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ABSTRACT

DEALLOYING OF GOLD-NICKEL BRAZE ALLOY IN
NITROGEN TETROXIDE
by
Robert Lee Mclemore
Master of Science in Engineering

Gold-Nickel
tetroxide,

braze
This

alloy

is

not

compatible

incompatibility

with

manifests

nitrogen

itself

by

dealloying the nickel resulting in a gold sponge and the formation of
nickel nitrates, Ni(N0 3) 2 • The miscibility gap on the gold-nickel
phase diagram means that any alloy composition between 8 and 98 atomic
percent nickel when slowly cooled will form a two phase alloy system.
Rapid cooling or quenching from a temperature above the miscibility
gap for any alloy composition will form a supersaturated single phase
a 11 oy.

The thermodynamics of the gold-nickel system predicts a two phase
alloy because the free-energy of gold-gold, and nickel-nickel bonds
are lower than the gold-nickel bond when the system is slowly cooled.
When the system is rapidly cooled the nucleation and growth of the two

X

phase alloy is retarded and a single phase alloy is formed.
A corrosion test was conducted using the gold-nickel braze alloy
cooled at different rates which formed both a single phase alloy, and
The corrosion weight loss in N2o4 of the single
phase alloy was 0.17%, and for the two phase alloy the corrosion
a two phase alloy.

in N2o4 was 0.74%. The two phase alloy showed five
times the percentage weight loss of the single phase alloy.

weight loss

It is, the conclusion of this investigation that the quenched,
single phase, gold-nickel alloy has a greater corrosion resistance in
N2o4 environment than the slowly cooled, two phase, goldnickel alloy. This is caused by the nickel lattice, in the two phase

the

alloy system, being severely attacked in the N2o4 environment.

xi

CHAPTER 1
INTRODUCTION

Bi -prope 11 ant rocket thrusters can use sever a1 different types of
fuel.
uses

A cost effective, earth storable, temperature efficient system
as

an

hydrazine.

oxidizer,

nitrogen

tetroxide,

as

a fuel,

MMH

The oxidizer and hypergolic fuel react to produce rapidly

expanding gases which create thrust.
(N 2o4 ),

tetroxide

nitrogen

and

and

the

Compatibility of the oxidizer,
materials

it

contacts

material design requirement for the manned Space Shuttle.

is

a

Of interest

to this work are Inconel 600 alloy (see Table 1) and gold metal which
are compatible with N2o4 when tested at 250°F for six hours 1•
However, in other work performed it was reported 2 that the
gold-nickel alloy formed by brazing is incompatible in N2o4 . The
braze alloy is formed by electroplating pure gold on an Inconel 600
alloy part and then vacuum brazing at 2035°F.
forms

a

gold-nickel

alloy

that

has

This brazing operation
composition

gradients.

N2o4 is manifested by selective removal of
the nickel which results in a gold sponge and in the formation of
Incompatibility with

nickel nitrates [Ni{N0 3 ) 2J.
The N2o4 compatibility of the Inconel 600 alloy is due to the
alloy's high content of chromium, 14 to 17 weight percent.

Nickel and

high nickel alloys tend to oxidize along the grain boundaries when
subjected to an oxidizing environment.

Alloying chromium with nickel

reduces this tendency of grain boundary oxidation.
Compatibility studies 2 showed that the gold-nickel braze alloy
formed

by

vacuum

brazing

is

less

1

compatible

than

the

eutectic

2

gold-nickel alloy, Nioro 3
is the way they are cooled.

The difference between these two alloys
The vacuum brazed alloy is slow cooled

whereas the eutectic gold-nickel alloy, Nioro 3 , is quenched which
changes the mechanical properties 4 •

TABLE 1
Inconel 600* Composition

Minimum
72.0
14.0
6.0

Nickel (plus Cobalt)
Chromium
Iron
Manganese
Carbon
Sulfur
Silicon
Copper

Maximum
17.0
10.0
1.0

0.15
0.015
0.50
0.50

* Alloy designation is a Trade Mark of International Nickel.
The chemica 1 corrosion of pure nickel
when

moisture

is

present

in

the

in N204 occurs. because,

equil i bri urn

state,

N204 forms

anhydrous nitric acid which reacts with NiO to form Ni(N0 3) 2• The
equations for the reaction of oxides of nitrogen may be written as:
_____,.,.

2N°2(GAS)

N204(GAS) Cooling N2°4(LIQ)

This reaction is completely reversible.
of

N0 2 ,

and

even

in

the

liquid

phase,

( 1)

The N o4 is the dimer
2
the N2o4 is partially

dissociated to N0 2 • Therefore, the following chemical reactions can
explain the dissolution of nickel in N o :
2 4

3

--

(2)

(3)

(4)

An extensive computer literature search was conducted for articles
related to corrosion of gold alloys in the Technology/Engineering data
bases.

The data bases searched were NTIS (National Technical Infor-

mation Service), METADEX (American Society of Metals) and COMPENDEX.
(Engineering Information, Inc.).
Both P. R. Swann and W. R. Duff 5 and A. J. Forty6 had authored
articles that were germane to the hypothesis that corrosion of a two
phase gold alloy is selective dissolution of the less noble species
resulting in a noble metal sponge corrosion product.
Swann and Duff 5 had observed stress corrosion cracking
Ni - 16.5 at. pet Au alloy with an electron microscope.

in a

It was observ-

ed that the fracture propagated through a mechanically weak, corrosion
sponge.

The sponge is composed of interconnected, corrosion tunne 1s
0

with an average diameter of 70 to 90 A •

To exp 1a in the observed

sponge morphology, Swann and Duff assumed that one component of the al-

*

This chemical species does not exist for any length of time
that can be measured, because upon formation, it immediately
dissociates into anhydrous nitrous and nitric acid.

4
Q

1oy di sso 1ves at a much s 1ower rate than the other.

Under these con-

ditions, a hemispherical pit once formed will be more reactive than
the surface because, for equal depths of penetration, its surface area
per volume of material dissolved is three times greater.

A model was

then generated using this ratio to explain observed pits, tunnels, and
crevices which created the noble sponge.

Swann and Duff did not take

into account the method of cooling, nor whether the gold-nickel alloy
is single or two phase.
The work of Forty 6 is particularly significant to this thesis
because he described the microscopic changes occurring near the surface that can be observed with the transmission electron microscope'
after the gold alloys have been subjected to anodic dissolution in
strong acid.
A phenomenon commonly i nvo 1ved in the aqueous corrosion of go 1dnickel alloys is selective dissolution.

The phenomenon is character-

ized by the less noble element, nickel, being preferentially removed
from the alloy, leaving a gold rich residue, sponge.

The dissolution

continues in the gold-nickel alloy beyond the stage where the surface
should be inactive by the gold residue because some form of mass transport accompanies the corrosion reaction.

There are three possible

mechanisms.
The first mechanism is the electrochemical transfer of gold from
the more anodic sites to the cathodic sites on the surfaces so that
fresh alloy is continuously exposed to the corrosion environment in
the anodic regions.

However, based on thermodynamics, it is not likely that this process is applicable 6, particularly in the case of

gold alloys where a highly noble species is involved.

'

5

The second mechanism is that the less noble component, nickel, is
continuously replenished at the surface by nickel diffusion from underlying layers of alloy.

The relatively high diffusion flux required to

support the dissolution current can be accounted for by an inward flow
of lattice vacancies generated at the surface by selective dissolution
from individual atomic sites.

There is considerable support for this

model from measurements of partial dissolution currents and changes of
7
surface potential done by Pickering •
The third mechanism is one, in which fresh alloy is continuously
exposed to the corrosive environment by surface diffusion of the residual gold atoms, so that they form islands of noble metal ·on· the.
alloy surface.

This has been shown to be an important factor in the

development of corrosion micromorphology as reported by Forty and
Durkin 8 •
Forty showed by experiment that surface diffusion formed islands
of gold.

He also observed the selective dissolution of the less noble

constituent of the alloy which he explained by a corrosion tunnelling
As further evidence, electron microscope observations of corroded gold-silver alloy by Forty and Durkin 8 corroborated that the

model.

selective dissolution of silver leaves the surface in a highly disordered state, and that by surface diffusion, gold rich islands are
formed. Forty 6 has shown that corrosion disordering occurs in a
near surface zone, approximate 1y Snm thick, by a camp 1ex sequence of
processes involving selective dissolution, oxidation of residual gold,
and finally the decomposition of oxide back to gold.
Selective dissolution might be explained by simple galvanic corrosion of a two phase alloy.

There are various types of galvanic cells

6

that produce corrosion of the anode.
different groups:

These are categorized in three

1) composition cells 2) stress cells and 3) con-

centration cells.
Composition cells may be formed between any two dissimilar metals.
The metal higher in the electromotive series acts as the anode.
is no size limitation to composition cells.

There

In a two phase alloy, each

phase possesses its own electrode potential because of the individual
properties created by that phase.

Therefore, a galvanic cell can be

set up in a two-phase alloy when exposed to an electrolyte.

Heat

treatment may affect the corrosion rate by altering the microstructure
of the metal.

The galvanic, microcell corrosion is well understood in.

the corrosion metallurgy of steel and aluminum alloys.
Stress cells may be formed where the lattice energies are high.
These cells are a result of strain hardening, cold work, grain boundaries and disordered structure.

The high atomic energy areas form the

anode and will corrode.
Concentration cells are formed when there are differences in electrolyte concentration in contact with one metal.

The anodic cell is

developed where the more dilute concentration exists.
Corrosion was observed 2 on a gold-nickel braze alloy when exposed
to N2o4 • The final process of brazing involves slow cooling in a
vacuum from a temperature of 2035°F. Under equilibrium conditions of
cooling, the gold-nickel alloy forms two phases.

Slow cooling the

braze alloy in a vacuum allows a two phase gold-nickel alloy to form
which is susceptible to galvanic microcell corrosion because of the
compositional differences.
On the other hand,_ quenching the alloy from the brazing temperature

7

forms a single phase homogeneous alloy because the transformation to a
two phase alloy is suppressed 9
Thus an alloy forms which is 1ess
susceptible to corrosion because the composition cell does not exist.
The knowledgeable authorities in the field of gold alloy corrosion
have written a considerable number of articles on the mechanics of gold
alloy corrosion which do not discuss

single or two phase alloy

corrosion.
This thesis reports the research and experimental effort performed
on the chemica 1 corrosion of go 1d-n i eke 1 a11 oys to determine whether
the method of cooling the alloy from above l600°F (formation of single
vs. two phase alloys) affects the amount of nickel dissolution observed
during chemical corrosion of the alloys.

CHAPTER 2
Theory

Gold-Nickel Miscibility Gap
The gold-nickel binary alloy system solidifies as a continuous
series of solid solutions as shown in Figure 1, which is the goldnickel phase diagram.

This system exhibits a unique area which is

bounded by the curve shown in the solid solution region of the phase
diagram.

This bounded area is called a miscibility gap.

This thesis

will show thermodynamically that any alloy composition in this region,
if allowed to slowly cool and reach equilibrium, will prefer two·phases
over one phase because the free-energy for two phases is less than for
one phase.

The two phases formed are: a gold, face-centered-cubic
0
(FCC) lattice which has a lattice parameter of 4.0704 A 10 with

substitutional nickel atoms, and a nickel FCC lattice which has a
0
lattice parameter of 3.5168 A 10 with substitutional gold atoms.
This thesis will also show kineticly that any alloy composition in
this region, when quenched from a temperature above this boundary line,
will prefer one phase over two phases because there is not enough time
to nucleate and grow the two phases.
Thermodynamics of the Gold-Nickel System
The gold-nickel phase diagram shown in Figure 1 can be explained
using free-energy composition diagrams.

All changes that occur in the

system will always decrease the free energy of the system.

This can

best be explained by examining a simple model.
This simple model assumes that the energy (enthalpy) of the A-B
alloy (in this case Au-Ni) stems entirely from the interaction between

c
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nearest-neighbor pairs, and that the interaction between each pair is
independent of what type of other nearest neighbors the given atom
has.

Three interaction energies can be defined:

= energy of an A-A nearest-neighbor pairs, or A-A bonds
VB-B = energy of an B-B nearest-neighbor pairs, or B-B bonds
VA-B = energy of an A-B nearest-neighbor pairs, or A-B bonds
VA-A

energy of pure A & B

energy of solution

z

~(NBVB-B+(l-NB)VA-A)

(5)

where N is the number of atoms per mole, nA-A is the number of A-A,
nearest-neighbor pairs per mole in the final solution, nB-B is the
number of B-B pairs, and nA-B the number of A-B pairs.

Z is the

number of nearest neighbors per atom (12 in an FCC lattice).

By

simple substitutional algebra in the free-energy equation:

(6)

G(NB)

=

l/2NZNB(l-NB)(2VA-B-VA-A-VB-B) +
RT[N 8 lnN 8+(1-NB)ln(l-N 8 )]

(7)

Two conditions exist:
VA-B > (VA-A +VB-B)/2 and
VA-B <(VA-A+ VB-B)/ 2•
The first denotes repulsion between like atoms so that Hm>O.
second is where H < 0 and denotes attraction between un 1ike atoms.
m

The

11

Plotting G(NB) and its two parts aH m and -T aS versus comm
posit ion for the case of Hm< 0 is shown in Figure 2a. This corresponds to an attraction between A and B atoms.
atoms

repel

signs.

one

another,

and LlHm and

At high temperatures the -T

LlSm

T

Ll

If

Hm > 0, unlike

Sm now have opposite

term is dominant and the

plot of G(NB) is similar to that of Figure 2a.

At low temperatures

the entropy term only dominates G(NB) in the dilute solutions, as
seen in Figure 2b. In dilute alloys on either side of the diagram,
2
d2G/dN B - Ll G11 > 0 and a homogeneous alloy is the equilibrium
In the center of the diagram the G(NB) curve concaves
state.
downward,

G11 < 0, the free energy of the inhomogeneous alloy is lower,'

than that of the homogeneous alloy of the same composition.
atoms

wi 11

always

diffuse

in

the

direction

that

Since the

decreases

the

free-energy of the system, an inhomogeneous alloy will exist in the
region between NB'' and NB 11 in Figure 2b.
This spontaneous decay of an initially homogeneous alloy by diffusion up the concentration gradient is called spinodal decomposition.
The continuous spinodal decay of a homogeneous alloy can only occur in
an alloy where aG 11 <0.
Based on this derivation, the composition of phases present at one
temperature can be found by seeking the solute distribution which minimizes the free-energy.

This will also give the composition range over

which two phases will be present at equilibrium.

By plotting G(NB)

for various temperatures, Figure 3a can be plotted.

By plotting a

locus of points which limits the two phase field for various temperatures, a curve can be generated, as shown in Figure 3b, which is called
a phase or equilibriuf'!l diagram.

Figure 3b only represents a partial

12
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(b)

1

0

(a) G(N ) versus N for high, medium, and low temperatures.
8
8
(b) Phase diagram for the system described by (a).
(Shewmon's Transformation in Metals, 1969).
Figure 3
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phase diagram, which in this case is identified as a miscibility gap
because of the single and double lattice structures formed.

KINETICS
The

thermodynamic

discussion

has

already

predicated

that

any

composition in the miscibility gap region of the gold-nickel phase
diagram will form a two phase alloy if allowed to reach equilibrium.
When a gold-nickel

alloy is cooled slowly during a vacuum brazing

cycle it will attain an "engineering equilibrium" which means that for
all practical purposes equilibrium is reached.
single phase, gold-nickel
phase alloy,

Therefore, to form a

alloy of the same composition as the two

the rate of the cooling process must be increased by.

rapidly cooling or quenching the alloy.
During the solidification of the gold-nickel
phase

alloy

is

formed

at

a

temperature

just

alloy,
below

the single

the

liquidus

temperature.

The transformation of a single phase alloy into a two

phase

takes

alloy

place

in

the

solid

crystalline

form

once

the

temperature drops below the miscibility gap temperature, as shown in
Figure 1.

This transformation takes place by nucleation and growth of

the two separate lattice structures (referred to as phases).
To understand nucleation and growth, let us consider a solution
quenched suddenly from an elevated temperature to a lower temperature
at which the solution is unstable.

Provided that the atomic mobility

is sufficient, a second phase of a composition different from the
matrix will precipitate.

These precipitates are initiated from nuclei.

The accepted theory of nucleation is based on a thermodynamic barrier
caused by the positive free energy that has to be expended to create an
interface around a cluster whose composition is considerably different

15

from the matrix.

~G

The free energy

of a spherical cluster, when

strain energy is assumed to be negligible, can be expressed by the
following equation:

(8)

where r is the radius of the cluster.
energy between
free
and

energy difference
~Gv

term, and
term

the matrix

~Gs

are functions
~Gv

and the c 1ust!=r,

between

the

cluster

of composition;

is negative.

~Gs

~Gs

is the interfacial free
and

~

Gv is the vo 1ume

and matrix.
is

always

Both

~Gs

a pdsitive,

At small values of r, the surface energy

dominates the volume term

formation of a small cluster will

~G.

The total free energy

~G

of

be positive, and, as the cluster

grows in size, an energy barrier will be passed which will result in a
decrease in the net free energy.
The critical value of the radius r * that must be exceeded for a
cluster to be stable can be calculated in the following equation:

Cl4.G/ 2l r

(9)

Setting equal to zero and solving for r gives

( 10)

Clusters or embryos below this size can lower their free energy by
shrinking in size, and clusters above this radius can minimize their

16

energy by increasing in size.

Therefore clusters with r > r * will

be stable and will act as nuclei for further growth.
The

critical

free-energy

barrier

AG * can

be

calculated

by

substitution of Eq.(lO) into Eq.(8) to give:

( 11)

The growth of a stable nucleus (r > r * ) will be determined by
the rate at which atoms can move to and attach themselves to a stable
nucleus.

There are two important factors that affect the diffusive

motion of the atoms to this nucleus:
l)

The driving force for the transformation, which is determined
by the number of stable nuclei, formed, and

2)

The diffusion coefficient of the atoms through the solid
which is proportional to exp (- AGm/RT).

The rate of transformation will
nucleation and the rate of growth.

depend on both the rate of
At temperatures (TM) at or near

the miscibility gap (see Figure l) for each specified composition, the
nucleation rate will be small because the critical radius, r * , is
not reached, and the growth rate wi 11 be small because of the small
number of nuclei available to receive the diffusing atoms, although
the diffusion rate of the atoms is relatively high.

At very low temp-

eratures, the diffusion rate is very slow, which again makes the
growth rate very small or non-existent.

Because the diffusion rate is

much more temperature dependent than the nucleation rate, the maximum
growth rate is at a higher temperature than the maximum nucleation
rate.

17

The amount of transformation is inversely proportional to time and
can be graphically displayed in the well known Time, Temperature,
Transformation (T-T-T) diagram, as shown in Figure 4.

A family of

curves exist which represent from 0% to 100% transformation.
curves are commonly referred to as

11

These

C11 curves because of their shape,

and can be explained by the following:
l)

At TM, miscibility gap temperature, the time to transformation is long due to the small number of stable nuclei.

2)

At some temperature,

T1, the nucleation and growth rate
reaches a maximum and the time, t 1, to transformation is at
its minimum.

3)

At some temperature, T2, the time to transformation is long
due to the low temperature which affects the diffusion rate.

When cooling rates are shown on the T-T-T curves they will graphically show the times, temperatures, and amount of the transformation.
Slow cooling an alloy allows the cooling rate curve to cross both the
start and finish of the transformation

11

C11 curves.

This represents an

engineering equilibrium condition which is the lowest practical free
energy of the system.

Rapid cooling (quenching) of an alloy allows

the cooling curve to miss the nose of the Start of Transformation ncu
curve which will not allow any transformation to take place.

This

will result in a metastable crystalline structure (single phase solid
solution) which will not be at its lowest free-energy state, but will
remain in this metastable engineering state as long as the temperature
remains below the transformation temperature.
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CHAPTER 3
Experimental Effort

Samples
There were ten samples available for this test program.

The test

program and flow of samples are outlined in. the Flow Chart, Figure 5.
The samples used for this corrosion test were disks (0.300 inches in
diameter by 0.080 inches thick) of Inconel 600 alloy, Reference Table
l for composition.

These disks were cleaned and electroplated with a

thin layer of pure gold, 0.000080 to 0.000150 inches thick.

These

samples would normally be part of a sandwiched assembly where the gold'
would melt during the brazing operation, brazing the assembly together.
For this test, one, single, gold-plated disk, which represented each
test sample, was put through the braze cycle not touching another piece
of metal so the brazed surface could be examined.

Formation of Two Phase Gold-Nickel Alloys

Vacuum Furnace
The vacuum furnace used to form the two phase Au-Ni alloy is a
production, top-loading furnace with a 24 inch diameter by 48 inch
deep hot zone.

It is heated with tungsten heating elements and has

hastelloy, incoloy, and stainless steel shielding.

Its maximum temperature is 2100°F and it can hold a vacuum below 1 x 10- 4 Torr at

temperature.

The furnace is shown in Figure 6, and the temperature

and vacuum controls

ar~

shown in Figure 7.
19
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CORROSION TESTING OF Au-Ni ALLOY
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Fixture
The hardware that started this investigation was brazed on a fixture which is a 24 inch diameter by 1 inch thick Type 304 stainless
steel plate mounted on three 1 inch diameter by 12 inch long legs.
There were also weights that held the sandwich assemblies together
during brazing.

The entire weight of this fixture and weights was 195

pounds.

The mass has to be taken into account when the samp 1es are

brazed,

both due to the heat-up and cool

down

time the brazed

assemblies experienced.

Monitoring Temperature
The temperature was monitored by using Chromel-Alumel (Type K)
thermocouples.

There are three thermocouples that control the funct-

ions of the furnace which all read the same temperature with a tolerance of -+ 2°F.

One is used for the furnace contra 11 er.

The second

is to drive the chart recorder and the third is for the over-temperature safety cut-off.

A fourth thermocouple is used to monitor the load

temperature and has a different heating and cooling cycle than does the
furnace controller or the chart recorder thermocouples.

This load

thermocouple is monitored on a Fluke Model 2190A digital data logger.

Brazing
Five test samples were brazed and vacuum cooled under normal conditions.

The cooling curve, Figure 8, shows that it took 20 minutes

for the samples to cool below 1600°F.

The dotted line in Figure 8

represents the cooling curve of the samples which are part of a massive
fixture.

The solid line represents the cooling curve of the controller
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thermocouple of the furnace which is not touching the fixture.

This

slow cooling cycle allows the Au-Ni alloy to develop a two phase
structure.

Formation of Single Phase Gold-Nickel Alloy

Air Furnace
This portion of the test program requ·ired a minimum quench delay
to maintain the single phase structure in Au-Ni braze alloy.

To meet

this requirement a Pacific, Glo-bar type, laboratory furnace capable'
of 2500°F was used.

The workable hot zone, shown in Figure 9, is 8

inches wide by 6 inches high by 12 inches long.

To maintain the

vacuum, during both tests the five samples were enclosed in individual
Vycor tubes,

l/2 inches in diameter by 6 inches long, which were

evacuated to 50 microns.

These are shown in Figure 10.

Heating and Quenching
Each individual Vycor tube with the sample was placed on a fused
quartz plate, in the furnace, and heated.

After the door closed, and

the furnace temperature stabilized, the sample was heated for 12 minutes.

The furnace door was opened, the quartz plate was removed with

tongs, and the Vycor enclosed sample was dropped into a 5 gallon pail
of 60°F water.

The quench de 1ay was 15 seconds, and the Vycor tube

was at the water temperature within 5 seconds.

26

Figure 9
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TEST SPECIMENS SEALED IN VYCOR TUBING
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Monitoring Temperature and Time
The temperature of the furnace was monitored using a PlatinumPlatinum/Rhodium-10% thermocouple which was attached to the controller/
indicator.

This furnace did not have a chart recorder.

ler/indicator was manually read during the testing.

The control-

The water temper-

ature was measured at the beginning and the end of the test using a
glass thermometer.

The quench delay time was monitored by a digital

wrist watch.

Brazing
Five tests samples were individually brazed and quenched in-water.·
There was a 5 second quench de 1ay from the furnace to the water, and
the sample was quenched within an additional 10 seconds.

To maintain

the vacuum during the brazing cycle each sample was sealed in a Vycor
tube with a 50 micron vacuum as shown in Figure 10.

This rapid cool-

; ng from the brazing temperature formed a single phase in the Au-Ni
alloy.

Corrosion Testing of the Gold-Nickel Alloys
A corrosion test was designed and performed as outlined in the
Flow Chart, Figure 5.

This test used ten samples of which five were

brazed and slowly cooled to form a two phase alloy, and five were
brazed and quenched to form a single phase alloy.

Corrosion Test
The other eight samples, four from each group, were weighed and
placed in two test boiJ!bs, Figures 11 and 12, were bolted together and
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placed in an air circulating oven at 250° -+ 5°F for 6 hours.

After

the test, the samples were removed from the bombs, rinsed, dried, and
reweighed.

The percentage weight loss was calculated and used as a

The N2o4 was used as the
corroding medium because it was the prime investigating medium. A
criterion for the amount of corrosion.

second
HN0

medium

of

HN0

3
and one part water.

3
corrosion of the samples.

was

prepared

using

one

part

concentrated

This solution was used to accelerate the
There were two samples of each condition in

each of the corroding media.

CHAPTER 4
RESULTS

Au-Ni Braze Examination Prior to Corrosion

One sample from each group, single and two phase alloy (Figure 5),
was selected at random to represent the test groups prior to the corrosion tests.

These samples were cut in half.

One half was mounted,

polished, and etched so the cross-sectional thickness could be photographed using the scanning electron microscope.

The other half of each

sample had the surface photographed using the scanning electron ·micro-·
scope.

The scanning electron microscope, SEM, was equipped with an

energy dispersive x-ray analyzer, EDXA, which will give a chemical
analysis.
The photomicrographs and chemical analysis shown in Figures 13 and
14 represent the cross-sectional view of the slow cooled alloy, and
the quenched alloy, respectively.

The photomicrograph shown in Figure

13 shows that the slowly cooled alloy forms a two phase alloy.
phase is represented by Arrows

One

and 2 which are high in ni eke 1 when

compared to the go 1d, and the other phase is represented by Arrow 3
which is low in nickel when compared to gold.

The chrome content is

approximately the same for the three arrowed locations and, therefore,
considered a neutral species.

This photomicrograph confirms the theo-

retical composition predicted by the Au-Ni phase diagram (shown in
Figure 1) which shows a two phase alloy present when the composition
falls within the miscibility gap area.

The photomicrograph shown in

Figure 14 shows that the quenched alloy is a solid solution which is a
32
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CONCENTRATION IN CROSS-SECTION OF
Au-Ni ALLOY AS BRAZED AND SLOWLY COOLED

WEIGHT PERCENT
ELEMENT

ARROW1

ARROW2

ARROW3

Cr
Mn
Fe
Ni
Au

13.35
0.14
7.40
56.87
21.74

11.23
0.00
6.07
48.07
34.64

10.18
0.21
3.39
27.84
58.39

Figure 13
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CONCENTRATION OF CROSS-SECTION OF
QUENCHED Au-Ni ALLOY AS BRAZED

WEIGHT PERCENT
ELEMENT

ARROW1

ARROW2

Cr

8.85
0.04
4.92
42.98
43.22

3.96
0.46
0.53
5.78
89.27

Mn
Fe
Ni
Au

Figure 14
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single phase alloy.

The single phase alloy can be determined by the

chemical analysis at the location of Arrow 1.

The gold and nickel

both have the same weight percent which indicates that the gold-nickel
bonds are preferred over the gold-gold or the nickel-nickel bonds.
This photomicrograph again confirms the theoretical composition predicted by the Au-Ni phase diagram shown in Figure 1.

The phase diagram

shows that there will be only one phase present when a 50% Au - 50% Ni
solid solution is quenched from a temperature above the miscibility
gap temperature.

This quenching freezes the lattice structure in a

solid solution and does not allow equilibrium to be reached.

The area

represented by Arrow 2 in the photomicrograph is very high in go·l d and
represents an area of the initial gold plating that did not have sufficient time to alloy with the base metal prior to the quenching.
The photomicrographs and chemical analyses shown in Figures 15 and
16 represent the surface of the two phase and single phase alloys,
respectively.

The photomicrograph shown in Figure 15 clearly shows a

two phase alloy.

When compared with Figure 13, it can be seen that

the composition gradients vary along all three axes.

In this photo-

micrograph, the high nickel phase is represented by Arrow 1.

The high

gold phase is represented by Arrow 2.
The grain boundary material represented by Arrow 3 is also high in
gold and very close to the composition of Arrow 2 which represents the
go 1d rich phase.

The photomicrograph shown in Figure 16 shows the

surface of quenched Au-Ni alloy which was found to be a solid solution
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CONCENTRATION ON SURFACE OF Au-Ni
ALLOY BRAZED AND SLOWLY COOLED

WEIGHT PERCENT
ELEMENT

ARROW1

ARROW2

ARROW3

Cr
Mn
Fe
Ni
Au

11.94
0.10
7.94
59.70
20.31

5.35
2.18
1.34
10.16
80.98

4.60
2.71
0.82
7.36
84.51

Figure 15
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CONCENTRATION ON SURFACE OF Au-Ni
ALLOY AS BRAZED AND QUENCHED

WEIGHT PERCENT
ELEMENT

ARROW1

ARROW2

Cr

6.19
0.41
1.42
12.76
79.22

10.58
0.03
5.44
50.75
33.19

Mn
Fe
Ni
Au

Figure 16

38

of a single phase alloy.

The surface morphology is not recognizable.

The gold rich area represented by Arrow 1 is the initial gold that did
not have adequate time to alloy with base metal prior to quenching.
The nickel rich area represented by Arrow 2 is a solid solution with
preferred go 1d-n i eke 1 bonds which is a 1so represented by Arrow 1 of
Figure 14.

The composition is slightly different because the arrows

represent different locations on the sample.

Au-Ni Braze Examination After Corrosion

The photomicrograph and chemical analysis shown in Figures- 17 and,
18 represent the N o corroded surface of the two phase and single
2 4
phase alloy, respectively. The photomicrograph shown in Figure 17 is
the corroded two phase a 11 oy.

It can be seen that the corrosion is

not complete, and there is an area of non-corroded surface shown.

The

corroded grain boundary represented by Arrow 1 is c 1ose in chemica 1
analysis to grain boundary material prior to corrosion, represented by
Arrow 3 in Figure 15.

Arrow 2 represents the corroded high n i eke 1

phase represented by Arrow 1 in Figure 15.

As shown here the nickel

has been selectively dissolved leaving the corrosion product of gold
sponge.

The chemical analysis of the gold sponge is very high in gold

with a small amount of nickel.

A small amount of nickel remains as

the corrosion is not complete.

The gold sponge has been photomicro-

graphed by Swann and Duff 5 and appears the same as the go 1d sponge
observed in Figure 17.

The non-corroded area represented by Arrow 3

is the high nickel phase that is comparable to Arrow 1 in Figure 15.
The surface of the single phase alloy after N o corrosion
2 4

is

39

CONCENTRATION ON SURFACE OF SLOW COOLED
Au-Ni ALLOY N204 CORROSION TEST

WEIGHT PERCENT
ELEMENT

ARROW1

ARROW2

ARROW3

Cr
Mn
Fe
Ni
Au

5.83
0.50
0.61
5.40
87.67

1.94
0.32
1.35
7.20
89.19

13.10
0.14
6.87
61.75
18.14

Figure 17
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CONCENTRATION ON SURFACE OF QUENCH ED
Au-Ni AFTER N204 CORROSION TEST

WEIGHT PERCENT
ELEMENT

Cr
Mn
Fe

ARROW1

Ni

6.49
0.82
1.24
2.62

Au

88.83

Figure 18

ARROW2

73.40
3.41
2.21
8.00
12.99
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shown in Figure 18.

Arrow l represents the unalloyed gold shown by

Arrow 1 in Figure 14.

This photomicrograph shows a structure that ap-

pears like a ribbon on edge, which is shown by Arrow 2.

The chemical

analysis of this ribbon-like material is very high in chromium.

Be-

cause of the low analysis of nickel, it· is apparent that the nickel
has been selectively dissolved from the surface having this chromium
phase.
Figures

19

and

20 represent

the photomicrographs

and chemical

analyses of the two phase and single phase alloy surfaces, respective1y, which were exposed to HN0 • The photomicrograph shown in Figure
3
19 is the corroded two phase alloy. It can be seen that the co~rosion.
was complete when referring to the Au-Ni braze alloy.

The chemical

analysis is that of Inconel 600 (see Table 1) except for the trace
amounts of gold that can be seen as white spots on the surface of the
grains.

Each potato-shaped lump in the photomicrograph is a grain in

the Inconel 600.

The dark spots on the surface of the grains are

corrosion pits in the Inconel 600.
The photomicrograph shown
phase alloy.
and 3.

in Figure 20 is HN0

3

corroded sing 1e

The gold sponge is evident and represented by Arrows 2

Arrow 2 represents the go 1d sponge that is a1most pure go 1d

and ready to break away.

Arrow 3 represents the surface of the gold

sponge which still has a small amount of nickel present.

This gold

sponge and the gold sponge shown in Figure 17 are different in appearance which is due to the method of coo 1 i ng.

The area where the go 1d

has been detached from the surface is represented by Arrow 1.

The

chemical analysis is that of Inconel 600 (see Table 1) with a trace of
gold.
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CONCENTRATION ON SURFACE OF SLOW COOLED
Au-Ni ALLOY AFTER HN03 CORROSION TEST

WEIGHT PERCENT
ELEMENT

(Entire Photograph Area)

Cr
Mn

16.12
0.30
8.00
70.15
5.43

Fe
Ni
Au

Figure 19
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CONCENTRATION ON SUFACE OF QUENCHED
Ni-Au ALLOY AFTER HN03 CORROSION TEST

WEIGHT PERCENT
ELEMENT

ARROW1

ARROW2

ARROW3

Cr
Mn

17.16
0.42
9.16
70.59
2.67

0.97
0.38
0.33
1.69
96.64

1.44
0.36
1.02
5.56
91.61

Fe

Ni
Au

Figure 20
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Corrosion Test

The results of the corrosion tests outlined in Figure 5 are given
in Table 2.

As can be seen, the single phase samples tested in both

the N2o4 and the HN0 3 had substantially less weight loss than
the two phase alloy samples tested in the same media. These data
coincides with the evidence presented in the photomicrographs.
The results of the corrosion tests are given in Table 2.

Table 2
Corrosion Test Results of the Gold-Nickel
Alloy in N204 and HN03
Corrosion
Media
N204
N204
HN03
HN03

Au-Ni
Structure
Two Phase
Single Phase
Two Phase
Single Phase

Sample
0.88

o. 15

11.90
4.65

% Wt. Loss
Sample 2

0.60
0.19
8.73
4.48

Average
0.74
o. 17
10.32
4.56

CHAPTER S
DISCUSSION

Objective and Approach

The primary objective of this effort was to determine if a single
phase gold-nickel alloy is more resistant to selective dissolution of
nickel in N2o4 than is a two phase gold-nickel alloy. The thermodynamics, kinetics, and corrosion of the gold-nickel alloy had to be
studied to aid in the evaluation of the mechanism involved in the
selective dissolution

of the

nickel. during

the corrosion of· the'

goldnickel alloy in N2o4 •
The approach taken was to determine if there was any 1iterature
available on the subject of single phase versus two phase gold alloy
corrosion.

A computer literature search did not reveal any literature

on this subject, but did locate some articles on the corrosion mechanism of gold alloys.

The initial corrosion that occurred on an actual

production part showed a corrosion product of Ni ( N0 ) and a go 1d
3 2
sponge. A scanning electron micrograph taken of the initial gold
sponge 2 appears just 1ike scanning e·l ectron micrograph reported by
Swann and Duffs.

A scanning e 1ectron micrograph taken of the go 1d

sponge in the experimental section of this thesis also compares with

s

those reported by Swann and Duff •
Articles by both Swann and Duffs, and Forty 6 discussed mechanisms of selective dissolution of gold alloys.

Swann and Duff'ss

mechanism was based on one component of the alloy dissolving at a much
slower rate than the other.

This would generate hemispherical pits
45
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which owing to surface area would continue to grow in depth eventually
forming corrosion tunnels.

Forty•s mechanism is more complicated in

that it involves both surface and volume diffusion of the less noble
material,

nickel,

thereby

replenishing

the

nickel

for

selective

dissolution.
The alloy described in Forty•s 6 model is a single phase, solid
solution because he shows unlike atom bonding, although he does not
specifically say which alloy should use his model. Swan and Duff 5
do not specify in there article, the condition of their gold-nickel
alloy.
There is need for another corrosion mechanism to explain tne cor-,
rosion of two phase gold-nickel alloy.
rosion fits the picture.
electromotive series.

Galvanic composition cell cor-.

Each phase has it•s own position in the

The more noble phase, in this case the gold-

gold or the A-A bonds, will be cathodic, and the less noble phase, the
nickel-nickel or B-B bonds, will be anodic and corrode by selective
dissolution.
The gold-nickel phase diagram shown in Figure 1 is at the center
of attention in the theoretical review •

When this phase diagram is

examined, one can see the normal solidus and liquidus lines separating
the solid from the liquid.

But there is also a bound region which is

called the miscibility gap, and this is the region where two phases
exist.

A thermodynamic model was developed to explain why the two

phases exist.

In the miscibility gap region, the two phases are each

composed of like bonded atoms, A-A and B-B, which give the alloy composition a lower free-energy than would unlike bonded atoms, A-B.

To

achieve this two phase alloy, .slow cooling is required which allows

47

the alloy to reach equilibrium.

This was confirmed by the experimental

effort wherein photomicrographs of slowly cooled gold-nickel alloy
indicate the presence of a two phase alloy.
A different theory was needed to explain the single phase alloy
that was formed by quenching from the liquidus temperature.

Since the

alloy will form two phases, as shown above, if allowed to slowly cool,
thermodynamics will not predict a single phase alloy.

But, by observ-

ing the gold nickel phase diagram shown in Figure l it can be seen that
a single phase exists above the miscibility region and under the solidus line.

To show how a gold-nickel alloy would have this single phase

structure after quenching, the nucleation-growth theory has to·be re-.
viewed.

When this alloy is slowly cooled, there is time for the crit-

ical nuclei of both a gold lattice structure and a nickel lattice
structure to form.

The temperature remains high enough to allow solid

state diffusion of the gold atoms to the gold lattice structure, and
of the nickel atoms to the nickel lattice structure.
engineering equilibrium alloy of two phases.

This forms an

When the liquidus is

rapidly cooled or quenched, there is not time at the high temperatures
to form the critical nuclei, and at the lower temperatures the diffusion rate is too slow.

Therefore, no transformation takes place when a

gold-nickel alloy is quenched, and a metastable single phase, solid
solution exists.

The experimental effort also shows that the quenched

gold-nickel alloy, shown in Figures 14 and 16, has formed a single
phase alloy.

This can best be seen in Figure 14, Arrow 1, both in the

photomicrograph and by the chemical

analysis.

The photomicrograph

shows a nickel uniform structure which is a solid solution. The chemical analysis shows equal amounts of gold and nickel indicating a
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random unlike atom bonded lattice structure.

Experimental Results

Figures 13 and 15 show the photomicrographs and chemical analyses
of the slowly cooled gold-nickel alloy which show that it is definitely
a two phase alloy.

This is physical evidence, confirming the theoreti-

cal thermodynamic explanation that slowly cooling a gold-nickel alloy
from above 2000°F will form a two phase alloy.
Figures 14 and 16 show the photomicrographs and chemical analysis
of the quenched gold-nickel alloy which show that the alloy
a single phase alloy.

fo~me~

is

Here again, this physical evidence is confirming

the theoretical kinetic explanation that quenching a gold-nickel alloy
from above 2000°F will form a single phase alloy.
The
shown

N2o4 corrosion of the two phase, gold-nickel alloy is
in Figure 17, and the N2o4 corrosion of the single phase

gold-nickel alloy is shown in Figure 18.

The corrosion product as

represented by Arrow 2 in Figure 17 is the gold sponge which has been
photographed and reported by Swann and Duff 5• Arrow 3 of Figure 17
represents the two phase alloy that has not yet corroded which i ndicates that the corrosion is not complete.

Arrow 1 of Figure 18 repre-

sents the gold that did not have sufficient time to alloy with the base
metal during the braze cycle prior to the quenching.

The surface mor-

phology of the quenched gold-nickel gold appears totally different than
the slowly cooled alloy.

This can be seen by comparing the corroded

surfaces of both alloys as shown in Figures 17 and 18.
The photomicrographs in Figures 19 and 20 represent the corrosion
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of the slowly cooled and the quenched alloy in HN0 3, respectively.
By comparing the N2o4 corrosion photomicrographs shown in Figures
17 and 18 with the HN0 3 corrosion photomicrographs the amount of
corrosion shows that it is c 1ear that the HN0 3 is the more severe
corrosion environment.

The slowly cooled alloy represented by Figure

19 shows total absence of any gold sponge and only a trace of gold
remaining on the surface.

This total removal of gold sponge indicates

that the selective dissolution of nickel is complete and there is
nothing

to

Therefore,

mechanically

hold

the

gold

it has become detached.

sponge

Where as

on

the

surface.

the quenched alloy

represented by Figure 20 shows remnants of the gold sponge.

This gold,

sponge represented by Arrows 2 and 3 has a different appearance from
the slowly cooled gold sponge shown by Arrow 2 of Figure 17, which is
due to the method of cooling.
The corrosion test quantitative results are given in Table 2 which
show that the single phase alloy has substantially less weight loss
than does the two phase alloy.

These data coincide with the evidence

presented in the photomicrographs.

Comparison of Experiment with Theory

Two Phase Alloy
The thermodynamic theory developed on the binary phase diagram
showed that under certain condition there will be a two phase alloy
formed in the gold-nickel alloy system.

These conditions are when the

alloy is slowly cooled from the liquidus temperature and has a composition that will fall in the miscibility gap range.

When an alloy's
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1ike-atom-bonds wi 11 have a lower free-energy than the unlike-atombonds, therefore two phases will be thermodynamically stable.

The

experiment was designed to observe slowly cooled gold-nickel braze
alloy which forms its own alloy composition upon solidification.

The

photomicrographs and chemical analyses, see Figures 13 and 15, of the
slowly cooled alloy clearly show a two phase structure.

Single Phase Alloy
The kinetic theory shows that when an alloy is quenched from a
temperature near the liquidus temperature there is not enough time for
the alloy to reach the equilibrium state.

In the gold-nicke1 alloy.

system there is a thermodynamic driving force which will form likeatom-bonds at equilibrium, but quenching freezes the lattice structure
with unlike-atom-bonds, therefore giving a single phase alloy. This
can be seen on the gold-nickel phase diagram, shown in Figure 1, where
any alloy when quenched from above the miscibility gap will retain the
properties and structure at the point when the alloy is quenched.

The

photomicrograph and chemical analysis, see Figures 14 and 16, of the
quenched alloy shows a solid solution single phase alloy.

Corrosion
Forty•s explanation of the micromechanism of the corrosion of gold
alloys does not take into account the single and two phase alloys that
are possible in the gold-nickel system.

It has been shown experiment-

ally that the single phase alloy has a lower weight loss than the two
phase alloy.

Forty•s model explains the corrosion mechanism for the

single phase alloy,

al~hough

there is no specific reference of a single

•
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single phase alloy, although there is no specific reference of a single
or two phase alloy, because his model diagrams the alloy as a solid
solution with A-B atomic bonds.

Therefore, another mechanism has to be

combined with Forty's model to explain two phase alloy corrosion.
One possible mechanism is the galvanic composition cell.

The two

phase alloy has the possibility of composition cells because the gold
lattice, the A-A atomic bonds, form the noble cell and the nickel
lattice, the B-B atomic bonds, form the other cell which is anodic to
the gold cell.

The anodic cell will corrode in the two phase alloy

because of galvanic corrosion where in the single phase alloy Forty's
corrosion mechanism will prevail.
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CONCLUSIONS

A gold-nickel alloy of a composition in the miscibility gap region
will form either a single phase, two phase or a combination of both
depending on the cooling rate.
phase alloy.

A slow cooling rate will produce a two

One phase will be a gold lattice structure with substi-

tutional nickel atoms and the other phase will be a nickel lattice
structure with substitutional gold atoms.

A fast cooling rate, quench-

ing, will produce a single phase, substitutional, solid-solution alloy
where the gold and nickel atoms are randomly bonded to one another.
Both the single and two phase gold-nickel alloy will corrode in
N o and HN0 , although at different rates.
The experimental
3
2 4
results showed that in N2o4 the two phase alloy had approximately
five times the weight loss of the single phase alloy.

The photomicro-

graphs of the N o corrosion test showed that the corrosion was
2 4
not complete. Where as the HN0 3 test showed that the two phase alloy had over twice the weight loss of the single phase alloy. The
photomicrographs of the HN0 3 corrosion test showed that corrosion
was complete on the two phase a11 oy and not complete on the sing 1e
phase alloy.

Therefore, we can conclude from these data that the

method of cooling does affect the amount of selective dissolution of
nickel in the gold-nickel alloy.

CHAPTER 6
Summary

The gold-nickel braze alloy formed during vacuum brazing is subject
N2o4 • This corrosion manifests itself by dissolution of nickel leaving gold sponge and forming nickel nitrate
to corrosion

in

Compatibility

studies

showed

that

the

gold-nickel

braze alloy formed by vacuum brazing is less compatible than the eutectic gold-nickel alloy, Nioro 3 • The difference between these two alloys is the way they are cooled.

The vacuum brazed alloy is slowly

cooled which forms a two phase alloy whereas the eutectic gold:..nfckel.
alloy, Nioro 3 , is quenched, which forms a single phase alloy. This
thesis has researched both theoretically and experimentally the improved corrosion resistance of the single phase alloy over the two
phase alloy.
An exhaustive literature search was conducted using a computer data
base with only two articles found pertaining to the corrosion of gold
alloys.

There were no articles found concerning the corrosion of

single phase versus two phase lattice structures.
Theoretical research was conducted relating to the physical chemistry and thermodynamics of the gold-nickel binary system.

This re-

search developed the thermodynamic model which explains the miscibility
gap found on the gold-nickel phase diagram.

The miscibility gap is the

boundary line separating the single phase and two phase lattice structures on the phase diagram.

The single phase lattice structure is a

solid solution of gold and nickel atoms.

The two phase lattice struc-

ture has one phase of a nickel lattice with substitutional gold atoms,
53
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and one phase of a gold lattice with substitutional nickel atoms.
An experiment was designed to show that the corrosion rate of the
single phase gold-nickel alloy is less than the corrosion rate of the
two phase gold-nickel alloy.

Samples of both the single and two phase

braze alloy were prepared by brazing Inconel 600 with pure gold.

The

single phase alloy was formed by water quenching the vycor tube which
encapsulated brazed sample where as the two phase alloy was formed by
slowly cooling the brazed sample in a vacuum furnace.
were

separately

tested

in

two

corrosion

These samples

environments,

250°F for 6 hours and HN0 3 at 250°F for 6 hours.
Since both samples were exposed to the same corrosion

N2o4 at

envi~onment·

for the same length of time, the corrosion rate can be determined by
the percentage weight loss of the samples after the corrosion test
which is shown in Table 4.

The two phase alloy has approximately five

times the weight loss of the single phase alloy in N2o4 , and over
twice the weight loss in HN0 • The extent of the corrosion is shown
3
in the scanning e 1ectron microscope photomicrographs shown in Figures
17 through 20.
When the gold alloys with the Inconel 600 during the brazing process, a gold-nickel alloy is formed in which chromium has no solubility.

The gold-nickel alloy forms a nickel lattice structure during the

slow cooling from the brazing temperature which is shown in Figure 13.
This nickel lattice structure is susceptible to dissolution of the
in the N o4 environment which is shown in Figure 17. The
2
single phase alloy is more corrosion resistant, but still shows a small

nickel

amount of nickel dissolution.

The criteria for use of a material in a

bi-propellant rocket valve is that it must be compatible with the fuel
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and oxidizer used,

therefore,

both the single phase and two phase

braze alloy are not compatible with the oxidizer and should not be
used in this application.
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2 Internal Marquardt Company Report, Failure Investigation of
Leakage in SSRCS-PT Oxidizer Valve Caused by Metal Nitrate Formation,
MPM NO. 18.401, January 1980.
3 Nioro - Trade Name of WESCO Division, GTE Produces Corp.,
Belmont, CA. 94002, AMS 4787 Braze Alloy.
4 Telephone interviews with the plant metallurgist,
Division, GTE Produces Corp., Belmont, CA. 94002.
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5 Swann, P.R., & Duff, W.R., High Voltage Metallography of
Stress Corrosion Failures in a 16.5 At. Pet. Au Alloy, Metallurgical
Transactions, January 1970, l, 69-73.
6 Forty, A.J., Micromorphological Studies of the Corrosion of
Gold Alloys, Gold Bull., January 1981, Ji, 25-35.
7 Pickering, H.W., in 'Fundamental Aspects of Stress Corrosion
Cracking', N.A.C.E., Houston, TX., 1967, 159-174, cited by A.J. Forty,
Micromorphological Studies of the Corrosion of Gold Alloys, Gold
Bull., January 1981, .l!, 25-35.
-8 Forty, A.J., & Durkin, P., Philos Mag., 1980, 42, 295-318,
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Gold Alloys, Gold Bull., January 1981, .l!, 25-35.
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