua l plate cell is that the power decays as magnesi um is consumed .
That is, as the magnesium plate becomes thinner the electrode gap
increases , and subsequently the internal cell resistance increases
and power decays.

Supercorroding alloys were conceived as a potential solution
to elimi nate the dual plate power decay. In the early developmental
stage powdered meta l mini -cells were fabrica ted by ball -milling (using
lightweight ceramic balls) a mixture of i ron and magnesium powders.
The milling produced compqsjtp powdered particles wi th iron bonded
to the magnesium surface.3”~’~’°Tests showed that rapid corrosion rates were achieved with
the mini-cells , but that the reaction efficiency (percentage completion)
was low. The accelera ted reaction rate was attributed to the close
proximity of the anode-cathode pairs and the relatively large cathode
surface area. The low efficiency was attributed to poor electrica l
contact and low mechanical strength of the Mg—Fe particle bond.3
Hydrogen bubble formation in gaps at the bond surface between the
iron and magnesium particles coupled wi th wea k bond strength resul ted
in many of the bonds breaking befo re the magnesium particle was
completely reacted.

A process called mechanica l alloying has been used to develop
new materials which overcome the probl ems that limi ted the mini-
cell ’s efficiency. The process was developed by the International

• Nickel Company (INCO) for formi ng alloys not possible by conventiona l
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techniques.7 For example , using conventional alloying methods less
than l~ iron can be dissolved in magnesium; the INCO process can
alloy* virtually any amount of iron that is desired . Sampl es of
powdered alloys have been fabricated with as much as 2O~ iron content.Tests have shown that magnesium —based alloys from this process react
severa l orders of magnitude faster arid fIb re efficiently than the
mini -cells .’ Because of their extremely rapi d corros’on rate and
high reaction efficiency these materials were named supercorroding
alloys.

• SUPERCORRODING ALLOY FORMATION

Supercorroding mechanical alloy s in powdered form are produced
from powdered consti tuents using a hi gh energy ball mill. The mill
containing the powders consists of a vertica l cylin drical drum with
a series of internal horizontal impellers. The impellers are attached
to a shaft which is turned externally by an electric motor . Turning
the impellers agita tes steel balls ins i de the drum. Every time
steel balls collide , powder particles are trapped between them.
The force of impact creates atomically clean surfaces on the trapped
particle s and welds them together. An inert atmosphere (C02) prevents
reoxidation of the surfaces. By repeated flattening, fracturing
and rewelding supercorroding alloys are formed.

The tendency of powdered particl es to cold-weld together pre-
domi na tes during the early stage of the process. As milling continues ,
the particles get harder and more brittle. Eventually a balance
resul ts between welding and particle fracturing . Continued millin g
refines the particl es ’ characteristic layered structure . An example
of this structure is shown in the photomicrograph in Figure 2. The
gray areas are iron; the thickness of each layer in the compos i te
particle decreases from repeated impacts . A more complete description
of the INCO process for fabricating mechanical alloys is given in
reference 7.

~Th~ term alloy o7si~èrcorrodi ng alloy used herein denotes a homogeneous
mixture of Ininute galvanic cell particles which have strong bonds between
micro -cell consti tuents and intimate atomic-level electrical contact.
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Figure 2. Photo micrograph of mechanicall y alloyed magnesium-
iron particle magnified 500x conta i ns 5 atomic per-

- : cent Fe. Iron appears as the dark gray areas within
the magnesium matrix.

TEST PROGRAM

The compositions of the alloys used to fabri ca te test sampl es
and for subsequent evaluation were sel ected from the results of previous
research.~ The obj ective of this selection process was to obtair a
range of reaction rates from hours to minutes . Prior to the manufacture
of the fina l powdered alloys, one specific alloy was produced using
severa l different milling parameters (e.g., milling time and milling
energy). These sampl es of this particular alloy were then tested
to determine which set of milling parameters produced the optimum
(most rapid) reaction rate and hi ghest reaction efficiency . Because
resources did not allow a similar i nvestigation to be conducted
for each of the other al loys , this set of milling parameters was
used in the manufacture of all the remai’~ing powdered alloys. The
list of powdered al loys thus produced is presented in Table 1.
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Table 1. Characteristics of Prepared ilagnesium Based
Supercorroding Al loy Powders.

Apparent
Cathode Cathode Content Density
Material (Atomic Percent) (g/ccj

Fe .7 .63
Fe 1.6 .63
Fe 4.3 .69
Fe 9.8 .79
Fe 19.0 .90
Ni 4.4 .70
Ti 4.6 .66
Cu 4.3 .71
C 4.3 .59

I
; After fabrication of these powders , samples of the Mg-9.8 Fe*

alloy were compacted in the form of barstock (1.07 cm squa re by
6.5 cm long) and discs (1.27 cm dia by .32 cm thick). The compaction
was performed at four different pressures. Several of the 550 M
pascal (40 TSI) compacted sampl es were sintered under various conditions
of time and temperature. Testing of these Mg-9.8 Fe sampl es was
used to determine the sinterin g conditions for optimum reaction
rate and efficiency and also the effect of compaction pressure on
the reaction. Optimum sintering conditions and 550 ~1 pascal (40TSI) compaction pressure were then used to prepare barstock and
disc samples from the alloys listed in Tabl e 1.

Final testi ng of the alloys shown in Table 1 was conducted as
shown below :

Reaction Reaction Time to Surface Mechanical
Rate Efficiency Failure Corrode Rate Strength

Powders x x
Ba rstock x x x
Discs x x

*Mg..g.8 Fe represents a supercorroding alloy wi th magnes i um as the anode
material and 9.8 atomic percent iron as the cathode material.

5
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Test Procedure

The corrosion performance of supercorroding alloys was evaluated
by collecting the hydrogen produced from the seawater reaction (equation
1) of both powders and disc samples and comparing the results to
theoretica l gas production. The theoretica l vo l ume o~ hydrogen
liberated in the reaction for each gram of magnesium consumed is
approximately 1.0 liter at 23.7°C and one atmosphere (15.9 ft3/lb .
m g at 75°F).

The experimental arrangement for powdered alloy and compacted
disc tests is shown in Figure 3. Test samples were weighed on an
analytica l balance and placed in a reaction flask in a constant tempera-
ture bath. Fifty milliliters of seawater were transferred from
a second flask to the reaction flask. The hydrogen produced by the
reaction was then collected in an inverted graduated cylinder. Hydrogen
evolved as a function of time was visually observed as water displaced
in the graduated cylinder. All da ta were manually recorded.

A

~~~~~~ /
~I~~~Seawater Transfer Flask

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~iqure 3. Appa ratus for measuring hydrogen produced by powdered
and disc samp l es of supercorroding alloys . The dual
hoses between reaction and seawa ter flasks allow
transfer of fluid between flasks
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è3arstock samples were tested by INCO to determi ne transverse
rupture (tensile strength) and shear strength. Transverse rupture
tests were performed in accordance with ASTM specification B 578-
70 except tha t the specimen thickness was 1 .07 cm instead of .64
cm. Shear strength was determi ned according to ASTM specification
B 565-72.

Barstock samples were tested to determine the time to corrosion
failure under a fixed tensile load. The samples were drilled at
each end to accept nylon fishing line . Except for a .6 cm wide
circumferential strip about the center of each bar tne surfaces
were coated with epoxy cement to preclude seawater contact. A prepared
sample is shown in Figure 4. Each sample was placed in a seawater
tank with a 5.33 kg tensile load applied to the bar through the
fishing line via a weight and a series of pulleys as shown in Fi gure
5. A trip line , which would activate when the bar corroded through
and the ends separa ted, was attached to an electrical switch on
a clock. The clock was manually started when the bar was irmiersed
in seawater and stopped automati cally when the ends of the bar
separated. In this manner the time to failure was recorded.

-
- *1r 1.

Figure 4. Samples of barstock 3.2 cm long, with a .6 cm
square cross—section were prepared as shown above.
A weight of 5.33 kg was suspended from the sample
wh ich was i ninersed in seawa ter. The failed sample
is shown above.
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Figure 5. Arrangement for determining time—to—failure
of bars toc k samp les prepare d as shown i n
Fi gure 4. When the sample breaks the weight
moves downward and the magnetic swi tch is
opened thus stopping the clock.

Tests were conduc ted to determi ne the corrosion rate 
of a flat

4 
surface. Samples of barstoCk were coated wi th epoxy cement on all

surfaces except for one end . The sample was placed in seawater wi th

the uncoated surface facing up. Measurements of the depth of corrosion

were made at regular intervals (out of wa ter) using a micrometer

depth gauge . The surface was lightly scraped to remove loose corrosion

products prior to taking data .
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RESULTS

Powdered Samples

Samples of the Mg--9.8 Fe alloy powder wh i ch were fabricated
usino different milling parameters* were tested to determine reaction
rate and reaction efficiency . The test results (Figure 6) clearly
show that milling parameters affect reaction characteristics and
that optimum performance can be achieved by sel ecti ng the appropriate
parameters . The milling parameters used in the preparation of sample
“A1’ were se1ec t~d for manufacture of the remaining alloys .

100

90 - 

_____
~~~

_- A

I

Time ( - m utes)

Figure 6. Samples A , B, and C of Mg-9.8 Fe alloy were prepared
usin g di fferent m il ling parameters such as speed of
mill , ball—to—po wder ratio and time in mill. Para—

• meters of sample “A” were used for preparat ion of
the remain ing alloys .

*Mil ling parameters included: time~~f milling ; speed of the mill; and
ball—to—powder ratio.
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Fi gure 7 presents the resul ts of corrosion tests of magnes i um
powders wi th different amounts of iron cathode. Increasing the
cathode content results in an inc rease in the reaction rate.

4-) l = M g- .7 Fe
40 / / / 2 = Mg—l.6 Fe

/ 3 = Mg—4.3 FeI 1/30 / 5 = Mg-l9 Fe

1.0

Time (hours )

Fi gure 7. Reaction characteristics for powdered
alloys wi th increasing iron content.

As shown in Figure 8, the reaction rate is a strong function of cathode
content up to 10 atomi c percent. Increasing the cathode content
above 10% only slightly increases the reaction rate. Similar results
can be expected for alloys wi th other cathode materials.
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Figure 8. This plot of the time required for alloy powders with
different iron content shows the trend of increas ing
reaction rate for increasing ca thode content.

Fi gure 9 shows the resul ts of tests with the powdered alloys
of different cathode ma terial , and approximately the same atomic
percent cathode content. The ni ckel al loy reacted slig htly faster
than the iron alloy while copper , carbon and ti tanium (in decreasing
order) reacted slower. Note that the iron alloy atta i ned the highest
efficiency of the alloys tested. It is expected that the efficiency
of the other alloys woul d be improved by opt imi zation of their milling
parameters .
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J/ / / 1 = Mg - 4.6 Ii

~ 30 // / / 2 =  M g - 4 3 C
3 = Mg - 4.3 Cu

~ 20 ~: ~:~~ 7
10 

~~~~ 
I I I T.0

Time (Hours)

Figure 9. Reaction characteristics for supercorrodin g
alloys wi th different cathode materials and
approximately the same level of atomic
percent cathode content. Nickel reacted
fastest; iron was most efficient , and
carbon reacted slowest.

Sintering and Compaction

Mechanical properties of the Mg—9.8 Fe alloy wh i ch was compacted
to 550 M pascals and sintered at various condi tions are listed in Table
2. Tensile strength (transverse rupture) increases slightly with increasing
sinte r temperature , while shear strength “peaks ” nea r 700 F. Time of
sintering does not seem to appreciab ly affect the mechanical properties.
Since the optimum mechanical s trength is a desirable parameter for a
mechanical linkage , the sinter conditions of 700 F and one hour duration
were selected for preparation of the remaining samples
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Table 2. Properties of Compacted* and Sintered Alloys with 9.8% Fe

Transfer
Sintered Rupture Shear
Density Strength Strength

Sinterin~ Condition (g/cc) ~ pascals (kpsi) M pascals (kpsi)

6000F/3 h/CO2 2.11 79.2 (11.5) 71 (10.3)

600°F/i h/CO2 2.11 77.9 (11.3) 71 (10.3)

700°F/3 h/CO2 2.11 88,2 (12.8) 77.2 (11.2)

700°F/l h/CO2 2.12 85.4 (12.4) 84.1 (12,2)

8000F/l h/CO2 2.10 88.2 (12.8) 69.6 (10.1)

*compacting pressure - 550 M pascals (40 TSI)

Effects of sintering condi tions on corrosion rate of the Mg-9.8
Fe alloy are presented in Figures 10 and 11. Time to failure of
the barstock samples for the sinter conditions is presented in Figure
12. The resul ts clearly show that the reaction rate decreases wi th
both increasing time and increasing temperature of sinter.

Mechanical properties of the Mg-9.8 Fe alloy specimens which
were compacted at different pressures and sintered at 700°F for one
hour are presented in Table 3. As seen in Figure 13 , shear strength
and tensile strength both increase with compaction pressure.

Table 3. Properties of Compacted and Sintered* Mg’-9.8 Fe Powder.

Transverse
Sintered Rupture Shear

Compacting Pressure Density Strength Strength
M pascals (TSI) (g/cc) M pascals (kpsi) M pascals (kpsi)

70 ( 5) 1.51 2.8 ( .4) 11.7 ( 1.7)

• 

• 

140 (10) 1.83 22.1 ( 3.2) 32.4 ( 4.7)

280 (20) 1.99 40 ( 5.8) 40.0 ( 7.1)

420 (30) 2.07 62.7 ( 9 .1)  49.6 ( 7.2)

550 (40) 2.10 71.7 (10.4) 66.8 ( 9.7)

*Sintered 7000F/l hr/CO2
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Figure 10. Reaction Characteristics for sample
of the 14g-9.8 Fe alloy which were
compacted to 550 M pascal (40 TSI)
and sintered at the indicated tempera-
tures for one hour in a CO., atmosphere.
Reaction rate decreases with i ncreasing
sinter temperature.
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Fi gure 11 . Mg-~.8 Fe alloys were 
sintered at

600 F for one and three hours. Reaction
rate decreases ~iith time of sinter.
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Fi gure 12. Increas i ng the time and temperature
of sinter effects the time to failure
f~r Ilg-9.8 Fe alloys as shown above.
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Figure 13. Mechanical strength characteristics
for Mg-9.-8 Fe allo y samp l es which
were compacted at d~,ffere-nt pressuresand sintered at 700 F for one hour
are shown above.
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Resul ts of the corrosion tests with discs of each compaction
pressure are presented in Figure 14. Powdered sample resul ts are
included for reference. The 70 II pascal (5 TSI) sampl e crumb l ed
immediately on immersion in the seawater and reacted almost as rapidly
as the powder sample. Reaction rate decreases with increasing
compaction pressure up to approxima tely 420 M pascals and continues

— to decrease slightly for increasing compaction pressure between
• 420 II pascals and 550 M pascals (30-40 ISI). These findings were

confirmed by the barstock time to failure tests results as shown
in Figure 15. Increasing the compaction pressure beyond 550 ii
pascals (40 TSI) is not expected to si gni ficantly affect ei ther the
reaction rate or time to failure .

100

C
/ /Z

I ,4
I /

~~6 o :  /
S 

~~ 50 1 /  /

7
F 

M pasca l
/ 1 550 40

~~
4O
~ /

3~~~ 4 
/ ,~~~~~~~~ 

4 140 10

20 / f 6 powdered ~,ample

10- •~ 
Compacted Mg-9.8 Fe
Discs sintered at 700°F 1 hour

-~- — 4- -

1 2 3

Tu lle (Hours)

Figure 14. Reaction rate decreases as compaction
pressure i ncreases as shown above.
The ~ TSI sample reacted almost asrapidly as the powdere d sample
(dashed line).
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figure 15. Time to failure for Mg-9.8 Fe barstock samp l es
compacted at different pressures also shown are
the results of tests at lower am~ient temperature.

- Also shown in Figure 15 are the results of two time to failure tests
performed at lower ambient temperatures The tests were conducted by
using refrigerated seawater and surrounding th8 reaction vessel with

• ice Starti ng temperature was a8proxima tely 1 C, and at termi nation
- the seawater was approximatel y 6 C. The resul ts show that the time to

- 
failure is substantially increased (decreased reaction rate) by l owering
the temperature .
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Alterna te Cathode Compacts

The alloys with di fferent amounts of iron cathode content (iron
series) and those wi th other cathode materials were compacted into
disc and barstock form at 550 M pascals (40 TSI). All specimens
were sintered at 703°F for one hour in a CO2 atmosphere. Mechanical
properties of these alloys are shown in Table 4. Mechanical strength
does not vary unifo rmly with increasing iron content. The fact
that the Mg—9.8 Fe sample is slightly stronger than the others iron
series alloys is attributed to optimization of its milling parameters
of the prepared samples tes ted, the Mg-.4.6 Ti was strongest with
carbon, nickel , iron and copper following in decreasing order of
s trength.

Table 4. Properties of Compacted* and Sintered* Alloys.

Transverse
Sintered Rupture Shear
Density Strength Strength

Alloy PM No. ~~çj M pascals (kpsi) M pascals (kpsij

Mg— .7 Fe 131 1 1.79 68.9 (10 ) 61.3 ( 8.9)

Jlg-l.6 Fe 1 308 1.81 64.8 ( 9.4) 59.3 ( 8.6)

Mg—4.3 Fe 1 309 1.93 61.3 ( 8.9) 63.4 ( 9.2)

Mg—9.8 Fe 1 306 2.10 71.7 (10.4) 66.8 ( 9.7)

Mg— 19 Fe 131 0 2.42 67.5 ( 9.8) 68.2 ( 9.9)

Mg—4.3 Cu 1312 1.87 44.1 ( 6.4) 50.3 ( 7.3)

Mg—4.4 Ni 131 3 1.94 74.1 (10.8) 66.8 C 9.7)

Mg-4.3 C 1314 1.78 88.9 (12.9) 65.5 ( 9.5)

Mg—4.6 Ti 131 5 1 .89 93.7 (13.6) 80.6 (11.7)

*Compactj ng Pressure - 550 M pasca l s  (40 TSI )
Sintered 7000F/ l hr/CO 2
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Disc corrosion test resul ts for the iron series are presented in
Figure 16 Time to failure for the barstock is shown in Figure 17. As
expected from the resul ts of the powder tests, the reaction rate increases
significantly with higher cathode content.

1 00

90 . 
/
/~

8 0 -  V
/

~ 70 O~) /  ~/.2
-4-, ~,I I
.~~~ 50

lO
~~~~~~~~~~~~~~~~~~~~~~~ Elhour

Time (Hours )

Figure 16. Reaction rate for the iron series alloys
• discs compacted to 550 ii pascals i ncreases

with i ncreasing cathode content.
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Figure 17. Barstock time-to-failure decreases wi th increasing
cathode content as shown above for the iron series
alloys.

The corrosion performance of alloy discs of different cathode
ma terials is shown in Figure 18 Nickel reacted more rapidly with iron
a close second~ T i tanium, co pper and car bon i n decreasing order reacted
slowest. In the barstock time to failure tests (Figure 19) the nickel
alloy reacted faster with the titanium alloy second. Iron , co pper and
carbon alloys reacted slowest.
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Figure 18. Reaction rate for compacted discs wi th
di fferent cathode materials is shown above.
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Figure 19. Time-to—fail’ire for barstock samples of
alloys wi th different cathode materials.
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Surface Corrosion Rate

Tests were conducted to determi ne the corrosion rate of a flat surface.
The number of tests conducted was limited because of the unavailability
of sampl es . Surface corrosion rates for the iron series alloys are plotte d
in Figure 20. The corrosion rates for all alloys tested are presented
in Figure 21. Note that two different corrosion rates are given. It
was found that the alloy s corroded slower during the first six hours
of immersion (dashed line of Figures 20 and 21) than during the remaining
test hours (20 hours). The difference was attributed to changi ng condi tions
on the test spec imen wetted surface. On imersion , the surface was
smooth. As corrosion proceeded the surface became pitted and consequently
the exposed surface area increased. Eventually (3 to 6 hours after
immersion) the exposed surface a rea became relatively constant and corrosion
proceeded at a steady rate.. The solid lines in Figures 20 and 21 represent
the s teady sta te corro sion rate a f t e r  s i x  hours of immersion.

12 300

10 250

— 
_G-

8~~~~~2O0

.2 -~ s-
In c

E ~~~
— 6 ~ 150 / Barstock

/ 5500
i4 pascal

700 F l hour
4 ~ 100 

,
~/

/
2

I I I — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  —

2 4 6 8 10 12 14 16 18 20
Atom ic Percent Iron Ca thode Content

Figure 20. Surface corrosion rate for alloys with different
percent iron cathode content. Corrosion decreases
with decreasing cathode content . The dashed line
indica tes the corrosion rate during the first 6
hours and the solid line the corrosion rate from
6 to 20 hours .
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Figure 21. Summary of surface corrosion ratio for all samples
tested. The dashed line indicates corrosion rate
du -i ng the first 6 hours and solid line the
corrosion from 6 to 20 hours.

As expected , from the resul ts of previous tests, the surface cor-
rosion rate increased wi th increased cathode content and the general
order of ranking (Fe , Ni , Ti , Cu and C) rema ined unchanged from the resul ts —

of disc tests.

Discussion

Resul ts of tests with the Mg-9.8 Fe powder as shown in Figure 6
demonstrated that alloy corrosion performance was affected by manufacturi ng
parameters . The optimum manufacturi ng parameters for each alloy (in
terms of reaction efficiency and strength) are probably unique for that
a1loy .~An investigation of the milling parameters for each alloy tes ted
woul d resul t in a faster reaction ra te and higher reaction efficiency ..
The effect of milling parameters on mechanical strength , time to failure
for barstock and surface corrosion rate is not known at this time.
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Combined compacting and sintering signifi cantly reduces the reaction
rate over that of the powder form. The magnitude of this change is
shown in Figure 22 by a comparison of the results of power and disc
samples (550 M pascals) for the Mg-4.3 Fe alloy . Reducing the compaction
pressure below 550 M pascals will resul t in increased reaction rate
and decreased mechanical strength, For applications where strength
is i mportant, compacting to 550 M pasca ls and sintering to 700 F for
one hour in  a CO2 atmosphere are recotm.:-’nded .

~ 40 
/‘Mg-4.3 Fe Disc

30 ,
/ 5500 M pascal

700 Ff1 hour
20

10

I I I I
1 .0 2~0 3.0

Time (Hours )

Figure 22. Shown is a comparison of the reaction rate
for the disc and powered samples for the
Mg-4.3 Fe alloy . Compacting greatly reduces
the reaction rate .
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In addition to milli ng , compacting, and sintering, ~lloy corrosion
performance is a function of the amount and type of cathode material
present. Figure 23 summarizes the resul ts of powder, disc and barstock
tests for the i ron series alloys . The reaction rate increases with
cathode content up to 20 atomic percent. Increasing the cathode content
over 20 percent will not resul t in a significant change in the reaction
rate. Similar resul ts are expected for other cathode materia ls.

7.0 .7
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Figure 23. A summary of the resul ts of powder , disc and
barstock samples for the iron series shows the
effect of cathode conten t on reaction rate.
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Reaction ra te, time to failure , surface corrosion rate, and mechanical
strength of the alloys tested also depend on the cathode type. Ranking
for the different cathode materials tested is sumarized in Table 5.

Magnesium with titanium as the cathode formed the strongest alloy
tested while magnesi um with nickel reacted fastest.

Table 5. Order of Ranking for Materials Listed.

Fast Powder Disc Ba rs tock Failure Surface Corrosion
Ni Ni Ni Fe
Fe Fe Ti Ni
Cu Ti Fe Ti

..
~~ 

C Cu Cu Cu
Slow Ti C C C

APPLICATIONS

Supercorroding alloys were conceived as sources of hea t and hydrogen
gas for use in remote a reas s uch as in the ocean . Hea t and hydrogen
gas production is discussed in reference 2. As a hea t source, the a l l oy s
can be used to wa rm divers or mel t ice in arctic regions . The hydrogen
produced can be used to power fuel cells and internal combustion engines ,
or to provide buoyancy for lifting heavy objects from the ocean floor.

The research discussed herein was selected to generate information
which is useful for applying the technology to the design of self-destructing
linkages for use in the ocean. The li nk could be in the fo rm of a round
pin which holds the object to be released to an anchor or instrument
package . Another useful fo rm for a corrodable link would be that of
a flat round disc one surface of which is exposed to the ambient seawater.
Upon imersion the surface would corrode and the disc eventually fail.
The failure coul d be used to facilitate flooding and scuttling or to
acti vate other mechanical and electrical functions .

Desirable failure time for corrodable linkage devices varies depending
on the application.~ For exampl e, it may be desired to retrieve a samplingdevice within one to eight hours of deployment. In another applica tion ,
it may be desirable to scuttl e a surface float such as a sonobuoy after
eigh t to ten days of operation ,
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The present method of design for corrodable linkages is to form
galvanic coupl es of dissimilar metals , the anode of which serves as
the destructing link . This type of linkage has been generally unreliable
because of the need for a reliable low resistance connection between
the anode and cathode materials. Even a slight degradation of this
connection can resul t in a significant change of the activation or rel ease
time .

Supercorroding alloys offer a solution to the difficul ties experienced
with presently used corrodable links. Wi th supercorroding alloys the
anode (magnesium) and cathode (iron, nickel , etc.) are combined to form
a material which self—destructs on immersion in seawater. The destruction
time depends on several factors such as cross sectional area of the
link , cathode material , percent of cathode material present and surrounding
temperature. The data presented herein provides a baseline by which
a preliminary assessment of alloy performance and applicability for

-- use in a particular appl i cation can be determi ned. Further refinement
of the technology can be tailored once a specific application is defined.

SU~4IARY AND CONCLUSIONS

Al loys of magnesium and various cathodic materials were fabricated
by the International Nickel Company (INCO ) and tested by the Civil
Engineering Laboratory (CEL) to determine their corrosion properties.
in both powdered and solid form, the alloys were found to have a high
reaction efficiency . In powdered form, the alloys corrode rapi dly
and the rate of corrosion depends on both the cathode type and cathode
content. Magnesium with either a nickel or iron cathode corrode most
rapi dly. Compacting and sintering the alloys produces solid forms that
have signifi cant shear and tensile properties which can be useful as
sei f-des tructing linkages and timing mechanisms for use in the ocean.
The activation or failure time of the linkage can be tailored by selection
of the cathode content and cross-section dimensions. In this manner ,
it is expected that activation times from mi nutes to days can be reliably
achieved ,

The preliminary data provided in this report can be used to determine
the appl icability of supercorroding alloys in a particular appl ication.

S Final sel ection of the alloy cathode and level of cathode present
depends upon the end use. Prior to manufacturing a particular alloy
a study of the effect of milling parameters on corrosion performance
shoul d be performed. This study wi ll insure optimum corrosion performance,

I - mechanical strength and uniformi ty of the final product.
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