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0. Abstract - Continued

arbonyls, in that order. The cause of surface cracks was found to *
be thermal and not relatable to the degree and severity of erosion.
. Erosion tests of tho pure metals used as alloying elements revealed
that molybdenum has the highest erosion resistance, followed by

b nickel. There is no evidence that alloying elements alter the

' chemical interaction between oxygen and iron. SEM studies revealed
that when an accumulation of oxide scale occurs with successive
firings, oxidation and thermal protection is provided. It is hypoth-
esized that as long as steel remains below its solidus temperature,
the primary erosion mechanism is the reaction of combustion gases
with the steel surface to form scales and the subsequent carrying-
away of the scales by the high speed flow. \
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SUMMARY

The chemical erosion characteristics of steel alloys by high
pressure and high temperature gases were investigated. Thermo-
dynamic calculations of the reactions of the individual gas-
eous components of propellant gases with the alloying elements
of steel showed that the most probable reaction products are
the metal oxides followed by the nitrides, carbides and the
carbonyls. Equilibrium calculations of the r.-oz, re-coz-

CO and Fe-H,0-H, system indicated that, for typical propellant
compositions, wustite (FeO) is the most likely product of the
chemical interaction between propellant gases and steel alloys.

Experimental investigations of the erosion of steel alloys
were performed using as the hot, high pressure gas source for

convective heating a vented-combustor and a ballistic compressor -

apparatus.

Scanning Electron Microscope (SEM) studies of the eroded
surfaces of steel specimens subjected to the action of high
pressure propellant gases revealed (a) the presence of a
scale that becomes less abundant as the combustor peak pressure -
increased and (b) the presence of crack formations whose width
increased with increasing combustor peak pressure. The crack
dimensions were shown to depend on the isochoric flame temp-
erature of the propellant (i.e., the higher the isochoric flame
temperature of the propellant the wider the cracks on the
underlying metal surface) and to be inversely dependent upon
the thermal conductivity of the steel. Tests performed thus
far (including high pressure and high temperature H, tests
on steel) indicate that the mechanism of crack formation is
thermal, i.e., cracks were formed to relieve the strain produced
by the rapid heating and cooling processes. The role of cracks
on the overall mass erosion experienced by the steel alloys
is believed to be secondary.

The ballistic compressor was used to study the erosive
action of ihdividual gases at high pressure and high temperature
on steel alloys. Comparison of rectangular and circular steel
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orifices showed that both geometries experienced the same

mass erosion per unit surface area. This result indicates

that the depth of the thermal wave is much smaller than the
radius of curvature of the circular orifices. 1In agreement
with the results reported in Part I of this study,l hydrogen
and molecular oxygen-containing gases (02/N2 and Hzloz/N2
mixtures) produced considerably more erosion of the AISI 4340
steel than Nz, A and CO and COZ/A mixtures. At concentrations
of 95% H, in NZ/HZ mixtures and lower, the mass erosion
experienced by the steel specimen is independent of the Hz
concentration. The erosion of AISI 4340 steel was shown to

be linearly proportional to the mole fraction of 0, in OZ/NZ
mixtures. Under some repetitive tests, erosion decreased

with the number of firings; this demonstrates that the oxide
scale produced by the iron/oxygen interaction may not be
totally removed by the gas flow and, therefore, oxide accumu-

! lation, when it occurs, provides successively better thermal ]
’ { and oxidative protection. It is hypothesized that as long as ]
steel remains below its solidus point, erosion results from -
the removal of the scale formed on the metal surface by
the chemical interaction of iron with reactive gases.
Erosion tests performed on metals used as alloying
elements showed that molybdenum has the highest resistance
to erosion. The degree of erosion experienced by iron was I
similar to that of the three test steel alloys (i.e., AISI
4340, AISI 1020, and AISI 304). This indicates that the ;
alloying elements of steel do not alter the chemical inter-

B

SZ action between oxygen and iron.
- Experimental investigation of known erosion-reducing

additives (polyurethane foam, Tioz/wax. talc/wax, paraffin wax
and silicone lubricant) at high pressure, vented chamber
conditions showed that the best additive is talc/wax, followed
by paraffin wax. Polyurethane foam, an effective gun barrel

_ erosion reducer, shows little promise under the vented chamber
B test conditions. The ineffectiveness of polyurethane foam is
attributed to the lack of its coating action on eroded surfaces.
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POREWORD

The project summarized in this report was carried out
under Contract DAAG46-75-C-0088 and administered by the
Research Sciences Division, Basic Research Laboratories,
of the U.S. Army Materials and Mechanics Research Center,
Watertown, Mass. The Technical Monitor was Dr. J. Warren
Johnson; his technical contributions materially aided this
project. -

Dr. C. W. Christoe of the U.S. Army's Explosives
Laboratory at Picatinny Arsenal participated in this project
as a Visiting Scientist at Princeton University.

Part 1 of this study summarized the results of the
studies under Contract DAAG46-72-C-0078. This report is

cataloged at Princeton University as AMS Report 1303.
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I. INTRODUCTION

The erosion of gun barrels is generally attributed to both 1
thermal ablation (i.e., melting of the bore surface and sub- O.J
sequent removal of the melt by the aerodynamic forces of the fl
and chemical ablation (i.e., chemical interaction between the
metal surface and the propellant gases and subsequent partial
removal of the solid reaction products by the flow). The
controversy among the various investigations of barrel erosion
centers on which of the two above stated mechanisms is the
primary cause of erosion. This difference in opinion centers
on whether, during the firing cycle, the surface temperature,
T.» Of the bore reaches its solidus temperature, T Thus,

s M
we may define two regimes of erosion based on the value of the

surface temperature of the bore:

1. When Ts < '1‘H the primary mechanism of erosion is chemical

ablation, and A

2. vhen Ts > TH the primary mechanism of erosion is thermal
ablation.

Whether the surface temperature of the material, Ts, reaches
its solidus temperature will depend on a large number of
parameters, such as the thermal and chemical characteristics
of the propellant combustion gases and of the surface material;
the experimental characteristics of the firing cycle, i.e., _
the effective test time and the pressure and temperature history
of the propellant gases; and the physical characferistics of
the flow. Even in the case where the surface temperature
reaches the solidus temperature of the material of the bore,
chemical ablation is very important, especially in the initial
stages of erosion.

The overall objective of this study is to investigate in
detail the chemical interaction of the individual gases that
constitute the multi~component propellant gas mixture with
steel alloys and to relate this information to the overall
erosive action of propellant gases on steel alloys.

In the first part of this ltudy,l results were presented
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on the mass erosion experienced by three steel alloys (AISI

1020 carbon steel; AISI 4340 chrome-moly steel; and AISI 304 .
stainless steel) under the erosive action of propellant gases
and individual gases constituting the multi-component pro- 4

pellant gases (coz. co, 0,, N,, HZO).

In the present study, we undertook to:

{ a. determine, through thermodynamic calculations, the
affinity of the reactive gases present in propellant
gases (such as coz. co, uzo and 02) have for
the parent metal of steel alloys, Fe, and for the
alloying metals of steel, Ni, Cr and Mn.

b. Characterize the eroded surfaces of steel alloys
subjected to the erosive action of propellant gases
and the individual gaseous components of propellant
combustion products with respect to surface changes.

c. ldentify the products of the gas/metal interactions
botis on eroded surface and in the effluent gas stream. .

d. Study the erosion of pure metals that constitute the
alloying elemernts of steel and compare the results to
the erosion of steel alloys.

e. Obtain an experimental comparison of the erosion-reducing
action of candidate wear-reducing additives.

It is obvious that under excessive or prolonged heating

e b e e

I A TR T

by combustion gases, melting will be the primary mode of
! mass removal. However, under most practical situations, this
f is a conditicn which is to be avoided by proper design. Thus, 3
dvring this study, emphasis was on situations which produced
high metal temperatures below the solidus temperature.
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II. THERMODYNAMICS OF THE CHEMICAL REACTIONS
BETWEEN METALS AND GASES

The complexity of the chemical interaction between a gas
and an alloy occurs because the components of the alloy may
" have different affinities for the reactive gases (i.e., selective

. oxidation,2'3

and the reactive species may not diffuse at the
same rate through the scale formed on the surface or through

the alloy phase. Also, a further complication may arise when
a reactive gas dissolves in the alloys and reacts with one of
the alloying components (usually the less noble component)

within the alloy. 1In oxidation studies, this phenomenon is

called internal oxidatiOn.2 Another complexity that may occur
in gas alloy chemical interactions is when one of the alloying
components forms a low melting point oxide. The presence of

liquid oxide phase may lead to excessively fast reaction and
disintegration of the alloy:; this phenomenon is commonly
termed, in oxidation studies,2 catastrophic oxidation.

In erosion studies of steel alloys by high pressure and
high temperature propellant gases, a further difficulty arises
because the propellant gas is a multi-component mixture of
gases and several of the species may enter into reactions with
the parent metal or the alloying metals.

To study the contribution of the alloying elements of
steel on the overall chemical reaction of steel with propellant
gases, we examined:

a. the relative affinity of the reactive gases present
in propellant gases such as co2 co, H,0 and O2 for the parent
metal, Fe, and for the alloying elements of steel, Ni, Cr and
Mn, and

b. the equilibrium conditions of iron-oxygen, iron-carbon
monoxide~carbon dioxide and iron-hydrogen-water vapor system.
Equilibrium calculations can be utilized to obtain information
on the resulting products of reaction between reactive
propellant gases and steel. Although the reactions occurring
during the erosion process are not in equilibrium, it has been




shown (Ref. 4, p. 47) that at the boundaries between various
oxide layers that form on the surface or between the parent
metal and the neighborhood oxide layer, equilibrium may
exist.

Reaction of Propellant Gases with Alloying Elements of Steel

For a reaction to proceed spontaneously at constant
temperature and pressure, the process must be accompanied
by a decrease in the Gibbs free energy of the system, i.e.,

(8G) g o < O (1)

Equilibrium corresponds to the condition of minimum ene:gy.

A quantitative measure of the stability of a product or
of the relative affinity of a reactant gas for a particular
compound is the standard Gibbs free energy AG°. 1In general,
the larger the negative value of AG°, the greater the
stability of the compound and the greater the likelihood of
thé reaction to produce this compound.

The relative affinity of the reactant gases present in
propellant gases for the major alloying elements of steel are
shown in Figs. 1-4. These figures are graphs of the standard
Gibbs free energy of thé oxides of the alloying elements of
steel (Fe, Cr, Ni, and Mn) as a function of the reaction
temperature. The reactant gases considered are coz, Hzo,
Co, and O,. The thermodynamic properties of the ggsgm$t219
reactions have been drawn from several references. ' '"’"’
The form of the reactions represented in Fig. 1-4 are:

M+ x/y»co2 + 1/y Myox‘+ x/y CO (2)
M+ x/y nzo + 1/y Myox + x/y HZ‘ (3)
M+ x/y CO » 1)y MO, + x/y C (4)
M+ x/2y 92 > l/y Myox. . (5)

where M represents the metal under consideration.
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The points of discontinuities in the graphs marked by mp

and d represent the melting point and decomposition of the .

; oxide. Oxides with positive values of standard free energy

Ji : of formation have been omitted.

: The reaction of the metals with CO, (Fig. 1) show

moderate negative values of AG°. The most stable oxide is

Cr203. The same characteristics are observed with the

reactions with H20 and CO (Figs. 2 and 3) although in the

latter case at room temperature the oxides are more stable.

As expected the oxides obtained from the reaction of the

metals with oxygen are the most stable (see Fig. 4). However

in most cases, the stability of the oxides decreased with

increasing temperature. A further general observation is that

Cr and Mn produce oxides that are more stable than the h

parent metal, Fe, whereas Ni produces less stable oxide.

Stating this in other words, the reacting species of the

, propellant gases have greater affinity for Cr and Mn ]

| thaa Fe and Ni. i

{ g - One must be cautioned that the standard Gibbs free

| energy for thermodynamic calculations does not provide

‘ information about the rate of the chemical reaction. The

f large negative value of AG°® indicates only that a large

1 driving force exists which should make the reaction more
likely to occur. However, reaction kinetics information is
required to investigate the rate of conversion of the particular
reaction under investigation. ‘

Figure 5 shows a plot of A4G° as a function of temperature

of the reactions between iron and the major gaseous components :

Ly ! of propellant gas (coz, €O, H,0 and Nz). The plot indicates

that none of the reacting gases have large affinity for iron,

f' in comparison to the oxygen's affinity for iron (see Fig. 4).

3 : When the oxide scale is thick the diffusion of reactants

F : - .
: - are slow and the;modynamic‘equilibrium"lo exists at the

R o

ek

LR R Y R

i boundaries between the metal and the lower oxide or between
¥ ‘ two different oxides. Therefore knowledge of the equilibrium
Eo - conditions of the pxidizer/metal system allows us to predict

- el b i ikl S gl 1 it el Mgt e i bl i RS -



R R LK E T

¥

o Sl SR e g
I G N e
3 P

Nt
¢ 4 e

e 2 a et A LT

the possible phase composition of the scale as a function

of temperature and free stream oxidizer composition and the
direction of the oxidation-reduction processes. 1In the
next sections, we will consider the equilibrium of Pe/oz,
Fe/coz/co and Fe/Hzo/Hz. The gases under consideration
represents the reactive Jases present in propellant gases.

Chemical Equilibrium in Metal - Gas Systems

The general theory of chemical equilibrium presented in
numerous textbooks,l1:12,13 has been summarized for the
convenience of the reader in Appendix I. Considering the

case of a simple reaction
Me + 1/2 0, + MeO (6)

the:equilibrium constant (Eq. I-13) is given by the
expression

_a (Me0) L
Ka = exp RT] (7)

a(Me) [a(0,)11/2
At moderate pressures the activities of pure substances are
equal to one,. i.e.,

‘a(Meo)l- a(Me) = 1

Assuming that the gas is ideal, i.e., a(Qz) = Py Egq. (6)
beqomes o i -

_ =172 _[ace
Kp p02 * exp [éT J (8)
When the partial pressure of oxygen in the gaseous phase,

) [ : i ; \
(p0 ) , is less than the equilibrium pres?ure Po_+ MeO will
tena'to_feducé to Me. Conversely when p02 is‘areater than
p°2*'theﬁ Me will tend to oxidize to MeO. ;

R L PUTR S S NaEar o e e U
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The Iron - Oxygen System
The reaction of iron with oxygen may result in the

formation of three oxides: Fe O (wustite), Fej 0, (magnetite)
and Fe,0, (hematite). The wustite of stoichiometric
composition FeO is unstable. However, for the sake of
simplicity we will adopt the stoichiometric form of wustite
for subsequent equilibrium calculations.

Figure 6a shows a plot of the dissociation pressures of
the iron oxides as a function of the reaction temperature. The
reactions representing the solid lines in Fig. 6a are:

2 FeO === 2Fe + o2 (9)
1/2 Fe 0 === 3/2 Fe + 02 {(10)
6 Pe,0, === 4 Fe;0, + O, 1t T

The equilibrium constant associated with each of the

‘above reactions is related to the equilibrium pressure of

oxygen by the relation

= exp(-AG°/RT) (13)

- Two or more compounds éxist together in qquil;brlum‘at
temperatures and pressures that are defined by the lines in
Fig. .6a. To elucidate this point, let us consider the upper
line of Fig. 6a qeparﬂtinq the iron oxides Fe,0, and r.3o‘.
Hematite (Fe,0,) and Magnetite (Fe;0,) co-exist in equilibrium
at temperatures and partial pressures of oxygen that lie on
the boundary line separating the two regions. If for example,
for a given temperature the partial pressure of oxygen po2
is less than the oquilibrium partial pressure (p, )
corresponding to that temperature, then Foz 3 ill deconpose
to O, and ro3o‘. Conversely if p, is greater than (902)
then Fe o‘ will be further oxidized to r¢203.

.l




A schematic representation of the above argument for
the general reaction

Me + 1/2 O,==== MeO 1

is shown in Fig. 6b. '
The equilibriums

2/3 Pe203 ~—= 4/3Fe + 0 (14)

2

g and 2 Fe,0, —= 4 FeO + o, (15)

: do not exist and, therefore, are not in Fig. 6a.

- The basic assumption for the development of Fig. 6a and
similar figures is that when gas and a metal compound react 1
together, their ultimate products will be the ones that g
require the lowest éﬁuilibrium partial pressure of the gas.
To understand fully Fig. 6a, all the reactions of the iron-

o
i o it i gl of i e

] oxygen system (Egs. 9-12, 14 and 15) have been included in

} ? Fig. 6c. For example, the equilibrium state of Eq. (14) does
not exist because at temperatures of 500 K and above, the
equilibrium partial pressure of oxygen, (poz) for reaction

e
F (14* is higher than the equilibrium partial pressure of

o oxygen for the reaction (9); thus wustite, Pexo, will be
produced instead of hematite, Pe203. On the other hand, at
temperatures below 500 K the equilibrium partial pressure of
oxygen of the reaction (14) is higher than the corresponding
value of the reaction (10); thus when iron and oxygen reacts,
at this temperature range, Fe304 will be produced.

Figure 6a shows that Fe,0, cannot be in equilibrium with
either Pexo or Fe. Furthermore, at high reaction temperatures
(above 500 K) and high oxygen partial pressures, all three
oxides of iron are formed. The outer layer is’ Fe203, the
middle layer is Pe304 and the layer in contact with iron is
Fexo. However, based on these idealized calculations, wustite
is not formed when the temperature is below 500 K.

o Qi e an
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The Iron-Carbon Dioxide-Carbon Monoxide System
Figure 7 shows the equilibrium partial pressure ratio

of CO ¢to Co, as a function of temperature. The reactions

considered are: !
Fe + coz === PFe0 + CO (16) {
3/4Fe + coz= 1/4Fre, 0, + CO (17) ;
3Fe0 + cozx !'.30‘ + CO (18)
a———
2Fe 0, + CO,=——= 3Fe,0, + CO (19)

The equilibrium constant associated with each of the above
reactions is related to pcolpco2 by

K, = ;gs» = exp[-4G*/RT] (20) é

2 %

The equilibriuns é
3

2/3 re + €O, =====2= 1/3 Fe,0, + CO (21) ]

2Fe0 + CO,me===== Fe,0, + CO (22) ?

do not exist. The region of r.203, defined by Eq. (17) is not
shown because it ligl‘bolow pco/pco2 = 0.01. Fe,0, will be
formed only w?;n the gaseous phase is very rich in coz. i.e.,
pco/pco > 10 . A typical value of pCO/pC°2 in propellant
gases if 0.4. Thus from Pig. 7 it can be deduced that
neglecting the effects of other reactive gases, the oxide
scale produced will be largely roxp. The usefulness of the
information obtained from Fig. 7 is demonstrated in Table 114
which presents an experimental identification of the relative
amounts of FeO and Fe,0, present in eroded steel surface undorz

. the erosive action of CO/CO mixtures. As predicted from
Fig. 7, in the case of pco/pCoz = 0,84 the oxido scalo
produced will be mainly Fre0.

- G 3
DRk B R I

e i ot e Y L e e s i
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The Iron-Hydrogen-Water Vapor System
The equilibrium diagram of this system is shown in
Fig. 8. This is a plot of the equilibrium pressure ratio
Py /pH o versus the reaction temperature. The reactions 3 |
considered are

g Fe + H,0 ~———=FeO + H, (23) |
1
3Fe0 + H,0 = Fe,0, + H, (24)
T 3
2Fe 0, + H)0 T=== 3Fe,0, + H, (25)
The equilibriums
g a——
: 2/3 Fe + H)0 —=== 1/3 Fe, 0, + H, (26)
E 3/4 Fe + azo === )/4 1’0304 + Hz (27)
2Fe0 + uzo = ] rozo3 + Hz (28)

i £ e

R do not exist. As in the case of the Fe-COz-CO iystem, the

.
D e e

E region of Fe,0, is not shown because it exists when the gaseous
] phase is very rich in nzo, i.e., Py /pH o is greater than
: 10-5. The hydrogen to water vapor pirtigl,pressure ratio in

typical propellants is about 0.5. Thus, generally the scale
will be predominantly wustite.

Prodncts of the Chemical Ihteraction of Propellant Gases and
Steel in Barrel Erosion » -

The large array of the chemical products produced
during the erosion of gun barrels that have been identified
and the respective position where they have been found is shown
in Table 2.1%0f these products the most important are the iron
oxides, nitrides, and carbides. Thermodynamic calculations
of the standard CGibbs free energy showed that the order of
likelihood of these products forming is: oxides first, nitrides
second, carbides third and carbonyls last. The Gibbs free : .
energy of the carbonyl and carbide reactions were positive with
the exception of the carbides formed by the reaction with
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solid carbon.

The interest in the carbonyl formation and in particular
to the iron pentacarbonyl [Po(CO)sl resulted from the hypothesis
set forth by Evans and co-workers 16,17 that the erosion of steel
by CO/CO, mixtures is due to the reaction:

Fe + 5CO ~» F.(CO)5 .

This reaction is catalyzed by soz, st, Nﬂa and Hz. Trace
concentration of the above compounds have bsen found to
increase considerably the erosion of steel orifices.
However, tests to isolate and identify experimentally
iron carbonyll4 as the erosion products of the CO/CO2 gas
mixture interaction with steel did not reveal the existe:ce
of iron carbonyl. This may have been due to the possible
rapid decomposition of the iron carbonyl after its formation
that makes it difficult to detect. At 500 K iron carbonyl
is a stable product with a free energy of formation of
-88 kcal/mole. Its free energy of formation, however,
decreases with increasing temperature. .
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f III. EROSIVE EFFECTS OF HIGH PRESSURE
* COMBUSTION GASES ON STEEL ALLOYS

The first report of this studyl presented results of the
correlation of the mass removal of steel alloys resulting !
from the erosive action of high pressure and high temperature
propellant gases with such parameters as:

a. type of steel alloy, |

b. type of propellant, {
c. geometry of the orifice, and A
d. number of successive exposures.

==

These correlations provided substantial data base on the erosion |
of steel alloys. However, very little was learned about the

took to obtain further insights into the erosion process by
examining the effect of erosion on the steel surfaces.
Accordingly, we sought to:

a. Characterize the eroded surfaces with respect to 3

l chemical aspects of erosion. 1In the present study, we under-
i

surface changes, and
b. Identify the products of the gas/metal interaction
i both on the eroded surface and in the effluent gas
stream.

i Apparatus and Materials

Experirents of the erosion of steel alloys by combustion
generated gases were carried out in the vented-combustor
apparatus shown schematically in Fig. 9 and described in detail .
elsewhere.l:18,19 1, order that the interior surfaces of the i
test orifice be accessible to optical microscopy and SEM
examination, matched split disks containing a milled rectangular
slot in one semicircle (see Fig. 10) were assembled and clamped 3
to the test part of the combustor. The combustor was then i
charged with propellant (0.6 to 1.2 gm) which was then ignited
by means of a primer. In the present experiments, unlike the
earlier investigations,l’18'19 no vent orifice was used so that
to increase the effective test time. Fig. 11 shows a comparison

T TR T TSR Ty
- AT A R L S PR
Y oy
g




i et

=18= I

of the pressure history of the combustor using a 0.15 cm vent ’
orifice (Fig. lla) and using no vent orifice (Fig. 1llb). The
effective test time increases by a factor of 2.5 when the
combustor does not have a vent orifice.

Most of the erosion tests were performed on AISI 4340
chromium-molybdenum steel. Iiiowever, for comparative purposes
2 number of tests were performed on AISI 304 stainless steel
and AISI 1020 carbon steel. Typical nominal compositions and
room temperature properties of the above steels are shown in
Tables 3 and 4.

The propellants used in this study were IMR-4198 and Ml
single-base propellants. The Ml (Tv = 2528 K) propellant is a
cooler propellant than the IMR-4198 (T, = 3000 K) propellant.
The chemical composition and propellant gas properties of the
two propellants are shown in Table S.

After each experiment, the test disk halves were cleansed
of combustion products with acetone and trichloroethylene,
weighed and the eroded surface examined. No qualitative
differences were observed when comparing the milled surface
with the opposed unmilled region of the matching half-disk.
For simplicity, therefore, all results, except mass loss, given
in subsequent sections refer to the unmilled side of the

orifice. The mass losses quoted are the sum of that measured
on both matched halves.

Results and Discussion
1. Mass Removal
The simplest quantitative measure of the erosion of a
test specimen subjected to the action of high pressure and high

temperature propellant gases is the mass difference before
and after exposure to hostile gases.* Figure 12 shows a plot of

the mass erosion experienced by the rectangular orifices as a |
function of the peak pressure of the combustor. These tests

were performed without a vent orifice in the combustor (i.e.,
the width of the pressure trace at pHAX/Z is of the order of

3.6 msec). The plot is linear after a pressure threshold

*It gshould be noted that the thicknesses removed from the surf
during our laboratory experiments are on the same order as thos
experienced during gun firings.
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corresponding to about 90 MN/mz. The relation between mass
erosion and peak pressure obtained without a vent orifice
differs greatly from the corresponding relation using a vent
orifice (i.e., width of the pressure trace at pMAx/Z is of

the order of 1.3 msec). 1In the shorter effective test time
experiments, the mass erosion rate accelerated rapidly as peak
pressure increases, whereas in the longer test time experiments
the mass erosion is linearly dependent to the combustor

peak pressures. The difference in the characteristic shape

of the mass erosion curves may indicate a shift in the mechanism
of erosion, s the heating time of the specimen is increased,
i.e., chemical ablation at short test times to thermal ablation
at the longer test times. At the present time, we are not
prepared to resolve this point. Plans, however, have been
formulated to elucidate this change in the character of the
erosion curve, by performing heat transfer calculations to
estimate the suriface temperature of the test specimen as a
function of the experimental parameters.

2. Geometric Effects
A Jetailed examination of the geometric changes of the

test specimen resulted from the erosive action of propellant
gases as a function of the space coordinates was performed
using profilometry.* A typical topograph of one symmetric half
of eroded planar surface of AISI 4340 steel is shown in Fig. 13.
In the middle of the orifice, the depth of regression is seen

*
The profilometric studies as well as the Scanning Electron

Microscope studies have been performed at the RCA David Sarnoff
Research Center, Princeton, New Jersey.
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to decrease monatomically from the upstream section (where
the surface heat transfer is the greatest) to near the
downstream end (where the surface heat transfer is the
lowest). The edges of the downstream section channel are
higher than the original untested planar surface which
indicates that metal removed by the erosion process in the
upstream section accumulated on the lip of the downstream
section. A comparison of the erosion experienced by the
steel specimen at three positions along the length of the E
specimen is shown in Fig. 14. This figure shows clearly that |
the greatest mass removal occurs at the upstream section.

3. Characterization of the Eroded Surface by Means of SEM ]

Figure 15 is a photograph of a Scanning Electron ]
Microscope (SEM) image and shows a typical test surface prior

to exposure to high pressure and high temperature propellant
gases. The horizontal bands shown in Fig. 15 are machine
marks and serve as convenient reference lines. Figure 16 shows

a series of three eroded surfaces that have been exposed to I
IMR-4198 propellant gases. These SEM photomicrographs are

situated from high to low to correspond to increasing

combustor peak pressure. Examination of Fig. 16 reveals two
important observations:

a. the presence of a scale on the eroded surface which is

less abundant as the peak pressure increases, and

b. the presence of cracks on the underlying metal surface

itself which appears to increase in width, and probably
depth, as the peak pressure increases.

The relative decrease of area occupied by the scale at
higher pressures suggests that this scale lacks sufficient
cohesive strength to resist the higher shearing forces
corresponding to the increased combustor pressure. Where the
scale does form it has a brittle, flaky appearance.

Electron Microprobe Analysis (EMP) of these eroded surfaces
indicated the presence of markedly more carbon in comparison
with an unexposed specimen. The oxygen levels were shown to be

comparable. It should be kept in mind that EMP quantitative




-16~-

capabilities are limited with respect to light elements. The

EMP also detected trace amounts of sulphur which were not

present in the unexposed specimen. However, the Electron

Microprobe Analysis is incapable of distinguishing whether these 1

] erosion products are bound into chemical compounds of iron or

; whether they have been merely deposited onto the surface with i

sufficient cohesive strength to resist the cleansing operations
that were performed prior to examination. Moreover the EMP's
insensitivity to oxygen does not rule out the presence of one
] or more of the iron-oxide scales.

The increase of the width of surface cracks with pressure
observed in Fig. 16 is also shown in Fig. 17 which is a plot
of width of the surface cracks measured from the SEM photo-

micrographs versus combustor peak pressure. Since the width 1
of cracks varies over the surface a representative range of

widths observed for each combustor peak pressure was plotted.

| Figure 17 shows a test performed using, instead of IMR-4198 y
propellant, a lower isochoric flame temperature propellant, an
Ml propellant. As shown in Fig. 17 and also in Fig. 18, which 5

is a photomicrograph of the eroded surface, the width of the
surface cracks resulting from the erosive action of Ml propellant
| gases was markedly reduced. This reduction may be attributed
| largely to the cooler isochoric flame temperature (2500 vs 'ﬂ
' 3000 K) of the M1 propellant which results in a correspondingly
lower metal surface temperature.
I A comparison of the crack formation on the eroded surface 1
:1 of the three test alloys, namely AISI 1020 carbon steel, AISI
4340 chromium-molybdenum steel and AISI 304 stainless steel
is shown in Fig. 19. The cracks are shown to be wider in the
} case of the stainless steel than of the AISI 4340. The smallest
] width was in the case of the carbon steel AISI 1020. Examination
3 of the room temperatures thermal properties of these alloys
shows that AISI 1020 has the highest thermal conductivity,
whereas AISI 304 has the lowest thermal conductivity. Thus
crack dimensions are seen to be inversely dependent upon the

thermal conductivity of the steel. This again points to the
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effect of surface temperature on crack formation because
the lower the thermal conductivity of a material the higher
its surface temperature assuming the same environmental
conditions.

All indications thus far are that the mechanism
of crack formation is thermal in nature and that cracks are
probably formed due to strains produced by volume changes re-
sulting from the rapid heating and cooling processes that are
relieved by surface cracking. However there is a possible
alternative mechanism of crack formation which is known to be
pressure-dependent namely hydrogen embrittlement.20.21
Hydroger. embrittlement is a general term used to describe a
variety of phenomena in which the shear or tensile strength
of hard metals has been reduced due to the presence of hydrogen
in its environment or composition. Hydrogen embrittlement
can cause microscopic surface and internal cracking following
the absorption of a very small average concentration of hydrogen.
This is because the hydrogen tends to concentrate at grain
boundaries and to interfere with intergranular attractive forces.
Accordingly, hydrogen embrittlement is most apparent in
materials under stress. The usual tests for embrittlement in-
volve measuring the failure limit of a stressed specimen as

\

a function of parameters such as external hydrogen pressure
or temperature of the strain rate. Experiments indicate that
up to pressures of about 70 MN/m2 (Ref. 20, p. 139, 171) the
yield strength decreases roughly as the square root of hydrogen
pressure and that the temperature dependence of hydrogen
embrittlement peaks at about room temperature (Ref. 20,
p. 146, 172; Ref. 21, p. 256).
Notch tests carried out on nickel at room temperature and
a hydrogen pressure of 70 MN/m2 show a reduction of notch
strength from a nominal value of 900 MN/m2 to about 200 MN/mz,
or a reduction of about 80%. The way in which such mechanical
properties as loss of ductility relate to metal erosion in
general, and to crack formation in particular, is not obvious.
To attempt to identify the mechanism of crack formations,
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whether thermal or chemical, a series of tests were performed
using the Princeton University ballistic compressor.1 A
detailed description of this apparatus is given in a
subsequent section of this report.

4. Studies of the Mechanism'of Crack. Formation Utilizing
the Ballistic Compressor
The objective of the tests performed utilizinc the
ballistic compressor was to compare the surface characteristics

of eroded specimens resulting from th~ action of hydrogen
versus that of an inert gas such as a.gon.

Table ¢ shows a summary of the test conditions and test
specimen mass losses achieved in these tests. :

Figures 20 and 21 show a comparison of SEM photomicrographs
of eroded surfaces produced by the action of H2/CO2 and A.
Neither the tests performed with H2 nor with A produced
surface cracks. However in the argon tests and in high pressure
H, tests (620 MN/mz) there is evidence that melting of the
surface during the test occurred.

The Role of Cracks on the Erosion Mechanisms of Steel Alloys
A general observation of the SEM photomicrographs of
eroded surfaces is that the craéks follow grain boundaries.
The removal of such loosened grains by the subsequent firings
might be an importént process on the overall erosion of steel
alloys subjected to repeated exposures of hot, high pressure
propellant gases. Indeed the surface regression of the metal
surface per firing (~ 20um) allows the possibility that whole
grains (which appear to be of the order of 5um in diameter)
might be removed in their entirety during a single firing.
Figure 22 shows the surface of a sample exposed five
times to IMR-4198 propellant gas'at a chamber pressure of
290 MN/mz. The nature, &bundance, and dimensions of the cracks
fit the trends established above for single firings so well
that it can be concluded that with regard to crack formation,
each firing acts independently. This is in agreement with
results presented in Ref. 1 that show that mass erosion rate
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of steel specimens is independent of the number of firings.

The results presented on the examination of an eroded
surface suggest that while crack formation growth can be
correlated with the mass loss of the specimen, the relationship
is more coincidental than causal and that crack formation is
not a major factor in the erosion of steel alloys exposed to
the environmental conditions achieved in the present study.

i
:
|
|

SEM Investigation of Collected Residues of Erosion

SEM examination of the solid erosion products removed
from the test surface by the flowing hot gases were made by
allowing the test gas exiting from the test orifice to impinge
on a cool (room temperature) surface located 6 - 10 cm
downstream from the test orifice. A small quantity of the
erosion products along with some propellant products accumulate .
on the cool surface which is then subjected to microscopic '
examination. The collector surface was elther made of copper
or steel and was in the form of a disk with its surface
perpendicular to the direction of the flow. In addition to
this type of stationary collector, a rotaéing collector
was employed that provides for a movement of the substrate
(surface of the collector) at right angles to the flow. The
flow was collimated by a masking slit as shown in Fig. 23,
This collector provides time-resolved samples of the deposited
erosion products. Fig. 24 shows depositions on stationary
copper substrates resulting from the exposure to IMR-4198
propellant gases of AISI 1020, 304 and 4340 steels respectively.
These deposits were a flat black color when observed optically
and electron microprobe analysis indicated the presence of
relativeiy large amounts of lead and potassium although
minor quantities of iron were detected.

Accordingly, one is lead to the conclusion that the bulk
of the materials deposited were propellant products, as might
be expected. A fine crystalline after-growth, discernable at
higher magnification, of the deposits associated with the latt
two steels (Fig. 25) has not yet been identified. The flowery
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crystallites of Fig. 25b, however, have the same general :
appearance as larger crystals which were observed a few L
days later on the same sample. These larger crystal
colonies appeared light blue and translucent under an
optical microscope and are assumed to be due to hydration of
copper salts formed at the time of the exposure.
: Figure 25c shows a somewhat different crystal growth

pattern when IMR-4198 propellant gases following erosion of
AISI 4340 steel were allowed to pass over a stationary steel
substrate. ' '. '

The results of deposition into the moving bands of iron
and copper are'ambiguous in that alfhough the amount of deposited
material (as well as the abundance of impact craters) was
resolved as a function of timé, no gualitative differences could
be observed throughout the deposition period. Moreover, no
distinction between deposits on the copper band versus the
steel band could be made, and no occurrence of the fine

crystalline structures discussed above were noted anywhere.

Spectral Investigation of Exhaust Plume

A search for spectral evidence of gaseous iron compounds
was carried out using a Spex "Mini-mate" spectrometer, modified
to accept a Polaroid camera. Polaroid Type 57 film was used
which hasan ASA speed of 3000. Taking into account the film
speed, geometric limitations and average mass-loss per firing,

22

the apparatﬁs should have been sensitive to spectral emission

from trace amounts (e.g., one molecule in 10%) of Fe atoms or

Fe compound molecules. " No emission spectra were obtained when
the plume was observed at 90° to its axis. A panoramic still

phofograph of the experimént revealed very weak and diffuse
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illumination in the plume which could have arisen from
scattering of the propellant flame light originating inside
the combustor. : Baiis kAt ity g o
Since the propellanf flame inside the.combustor gives
rise to intense broad-band spectra in the 600um region the
possibility existed that radiation might be selectively

il vebliaab o b el N G ik o el B g 7 e 2



re 8

3
ik £

“3
‘Aﬁ
[

sy

=21

g absorbed by unexcited molecules of reaction products to produce

- : absorption spectra in a "down-the-tube" axial configuration.

& A series of experiments using stainless steel discs (for

* < maximum erot:l.on) and a var:l.cty of pressures failed to produce
any identifiable lines.

It is believed- c:l.thot :I.ncuff:l.c:l.cnt chemical energy is
released in the formation of iron compoundl to excite optical
transit.{onl or that the iron compounds produced, such as
Fe,0,, fom cryctalc on the surface which then break up as solid

a particlu and that molocular, uncondensed !0203, or othcr iron
complexu, novor exist to be lpcctrauy active.
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IV. EROSIVE EFFECTS OF STEEL ALLOYS

BY. PURE GASES : .

3 Exposure of steell and aluminum!®’19

alloys to a stream of
31 high pressure and high temperature combustion gases in mény

cases produce regression rates of the metal surface that are

i much higher than the rates calculated from the theory of inert

] ablation (melt-and-wipe-off). The augmentation of the regression
rate of these alloys is attributed to the chemical interaction
between the metal and the combustion gases. In the case of
aluminum alloys, for example, the very high mass loss rates
experienced by the test specimen were attributed to the com- |
bustion of aluminum vapor in the boundary layer of the flow

b that results in an increase in the surface heat feedback which
| in turn increases the rate of mass removal.

3ﬁ The interpretation, however, of the gas-metal interactions ¢
' in the propellant-gas experiments is always obscured to a large
degree by the simultaneous presence of a great number of gaseous
species formed by the combustion of the propellant. The problems a

¥ associated with large numbers of gaseous species (i.e., using

] ' combustion gases) were overcome be developing and using a : E'
| ballistic,compressor.1 The ballistic compressor is a device 4
5 that generates hot, high pressure pure gas or préscribed gas ;
: | mixture which can be brought into contact with a metal specimen

for the study of the reaction processes.

s Part I of this study1 presented results of the mass loss

‘i experienced by three steel alloys (AISI 4340 chromium-molybdenum
,E steel, AISI 1020 carbon steel, and AISI 304 stainless steel)

éf exposed to high pressure and high temperature pure gases.

; The purpose of the present investigation was to provide

;; further information on the erosion of steel alloys by pure

% gases. We have sought to:

£ a. study the effects of orifice configuration on the

' ; erosion of steel alloys by pure gases, 3
b. characterize the eroded surface resulting from the j
interaction of each test gas with the steel specimen,

i it i i dhudiontcoasio 2 i
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c. identify the products of the test gas/steel interaction
on the surface, and

d: study in greater detail the mechanism of erosion of
steel alloys by a hydrogen and 0,/N, mixture which
produces unusually high mass removal rates.

Apparatus and Matérials

A detailed description of the ballistic compressor

appardtus is given in Ref. 1. 1In brief,'the ballistic compressor

apparatus, shown schematically in Pig. 26, utilizes a reservoir
of driver gas (e.g., 2.5 MN/m » 300 K) to drive a piston to
compress adiabatically the desired test gas. In this way the
apparatus produces a quantity of hot, high pressure gas

(e.g., 400 MN/m s 3000 K) that flows through the test orifice.
The pressure history of the test gas was monitored by a high
frequency Kistler 607 piezoelectric pressure transducer. A
tyrical preésure trace is shown in Fig. 27. 1In comparison with
the test time produced by the vented combustor apparatﬁs

(1.5 to 4 msec) the ballistic compressor has an effective test
time which is less than 1 msec.

As in the case of the vented combustor tests most of the
ballistic'compressor tests were performed on AISI 4340 chromium-
molybdenum steel. Both circular and rectangular orifice ge-
ometries were tested. The dimensions of the orifices are shown
in Fig. 10. The flat test surfaces, provided by the rectangular
configuration orifices were utilized for SEM and microprobe
studies. The method of preparation of the test specimen is
described on page 13 of this report.

Test gases used in this study to obtain a qualitative and
quantitative measure of their exosive effect on steel alloys
were: Nz, Hz, co, coz, A and Oz/Nz, Hz/oz/Nz, Coz/A and nz/oz
mixtures. y

Metal test specimen mass loss and regression depths
(measured by a profilometer) are the primary quantitative data
used to indicate the severity of the gas-metal interaction
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f during test exposure.

.« : ]
F Performance of the Ballistic Compressor

F The versatility and wide range of the ballistic compressor .
3 as a generator of high pressure and high temperature gases is |

depicted in Fig. 28. This shows a comparison of the ranges
of temperature and density that can be produced by three

.

techniques, namely, shock tube, static compression, and bal-
listic compressor. ;

A comparison between the actual pressure attained by the
ballistic compressor and theoretical performance predicted by

Ak )

(a) assuming isentropic compression and (b) taking into account
valve losses and blow-by is shown in Fig. 29. The isentropic
compression assumption overestimates the generated pressure by
1 as much as 30%. : !

At test gas pressure level: up to 140 MN/m2 the predictions
made by the nonideal theory agree with the experimental results
obtained using pistons without o-rings (negligible friction).
Above this pressure level (v 140 MN/mz) leakage begins to

it et

fi reduce the performance of the ballistic compressor.
5 Results and Discussion

2 1. Mass Removal
; Table 7 shows the erosion results of both circular

and rectangular steel AISI 4340 orifices. For comparative
purposes, both the total mass ‘erosion and the mass erosion per
unit surface ‘area of the test orifice are presented. The
results show that the total mass removed from the rectangular
orifice is greater than for the circular orifice. However, the
erosion per unit surface area is approximately the same as that
of the circular orifices. This was not the case for the vented
chamber results (propellant gases) reported in Ref. 1. There,
the rectangular orifices experienced greater mass removal per
unit ‘surface area. The explanation of the vented-combustor
results was based on the effect of curvature of the orifice

on the heat transfer. The higher the ratio of the thermal-
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wave thickness to the radius of curvature the greater the heat
dissipated to the interior of the disk and, thus, the lower the
surface temperature. However, in the ballistic compressor
tests, the test time is very short (compared to the vented
chamber) and, thus, the depth of heat pdnetration is small
compared to the radius curvature. Thus, one-dimensional slab
heat transfer adequately represents both the circular and
rectangular configurations.

Comparing *“he erosive action of the gases tested, it is
evident that the gas mixtures containing molecular o2 and
molecular H2 produce high mass removal rates. Coz, CO, and N2
produce relatively small effects. Based on SEM studies discussed
later in this report, the molecular oxygen-containing gases
produce erosion of steel by formation of low shear strength
oxide scale that is swept away by the flowing gases. On the
other hand the augmented erosive action of H, in comparison
to N, is not clear. A possible explanation is that due to the
higher thermal diffusivity of hydrogen, the surface heat
transfer is increased which results in greater erosion. At
room temperature, for example, the thermal conductivity of
H, is 4.02 x 10" cal/cm-sec-K, whereas the thermal conduct- -
ivity of ‘N, is 5.77 x 10'5 cal/cm-sec-K. The possibility
that the mechanism of erosion of steel alloys by hydrogen may
be other than thermal cannot be ignored and therefore a series
of tests have been performed to investigate this. These
tests will be discussed later in this section.

2. Geometric Effects - \
Topographs of one symmetric half of an eroded planar
surface of AISI 4340 steel subjected to the erosive action of
high pressure and high temperature air and hydrogen are shown
in Pigs. 30 and 31.

As shown in Fig. 30 the surface of the specimen, tested
in air is irregular (wavy in the direction perpendicular to
the flow). Highest mass removal occurred at the upstream
edge as expected. The surface regression at this section
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is of the order of 60u. On the other hand, in some areas

of the downstream section, the surface is above the original
level indicating possible mass deposition or more likely

(see SEM results) oxide formation that was not removed by the
flow.

The topograph of the steel surface tested in Hz
upstream edge. Proceeding downstream, the regression decreases
up to 400um from the upstream edge where it begins to increase
until 750um from the upstream edge where it begins to decrease
to a minimum at the downstream edge. The observed hill on the
surface at 400um from the upstream edge resulted from metal
removed at the upstream edge, transported and deposited down-
stream. The process of deposition is also evident at the side
edges of the eroded surface.

3. Characterization of the Eroded Surfaces by Means of SEM

is highly
irregular (see Fig. 31). The highest surface regression is at the

To facilitate the study of the erosive action of the
above gases on steel surface, SEM and microprobe éxaminations
of the eroded surface have been performed. The surface
modifications of the test specimens for each gas tested were
as follows:

Nitrogen Gas
Nitrogen produces little effect on the surface of
the test specimen. Fig. 32 is an SEM photomicrograph of the
surface of AISI 4340 subjected to the erosive action of high
pressure and high temperature (359 MN/mz) N, gas. A
comparison of Fig. 32 with that of an untested specimen (Fig.
15) shows that minor modifications of the surface occurred.
The grihﬁing tool marks observed in Fig. 15 are shown in Figqg.
32 to be distinct and largely unaffected. The amount of metal
removed in the N2 test was below our threshold of detect-
ability (< 0.1 mg).
Carbon Monoxide
Examination of the test surface under the erosive
action of CO shows the formation of a thin scale that seems
to originate at the original machining marks of the surface.
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A closer look at the scale (rig. 33) shows the formation of
cracks which may cause the flaking-away of the scale leaving
the substrate metal unchanged. In this particular test,
no mass loss could be detected.
Carbon Dioxide
As shown in Fig. 34 with the exception of the
presence of granular residue on the test surface, the surface
is largely unaffected by coz. The origin of these residues
is not clear.
Hydrogen
The surface modifications occurring due to the
hydrogen/steel interaction is shown in Pig. 35. The SEM
photomicrograph was taken on the edge of the rectangular test
channel. The right side of the photograph represents the
untested surface, the left side is the eroded surface. The
scale formed in the channel is shown to be very porous.
Optically, however, the test surface appears smooth and
polished.

The mass removal of the test specimen in the above H2
test was 0.64 mg. At higher mass removal (3.14 mg in five
consecutive tests) the surface appeared to be markedly
smoother.

Air

Fig. 36 shows the surface appearance of a test

specimen subjected to a pulse of high pressure and high temper-
ature air. Microprobe analysis of the porous scale reveals
large concentrations of oxygen that indicate that it is
presumably an iron-oxide scale. The mass removal can be
attributed to the partial removal of the low shear strength
oxide scale by the aerodynamic forces of the flow.

Mechanism of Erosion of CO:, co, HZ and O2 on Steel Alloys

Carbon Dioxide
The most comprehensive study of the chemical erosion
of steel was made during WW II by Evans and co-workers16:17
who studied the erosive effects of high pressure and high
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temperature gases produced by the combustion of O2 with
excess amounts of CO. They found that, in general, erosion
increases as the C02 concentration in the combustion
increases. This result does not agree with our finding that
C02 produces erosion of the same magnitude as that of an inert
gas (Nz). It should be kept in mind, however, that the results
reported in Ref. 19 were obtained using the combustion products
produced by burning 02/C0 mixtures. Accordingly an appreciable
amount of free 0, is present in the test gas mixture which
may have produced the erosion attributed to COZ. This
hypothesis is in agreement with their result that erosion
increases with co2 concentration because it implies a corre-
sponding increase in o2 concentration in the reactive mixture.

Carbon Monoxide ’

The inability of CO to produce erosion of the steel
alloys above the inert background erosion (Nz), coupled with
the scale formation observed in our experiments are in strong
contradiction to the carbonyl mechanism of steel erosion.

The carbonyl mechanism proposed by Evans and co-workers
states that erosion of steel in the chemical region is due to
the formation of volatile iron carbonyl by the reaction of CO
with Fe

16,17

Fe + 5C0 » Fe(CO)S

Their efforts_14

erosion product of the action of CO/CO2 mixtures on steel
vents were not conclusive.

Oxygen
The augmentation of mass removal of steel alloys due

to surface chemical attack by oxygen is demonstrated in Pig. 37.
This is a plot of mass removal versus mole fraction of 02 in
0,/N, mixture. This relation is linear indicating that the
overall chemical reaction begween 0, and ii‘on is a first order
reactioa. This linear relation, however, is correct when the
mole fraction of O, is greater than 0.15. When the mole
fraction is less than 0.15, mass removal is negligible.
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however to isolate and identify iron carbonyl as the
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Based on the SEM studies presented earlier and the above
results, we postulate the following mechanism of erosion of
steel alloys by oxygen: oxygen produces mass removal by formation
of low shearing-strength oxide scale(s) that is partly or
wholly swept away by the flowing gases.
To test this hypothesis a series of 5 consecutive erosion
tests were performed on the three test alloys. In each test
the mass loss experienced by the specimen was recorded. Figs.
38 and 39 show the results. Fig. 38 is a plot of mass erosion
versus number of firings whereas Fig. 39 is a plot of mass
eroded per firing versus number of firings. These results
show that: 3
a. mass erosion decreases with increase in the number of
firings, and _ I
b. the erosion experienced by the stainless steel, AISI 304,
is greater than the erosion of the other steels. The
chromium-molybdenum steel, AISI 4340, exhibits the
best erosion characteristics of the three test steels.
The decrease of erosion experienced by the steel alloys with
repetitive testing indicates that the oxide scale formed by the
reaction of Fe with 0, is not completely removed by the
flowing gases, and that as the number of firings increase an
accumulation of oxide scale occurs which provides successively

better thermal and oxidative protection.*

The order of erodibility of the steel alloys obtained
using the ballistic compressor is not the same as obtained
using the vented-combustor apparatus. In the latter apparatus,
the carbon steel, AISI 1020 show the best erosion resist-
ance, with AISI 4340 and AISI 304 following. The stainless
steel, AISI 304 showed considerably greater mass losses than
the other two. In the combustor, AISI 1020 and AISI 4340
experience similar mass losses, although AISI 304 experiences
the greatest mass loss.

The removal of oxide scale by the flowing gases has been
verified by collecting erosion residue inside a quartz tube
which was then inserted in an electron paramagnetic resonance

¥t should be noted that whether the oxide scale accumulates
is very dependent on the exposure conditions.
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(EPR) chamber. The signal from the chamber was positively
identified as re3+ ion in axial symmetry.* r¢203 which has
a hexagonal structure, satisfies this requirement and is a
highly probable product in the erosion of steel by high

pressure and high temperature oxygen. The presence of Fe
cannot be identified by EPR at temperatures much higher than
4 K and since liquid helium apparatus was not available, the
possibility of FeO in the efflux gases cannot be excluded

at this time.

derggen

To identify the mechanism of erosion of steel alloys
by high temperature and high pressure hydrogen, a series of
tests were made on AISI 1020 carbon steel where the mass loss
of the specimen was measured as a function of H, concentration
in H2/N2 mixtures. The results are presented in Fig. 40.
They show that erosion is considerable only when the mixture
is 100% Hzi at lower values of hydrogen concentration the
erosion is similar to the erosion obtained using Nz and,
moreover, is independent of the hydrogen concentration.

The above result contradicts the hypothesis that the large

mass removals experienced by the steel alloys due to the
erosive action of nz in comparison to that of Nz was due to
the high thermal diffusivity of H, that increases the surface
heat transfer of the specimen, which in turn increases the
erosion rate. If the hypothesis was true then the erosion should
have been proportional to the hydrogen concentration.

2+

*A resonance was obtained in which the g-value attained a
value of about 6 (free electrons have a g-value of 2) in the

formula Energy = g8H

where 8 = electron charge, H = magnetic field.
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V. EROSION OF PURE METALS BY HIGH

PRESSURE AND HIGH TEMPERATURE GASES

As stated in Section II, the mechanism of erosion of
steel alloys by reactive gases may be strongly influenced -
by the alloying metals present in steel. Typical alterations
in the chemical interaction between an alloy and a reactive
gas in comparison to the pure metal-gas interaction are:

a. the occurrence of selective chemical attack oxidation
that results when the gas has greater chemical affinity
for one or more components of the alloy than the re-
mainder of the components. This selective chemical
attack by the reactive gas may result in erosion by
weakening the structural strength of the alloy surface.

b. The formation of low melting oxide by one of the
components of the alloy that may lead to excessively
fast oxidation of the alloy. The detailed mechanism
of the catastrophic effect of the presence of liquid

oxides on the reaction (oxidation) of alloys with gases
has not been fully understood.z It has been hypothesized
that liquid phases penetrate the scale along grain
boundaries to the alloy surface thus providing a path

for the rapid diffusion of reactive gas molecules or

ions to the metal surface.

Our objective was to initiate a study on the erosion of
pure metals that constitute the alloying elements of steel by
propellant gases and pure gases and to compare the erosion
characteristics of these metals to the erosion characteristics
of steel.

Presently we have examined the mass removal experienced
by Fe, Ni and Mo under the erosive action of high pressure
and high temperature propellant gas and air. These erosion
results have been compared to the correspanding results of the
three test alloys considered in this investigation (i.e., AISI
1020 carbon steel, AISI 4340 chrome-moly steel and AISI 304
stainless steel).
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Apparatus
The erosion of the pure metals by propellant gases was ,

studied in the vented-combustor apparatus described in Section
III of this report. The propellant used was IMR-4198 single~
base propellant.

The erosive action of high pressure and high temperature
air on Fe, Ni and Mo was investigated utilizing the
ballistic compressor apparatus described elsewhere in the
report (Section 1IV).

The geometry of the test orifices was cylindrical. No
tests were performed on rectangular orifices, although future
plans exist to utilize the erosion of rectangular orifices in
conjunction with SEM studies of the surface modifications of
eroded pure metal specimens.

The room temperature thermal properties of iron, nickel,
molybdenum and the three steel alloys tested are shown in Table
4. .

Results

A comparison of the erosive action of propellant gases
on iron, nickel, molybdenum and the three steel alloys considered
in this investigation is shown in Table 8. Tests were performed
at two pressure levels 230 and 360 MN/mz. This Table includes
also the average enlargement of the diameter of the test
orifice computed from the mass loss experienced by the test
specimen. At the high pressure level, molybdenum shows the
least amount of erosion, with iron next, then the two steel
alloys AISI 4340 and 1020, then nickel and last the stainless
steel AISI 304. At the low préssure level, the order of the
nickel is the same as that of iron (second) whereas the chrome-

-
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moly steel AISI 4340 eroded more than twice as much as the carbon
steel AISI 1020. :

In general, the order of erodibility of the above materials
can be predicted by examining their thermal properties. For
example, molybdenum has the highest melting or solidus ‘
temperature and also the highest thermal conductivity. On the
other hand, AISI 304 stainless steel has the lowest solidus
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I
temperature and the lowest thermal conductivity. Comparison }
of the thermal properties of iron and nickel shows that although |
nickel has a lower melting temperature than iron, it has a
larger thermal conductivity than iron.

The erosion results of the three pure metals are also
in agreement with the chemical affinity of the reactive com-
ponents of the propellant gas for these metals. Molybdenum has
the least chemical affinity for the reactive gases followed by
nickel and then iron.

The erosion of the above test specimens by high pressure
and high temperature air is shown in Table 9. These ballistic
compressor tests provide better information on the chemical
interaction between metals and gases, because due to the much
shorter effective test time (0.2 msec in comparison to 2 msec
for the vented-combustor) the chemical effects are better isolat
from the thermal effects.

Comparison of the erosion results of Table 9 shows that
molybdenum erodes the least followed by nickel and then iron
in agreement with the chemical'affinity'calculations of
these elements with oxygen. The most important result,
however, is that iron and the three test stee.s experience the
mass removal rates which are higher than either Ni or Mo which

indicates, 'admittedly not conclusively, that the alioying
elements of steel are not p:eferentially attacked.
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Vi. A STUDY OF THE EROSION REDUCING
ACTION OF ADDITIVES

In recent years efforts to reduce the erosion of gun
barrels have been centered on the use of wear reducing ad-
ditives because this technique is simple and relatively in-
expensive and has shown very proﬁising results. The most
effective additives are: polyurethane foam, Tioz/wax (Swedish
adaitive) and Talc/wax. Attempts, however, by various
investigators to examine the relative effectiveness of the above
three additives as erosion reducing agents were not conclusive. 23
Tests24 on a 105 mm tank cannon showed that the Swedish additive
is superior to polyurethane foam. However, recent laboratory
test525 with a 37 mm gun indicated that the superiority of the
Swedish additive vs. the'polyurethane foam may be attributed
to improper experimental comparison. When the Swedish additive
(Ti0,/wax) was tested, flaps that cover the base of the
projectile were incorporated whereas in the case of polyurethane
fcam no flaps were used. Laboratory tests performed by Picard
and cofworker826'27 showed that eroeion reduction obtained by
the talc/wax additive is significantly greater than that of the
Swedish additive. This result was also verified in tests per-
formed on a 105 mm tank cannon. On the other hand, recently
Schroeder et a1,23 using a 37 mm caliber gun, found that poly-
urethane foam was superior to both Tioz/wax and talc/wax additives
as long as the additives were tested in the same configuration.
Their study, however, was performed at lower combustor pressures
in comparison to the pressures commonly encountered in interior
ballistics. i

The apparent discrepancies in the results of the various
investigations on the relative effectiveness of the wear-
reducing additives stems mainly from the non-uniform
experimental conditions used to compare the additives. The
effectiveness of the additives as erosion reducers strongly
depends on their positioning in the propelling charge.
Furthermore the relative effectiveness varies with the mass
fraction of the additive present in the propelling charge and
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i . on particle size, although exnerimentel confirmation of the
% latter has:.yet to be achieved. A deeper root of the incon-
‘} sisteney of the results is that the development of these
additives has been -mainly empirical; little effort has been
applied to study the mechanisms of the erosion-reducing action
§ of these additives. a0l
E : The present investigation is an experimental rtudy of the
” reducing action of several known additives on the erosion of
AISI 4340 chrome-moly steel and AISI 304 stainless steel by
propellant gases. Recognizing that in gun systems the critical
parameter is the available volume, comparison of the additives
has been performed by keeping the positioning and the volume
of these additives with reepect to. the test specimen the same
in all tests. o A : !

Several test specimen surfaces have been subjected to SEM
examination to obtain the effect of the additives on the surface
modifications of the test specimen.

| Apparatus
1 . The tests were performed in the vented-combustor apparatus
‘ , .

described in Section I1II of this report. The test specimen
configuration and the positioning of the additive relative to
the test specimen is shown schematically in Fig. 41. The
additive was placed immediately upstream of the test specimen;
the orifice of the additive is smaller than the test orifice
in order that the protruding mass of the additive be easily
transpdfted by the flow of the combustion gases to the metal
surface. :

" The edditives under investigation were:
a. polyurethene foam,
B i _ b. Tioz/wex (46/54% by mass),
b c. talc/wax (40/60% by mass),
k. d. paraffin wax, and
3 l y e. silicone lubricent (vacuum grease).
E The combustion geses were generated by burning IMR-4198
single base propellant. The combustor pressure in all tests
was kept approximately constant at 290-324 MN/m .
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Results and Discussion {
A summary of the results for both types of steel tested
are given in Table 10. The most effective erosion reducer is
shown to be talc/wex additive; second is the paraffin wax.
3 The surprising result is that the polyurethane foam, which has
{ been shown to be in many investigations very effective as an
erosion reducer, produced minor changee in the mass removals
experienced by the test specimen under the erosive action of
] high presSure and high temperature propellant gases. It must
3 be emphasized, however, that this comparison is based on
] constant volume of the additive. A comparison by mass of
] additive present may produce different results. As shown in
1 Table 9 the mass of the talc/wax additive is 3 times greater
than the mass of the polyurethane foam. However, as stated
earlier, the comparison of the performance of the additives
should be made based on the volume of the additives because
the volume is a critical parameter in the design of guns.
. Another noteworthy point of these results is that the
percentage reduction of erosion obtained by using a particular -
additive is similar in both types of steel tested. g
An indication of the mechanisms of the erosion reducing
action of the additives is provided by SEM photomicrographs
of the eroded surface. Fig. 42 shows an eroded surface without
the use of additives. The cracks present on the eroded surface
have been shown to result from thermai stresses{‘the contri-
bution of the crack formation to the overall mass removal 1
precess is believed to be minor. Surface modifications resulting
from the use of additives are shown in Figs. 43 and 44. In Figq. é
43, Polyurethane foam was used as the additive; Fig. 44 shows
the effect of the Swedish additive. It is apparent from a :
comparison of Figs. 42, 43 and 44 that in the case of polyurethane '
foam, the eroded surface remains unchanged whereas in the case
of the Swedish additive a thick deposit of the additive exists
on the metal surface which may probably provide a protection
for further erosion.
' The coating action of the additives to provide. thermal
and chemical insulation of the test surface from the erosive
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3 attack of propellant qauoi hai been suggested in earlier
studies. Analysis23 of the bore coating material of the

Swedish additive shows that about 778 by mass is TiO,.
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VII. CONCLUSIONS

Reactions of Propellant Gases with Steel Alloys
Thermodynamic calculations of the reactions of the ‘-

individual gaseous components of propellant gases with the

alloying elements of steel show thatﬁ 3

o rT

: 1. The order of likelihood for the products to be formed

is: 1) oxides 2) nitrides 3) carbides and 4) carbonyls.
- % Oxygen has the greatest affinity to combine with a metal
é to produce an oxide, followed by Co2 and nzo.
E 3. Chromium and manganese produce more stable oxides than
j

iron, whereas the oxides of nickel are less stable than

: the iron-oxides.

3 4. The Gibbs free energy of most of the reactions considered

. increases with temperature, indicating that these reactions
are less favorable at higher temperatures.

; 5. Equilibrium calculations of the iron-oxygen, 1ron-C02-co

1 and iron-Hzo-H systems indicate that, for typical propellant
¢ | gas compositions, the scale formed by the chemical inter- &
E‘ action of propellant gases with steel will consist largely

1 of wustite (FeO). This finding is in agreement with

1 experimental identification of the products of erosion of
gun barrel steel.

- Erosion of Steel Alloys by Propellant Gases

Scanning Electron Microscope studies of steel surfaces
subjected to the erosive action of propellant gases, using the
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vented-combustor apparatus, provided the following conclusions:

1. The eroded surfaces of steel alloys were coveredhlargely
by a scale which is presumably formgd by the chemical
interaction between propellant gases and steel alloy.
Electron Microprobe Analysis indicated the presence of
appreciably more carbon in comparison with an unexposed

i

specimen. s
2. The relative decrease of area occupied by the scale at
higher pressures suggested that the cohesive forces between
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the scale and the undorlying test metal were not su'ficicntly
strong to resist the high shearing forces of the flow.

3. Crack formations were shown to be present on the under-
lying metal surface of an eroded test specimen.

4. The width and, probably, the depth of these cracks were
found to increase with increasing combustor peak pressure.

5. The width of the cracks were shown to increase using a
higher isochoric flame temperature propellant.

6. A comparison of the crack formations of the eroded surface

"of the three test alloys, namely, AISI 1020 carbon.steel,
AISI 4340 chromium-molybdenum steel, and AISI 304 stainless
steel showed that the cracks were wider in the case of
AISI 304 steel than of the AISI 4340 steel. The smallest
width of cracks was in the case of carbon steel AISI 1020.
These results indicate that crack dimensions were inversely
independent upon the thermal conductivity of the steel.

7. Repetitive tests showed that crack formation did not
increase appreciably with the number of firings.

8. Tests performed using the ballistic compressor to
investigate hydrogen embrittlement as the mechanism of
crack formations were not conclusive. : |

9. The tests performed thus far indicate that the mechanism
of crack fo?mation is thermal; cracks were probably formed
to relieve strains produced bylvolume'changol resulting
from the rapid heating and cooling processes.

10. No evidence was found to relate crack formations to the
erosion of steel alloys exposed to the environmental
conditions used in the. present study.

Erosion of Steel Alloys by Pure Gases
The erosion of steel alloys under the action of high temp-

erature and high pressure pure gases or gas mixtures was
studied utilizing the ballistic compressor. The test gases
mixtures.

Comparison of the mass erosion experienced by circular
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orifices versus rectangular orifices shows that the total
mass removed from the rectangular orifices was greater than
for the circular orifices. However, the erosion per unit
surface area was approximately the same for both of the flow
configurations tested. This was attributed to the fact that
the depth of heat penetration in the ballistic compressor
tests was small compared to the radius of curvature of the
circular orifices. Thus these orifices behave as if they were
one-dimensional slabs. .

In accordance with the results reported in Part I of this
study_,1 hydrogen and molecular oxygen-containing gases (Air,

2/N and H2/02/N mixtures) provided considerably more

erosion of the AISI 4340 steel than the inert gases, 2, A, and
CO and COZ/A gas mixtures. .

Based on SEM studies, the following characterization of
the eroded surfaces resulting from the high pressure and high
temperature action of various gases were observed:

1. Nitrogen produced little effect on the surface of a
steel specimen.

2. Carbon monoxide produced a scale that partly covers the
substrate metal. Examination of the scale showed the
formation of cracks that may have caused the flaking-
away of the scale. .

3% Hydrogen”produeed considerable modifications of the eroded
surface. The scale formed on the metal surface was. shown
to be very porous. Evidence of melting was observed also.

4. Air and . O,/N, mixtures produced a relatively thick scale
on the eroded surface. Microprobe analysis of this scale
revealed 1arge concentrations of oxygen which indicates
that it is an iron-oxide scale.

The mechanism of the erosive action of H, on steel alloys
was investigated by varying the molar concentration of Hz in
N2/H2 mixtures. These results show that appreciable erosion
was obtained only with 100% Hy. At concentrations of 95% Hz
and lower, the mass erosion experienced by the steel specimen
was independent of the mole fraction of H, in NZ/HZ mixtures.

it oy
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A profilometric study of a surface eroded by high pressure
and high temperature H, indicated that mass removal upstream
may be transported and deposited elsewhere downstream.

The role of H, on the erosion of staels was not elucidated;
further investigation is required.

The erosion of AISI 4340 steel was shown to be lincarly pro-
portional to the mole fraction of 0, in Oz/N2 mixtures.

Under some conditions, repetitive tests indicated that

mass erosion decreases with increasing number of firings.

This suggested that the oxide scale formed by the reaction of

Fe and 0, was not completely removed by the flowing gases and
as the number of firings increased, an accumulation of oxide
occurred which provided successively better thermal and oxida-

tive protection. ' | ' 4

Comparison of the mass erosion experienced by the th:ccl
steel alloys under the action of high pressure and high temp~- |
erature air.showed that AISI 304 experienced the greatest mass |
loss; AISI 1020 and f340 experienced similar mass losses. :

Erosion of Pure Metals by High Pressure and High Temperature

Gases

“To study the influence of the alloying metals of
steel on the overall erosion of steel alloys, the mass removal
experienced by Fe, Ni and Mo under the erosive action of
high pressure and high temperature propellant gases and air ;
was examined and compared to the corresponding results of the :
three test alloys. 4

In both the vented-combustor and ballistic compressor
tests, molybdenum exhibited the best erosion characteristics.
However, it was observed that molybdenum is structurally weak:;
under the extreme conditions of pressures produced in our
apparatus, molybdenum disks showed large cracks.

In the vented-combustor apparatus at a high pressure level,
iron was shown to have the next best erosion characteristics
‘followed by the two steel alloys AISI 4340 and AISI 1020,
then nickel and, last, the stainless steel AISI 304. The

R e
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mass erosion experienced by these test specimens can be
grossly correlated with their thermal conductivities. The .
higher the thermal conductivity of a material the smaller |
the mass removal, assuming the solidus or melting temperature
is sufficiently high.

The chemical interactions of the above test specimens with
oxygen were observed utilizing the ballistic compressor.

Molybdenum, in these tests, eroded the least, followed by
nickel and then iron, in agreement with the calculated affinity
of these elements for oxygen.
s Iron was shown to experience the same mass removal as the
three test steel alloys. This indicates that the alloying
elements of steel do not alter the chemical interaction between
oxyden and iron.
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{ The Erosion Reducing Action of Additi?es

An experimental study of the erosion-reducing action of o
F known additives (pclyurethane foam, TiO,/wax, talc/wax, paraffin :
wax and silicone lubricant) on the erosion of AISI 4340 chrome-
moly steel and AISI 304 stainless steel by propellant gases
was performed. The positioning and the volume of these additives
with respect to the test specimen was kept the same throughout
the cxpcrihontal comparison. _
At the high pressures utilized in these tests (pMax = 290 MN/mz)
the most effective erosion reducer was shown to be the talc/wax
E additive; second, was the paraffin wax. Polyurethane foam,
Py known to be very effective in the reduction of gun barrel erosion,
: showed little promise; ézn investigation of the eroded surfaces
4 indicated that, unlike the TiO,/wax additive, the polyurethane
-4 4 foam did not leave a deposit on the eroded surface. The coating
i action of the additives is hypothesized to contribute greatly
to their role as erosion reducers.
; The reduction percentage of erosion achieved by using a
| particular additive was similar in both steels, AISI 4340 and
AISI 304.
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VIII. OVERALL CONCLUSIONS AND RECOMMENDATIONS
OF THIS STUDY

Based on both the vented-combustor tests and the ballistic
compressor tests of this study, we have come to the preliminary
conclusion that the erosion of steel alloys (under normal gun
firing conditions#*) by high pressure and high temperature gases
is due to the chemical interaction between the reactive gases
and the steel surface that results in the formation of a scale;
the adhesive forces between the product scale and the metal
surface are not sufficiently high to overcome the frictional
forces induced by the flow. Thus, the scale partly or wholly
is removed by the flow.

To investigate further the mechanism of erosion of steel
alloys by propellant gases and to isolate the reactive gases
present in propellant gases that are responsible for the
chemical attack on the steel surface, future research should
be directed toward:

a) The precise identification of the molecular species present
as reaction products on the eroded surfaces. ]

b) The prediction of the surface temperature attained by the |
steel specimens both in the vented-combustor apparatus
and the ballistic compressor apparatus.

¢) Further investigations of the mechanisms of the erosive
action of nz and 320 on steel alloys.

d) The use of the ballistic compressor to study the erosion of
steel by gas mixtures such as CO/CO2 and nz/nzo. These
gases are the major components of propellant gases.

R = VI

#Thus, we considered the situations which avoid the extremes 1
that produce high rates of melting. b
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Table 1

Identification* of the Relative Concentrations
of FeO .and Fe304 on Eroded Surface
of Steel Subjected to the Action of
CO/CO2 Gas Hixture.(CO/CO2 = 0.84)

Mass Percentage of Oxide
Adlabatic Flame Present in the Sample
Temperature y
K
. FeO Fe304

3320 47 --
3170 65 -
2990 53 --
2765 - , 56 -
2495 36 3

*X-ray diffraction analysis

F
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Table 2 |
Products of Erosion Identified and |
3 the Position in Which They Were Found )
. {
~ Surface . |
Superficial layers Entrapped In Beneath i
Alteration Product "Surface near in Cracks Cartridge :
5 Layer .C. of R. coppering Case
g Cementite Fe3C X X ]
| re & x |
P Austenite X X X
: Magnetite ] X X X X
:. Wastite FeO j X X
; Iron nitride ¢ X X
;i Iron nitride v X X
% Chalcocite Cuzs X X
: Wurtzite 2nS . X X aX X
! Sphalerite ZnS X
Ef‘ Digenite CugySg X
b < Pyrrhotite FeS X
Y Barium carbonate X
fl Barium sulphate X
b Barium nitrate X
Ezl Chromium carbide : X
b Nickel carbide X
g -
E




T O TR A TN YW v SRS e E R e

-49-
|
1
k|
] '
{
3
:f_ |
? Table 3
Nominal Composition of the Steel Alloys
] : Used in the Erosion Tests ;
1
[ 1
E - | ' STEEL ALLOYS, AISI ¢
§ | NOMINAL COMPOSITION 304 | 1020 4340
L, R - 0.08 (MAX) | 0.18-0.23| 0.38-0.43
. ;
L’I Mn 2.00(MAX) | 0.30-0.60)] 0.60-0.80 i
f $1- " 1.00(MAX) | 0.10 0.20-0.35 ;
f . |
; Ni | 8-12 ‘ ' 1.65-2.00 :
- . 1
E; Cr 18-20 beut! | 0.70-0.90 :
2 '
4 Mo - 0.20-0.30 3
i ; j




Thermal Properties of Test Specimens

Table 4

Used In This Study

%

e THERMALY HEAT SOLIDUS

METAL DENSITY |CONDUCTIVITY | CAPACITY | TEMPERATURE

OR P 3 k c Ty
ALLOY g/cm cal/cm-s-K cal/g-K K

IRON 7.87 0.192 0.108 1810
NICKEL 8.90 0.215 0.106 1726
MOLYBDENUM 10.22 0.335 0.060 2893
AISI 1020 7.86 | 0.124 0.107 1789
AISI 304 8,02 0.041 0.12 ‘1700
AISI 4340 7.86 0.090 0.107 1778

*At room temperature.
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Table 5
Propellant Compositions and
Combustion Gas Properties
PRODUCT
PROPELLANT COMPOSITION - COMPOSITION PROPERTIES
MOLE FRACTION
0.5 NITROCELLULOSE CO = 0.439 Ty = 3000.K
(13.15% N) COp = 0.104 M = 24.25
6.0 DINITROTOLUENE Hy = 0.126 F = 344.041 FT-
IMR 4198 0.7 DIPHENYLAMINE Hy0 = 0,215 LBF/LBM
0.3 GRAPHITE a N2 = 0.111 a = 1122.9 M/S
0.5 POTASSIUM F.R.= 0.005 Yy = 1.226
SULPHATE b
2.0 MOISTURE X = 0,319
oX -
82.75 NITROCELLULOSE CoO = 0.501 Ty = 2528.K
(13.15% N) CO2 = 0.056 M = 22,26
M-1 10.0 DINTROTOLUENE Hy = 0.201 F = 315.829 FT-
5.0 DIBUTYLPHALATE H,0 = 0.140 LBF/LBM
1.0 DIPHENYLAMINE ﬁ = 0,099 a = 1087.4 M/S
1.25 MOISTURE F.R = 0.003 Yy = 1.252
/ Xox = 0.319 :

3r.R = FREE RADICALS

b
o

X, = L(H)0 + CO,) MOLE FRACTION

Tcanitel i il

-
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i Table 6 : 3
: Special Tests Performed to Study
the Mechanism of Crack Formation
of Steel Alloys Under the Action
of High Pressure Propellant Gases.
~ TEST GAS | PEAK MASS
3 TEST NO. (MOLE FRACTION) PRESSU ERODED
: MN/m mg
A 10-6 H, | 324.0 [ o0.52
i Hy/Co,
: i
| 27-1 H,/CO, 620.5 0.0
E . (20/80)
L
- 27-3 Ar - 78.6 0.0
b
Sy
.
%
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Table 8

The Erosive Action of Propellant Gases
on Iron, Nickel, Molybdenum and the

Three Test Steel Alloys*

2 2
-P"!x = 230 MN/m PH!X = 360 MN/m
TEET EATENIAG AVERAGE — AVERAGE
MASS ERODED [DEPTH ERODED| MASS -ERODED|DEPTH ERODED
~_mg um mg um
IRON 0.47 11.3 2.99 72.1
NICKEL 0.49 10.4 4.72 100.7
MOLYBDENUM 0.03 . 0.5 0.14 2.6
AISI 1020 0.83 20.0 3.56 36.0
AISI 304 3.45 g8l.6 8.67 205.2
AISI 4340 1.83 44.2 3.28 79.2

*Circular orifices tested with IMR 4198; averare o° two tests.

|
i
|

i

e




=55=

Table 9

The Erosive Action of High Pressure
and High Temperature Air on Iron, Nickel,
Molybdenum and on the Three Test Steel Alloys

PEAK ‘ J ;
TEST MATERIAL | PRESSURE| MASS ERODE

i MN/m - mg j
! MOLYBDENUM 370 0.11 i

} . NICKEL " 376 | o0.38

B . IRON 383 1.33

o | AISI 1020 334 1.23
3 *
3 AISI 4340 341 0.85 ;
3 AISI 304 334 1.96 ‘

. & .
'” iAverage of two or more exposures of
1 circular orifices.
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GIBBS FREE ENERGY OF REACTION, kcal/mole
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| |
‘mp , MnO *
-30 F - mp Cr, 04

-40
PORM OF REACTION 1
:
M+2 % co, » nyo + X
1 ATM

-60 1 1 % 1 7 ‘_
500 1000 1500 2000 2500 3000

TEMPERATURE, °K

Fig. 1 Free energy of reaction of CO gas, at 1

atmosphere pressure, with major metallic
constituentsof steel to form metallic oxides.
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GIBBS FREE ENERGY OF REACTION,

IE!
E-
A
; -40 P
FORM OF REACTION

‘ 4 M+ X + l M
; y H2 * § 4O
x -50
‘
g -60 | L |
500 ° 1000 1500 2500
¥
‘ TEMPERATURE, °K

{
of
;l Fig. 2 Free energy of reaction of H20 gas, at 1

E | atmosphere pressure, with major metallic
3 constituents of steel to form metallic oxides.
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GIBBS FREE ENERGY OF REACTION, kcal/mole

FPORM OF REACTION
x 1
n+-oo+ynglo,+;-',c(o

Yy
1 ATM
1 L 1
500 750 1000 1250 1500 .
TEMPERATURE, °K |

32 Free energy of reaction of CO gas, at 1
atmosphere pressure, with major metallic
constituents of steel to form metallic oxides.
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FORM OF REACTION

. x 1
g M+ §§-02 - ¥ Myox
5 1 ATM
-120 1 i | 1
500 3 1000 1500 2000 2500
TEMPERATURE, °K
Fig. 4 Free energy of reaction of 0y gas, at 1

atmosphere pressure, with major metallic
constituentsof steel to form metallic oxides.
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_ GIBBS FREE ENERGY OF REACTION, KCAL/MOLE OF Fe

T T T————

~-10

_ -4 Fe+ 1/2 N, + Fe,N

Fe + Hzo + FeO + Hz

3Fe + 4C02 > F030‘ + 4CO

Fe + CO + FeO + C(s)

" Fe + C02 + FeO + CO

1 i i | 1

3000

1000 1500 2000 2500

TEMPERATURE, °K

Order of thermodynamic likelihood for reactions
between iron and the major gaseous components of
propellant gas.
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RTln(Po ), kcal/mole
2

Fe

-13 | | |

300 500 700 900

“ TEMPERATURE, K
Fig. 6a Equilibria of the iron-0, systems.
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' MeO (METAL OXIDE)

L}
If p > (pn )
O2 o2 e

Me + 1/202 -+ MeO

oN
o
)
1 =]
g.
[N ]
If pn < (Pn )
g 02 02 e
(3
ﬁ M@0 + Me + 1/202
Ay
o _ Me (METAL)
- O2 PARTIAL PRESSURE IN THEIGAS
2 PHASE

(Poz)‘ = EQUILIBRIUM PARTIAL PRESSURE OF o,

iig. 6b Schematic diagram of the equilibrium states
(P, versus T) of the reaction:

=" MeO.

2,
Me + 202
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REACTIONS:
2Fe0 = 2Fe + O, (9)
1/2Fe304: 3/2Fe + 0, (10) l

0T 2re0, 7= 6Fe0 + 0,  (11)
—
6Fe,0,<= 4Fe,0, + 0, (12) 1
2/31"0203._"’ 4/3Fe + 0, (14)
- !
PRt 1 2Fe,0, T 6Fe0 + O, (15) ]
| 8
5 -s0
g
N
~-{
]
4]
x L]
~ =70 :
K .
Dco ’
"
~-{
&
[+ 4

dal

{
-
o

-110 }

O ey PUDNCL PR PR Y

| | 1
300 500 700 900 1100 1300

TEMPERATURE, K

fig. 6c¢c Eqguilibrium curves of all the iron-oxygen rexctionc.
Dotted lines indicate equilibria of recactions that
do not occur.
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i PLUME ISSUING FROM
. = TEST SPECIMEN

3
P.
| TEST SPECIMEN
]

. =4

T P e

| ‘ PRESSURE

| CONTROL

; PORT PRESSURE
: TRANSDUCER

; Fig. 9 Schematic diagram of the vented-combustor
l apparatus.




-68~-

3

|
3 |
1
0.066 cm 0.013 cm
e = f
| - — 0.238 cm
1:’ 1.‘3 “ .A
% g
Elﬁ THICKNESS: 0.254 CM ;
: ) - | (B)

!
{ Fig. 10 Dimensions of test specimens; (A) cylindrical
£ orifice, and (B) rectangular orifice. ﬂ
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' :
3
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(a) COMBUSTOR WITH
0.15 CM DIA
VENT ORIFICE

(b) COMBUSTOR WITH
NO VENT ORIFICE

HORIZONTAL SCALE: 0.5 MSEC/DIVISION

Fig. 11 Comparison of the pressure history of the vented
combustor using (a) 0.15 cm dia. vent orifice,
and (b) no vent orifice. The effective test
time is increased by a factor of 2.5 when no vent
is used.

i VERTICLE SCALE: 68.9 MN/m2/DIVISION
{

i T e e o

Note: 1 MN/m2 = 145.04 lbf/in2

Y T e
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TEST SPECIMEN: AISI 4340
7™ TEST ORIFICE: RECTANGULAR
t PROPELLANT: IMR 4198
Iv n
(3
S5 |
Q
Y 5
i a
j ]
k. Qa
o -
[+ 4
{ (1Y)
| @3-
)
i
| !
2-
! ]
o g
s |
53X
L , .
b '; : 0 ‘ - : ] l L I
e 100 200 300 400 i
| | PEAK PRESSURE, MN/m v
' , Fig. 12 Erosion of AISI 4340 steel alloy rectangular
4 orifices as a function of combustor peak
; pressure.

Note: 1 MN/m® = 145.04 1bf/in
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TOPOGRAPH SHOWING ERODED PLANAR SURFACE
-AISI 4340 EXPOSED TO IMR 4198-

]
13 Topograph of one symmetric half of eroded planar surfa

Fig.

action of propellant gases. (Ro

AISI 4340 steel showing details of mass r a

erosive
of 10 ym or less is not shown.)
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Fig.

———— UPSTREAM SECTION ]

ew-me=e MIDDLE SECTION

- DOWNSTREAM SECTICN
14 Topographs of three sections of an eroded specimen ]

suk jected to propellant gases showing that mass
removal decreases along the length of the specimen.
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Fig. 15 SEM photograph of the surface of an untested

tools marks.

Diesias. bttt i g

|
b specimeni. The horizontal bands are machine
|
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] _ 2
P F 103.4 MN/m :

' Am = 0.26 mg

|

?

!

f |
" !
! Pray = 213.7 My/m?

i Am = 2.32 mg
l
i

403.4 MN/m>

Ppax
Am

7.02 mg

o

Fig. 16 SEM photographs of the surface of AISI 4340
’ steel specimens showing that the width of cracks
7 produced by the action of IMR 4198 propellant
gases increases with increasing pressure.
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STEEL SPECIMEN : AISI 4340

()
o
|

I IMR 4198

pm
S

M-1

G b i
o

0.75 P~

i traac g

o
n
T

MAXIMUM CRACK WIDTH,

[ Sap———

0.25 =

f 100 200 300 400

{@A #d : PEAK PRESSURE, MN/mzr

| Fig. 17 Maximum crack width vs combustor peak pressure.
1 The width of cracks increases with increasing
3 peak pressure.
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PROPELLANT: IMR 4198
T, = 3000 K

X 2
= 313.7 MN/m

pmax
Am = 5.13 mg

SINGLE TEST

e

PROPELLANT: Ml
T, = 2530 K

b 2
Poas * 337.9 MN/m "

Am = 5.42 mg
SINGLE TEST

.
St slhibnbed soibeatea g » 0B

Fig. 18 SEM photographs of the eroded surface of
AISI 4340 steel specimens showing that the .
width of cracks increases with increasing ]
flame temperature. k
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AISI 4340

2
Ppay = 313:7 MN/m

dm = 5.13 mg
K = 37.66 WATTS/mK

AISI 1020

2
Prasisc 320.6 MN/m

Am = 4,81 mg
K = 51.88 WATT/mK

AISI 304 !
¥ 2
Poax ™ 310.3 MN/m
dm = 12.91 mg

=
"

17.15 WATT/mK

SEM photographs of steel specimens under the
erosive action of propellant gases showing
that the crack width increases with decreasing
conductivity of the steel.
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TEST GAS: H2/C02 (20/80%)

L 2
Ppax 620 MN/m

20 SEM photograph of an eroded surface showing
that high pressure H; does not produce
cracks on the metal surface (AISI 4340 steel).
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2
Prax 78.6 MN/m

Am = 0.0 mg

Fig. 21 SEM photograph showing the inert erosive
action of Argon on AISI 4340 steel surface.
Surface modifications are believed to
result from surface melting.
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PROPELLANT: IMR 4198
3000 K

Pyay = 290 MN /m>

AM = 10.12 mg

5 Consecutive Tests

3
]

Fig. 22 SEM photograph of the eroded surface of AISI 4340 1
steel specimen showing that consecutive tests do
not augment crack formation.
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ROTATING BAND

f_;" Fig. 23 Schematic diagram of the rotary collector
A_’;‘ utilized to obtain time-resolved samples of
e erosion products.
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Fig. 24a

SEM photograph of eroded AISI 1020 steel
collected on a copper substrate.
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Fig. 24b SEM photograph of eroded AISI 304 steel
collected on a copper substrate.
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Fig. 24c SEM photograph of eroded AISI 4340 steel
collected on a copper substrate.
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Fig. 25a Same as Fig. 24b but at a higher magnification.
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{ Fig. 25b Same as Fig. 24c but at
{
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higher magnification.
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Fig. 25c¢ SEM photograph of eroded AISI 4340 steel
collected on a steel sukstrate.
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ACTUATING PISTON

DRIVER

PRESSURE
TRANSDUCER

PRESSURE

TRANSDUCER |

TEST SECTION

TEST DISK
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Fig. 26 Schematic diagram of the ballistic compressor.
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HORIZONTAL SCALE = 0.2 msec/DIVISION
VERTICAL SCALE = 68.9 MN/mz/DIVISION

Fig. 27 Typical pressure-time trace of ballistic compressor.
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Fig.

Pp = INITIAL PRESSURE

B Ppayx = FINAL PRESSURE
| o — SHOCK TUBE mr;& ggum;gn(s;ign
P e T, = 298 K)
500 MN/m?
-

STATIC COMPRESSION

A i A A

e

200 400 600
NUMBER DENSITY, N/No = (pm‘x/po)l/Y

28 Comparison of modes of production of hot, high
pressure gases showing the versatility of the
ballistic compressor.
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ISENTROPIC COMPRESSION / :
THEORY {

500 : / .

THEORY TAKING INTO
"‘ACCOUNT VALVE  LOSSES
400 }=AND BLOW-BY

300p=

- 3500

PEAK PRESSURE, !IIC/Ilz

200

PEAK TEMPERATURE,

-4 3000

TEST GAS : AIR

100

Fun b

i - 2500
O PISTON WITHOUT
: "O"~-RINGS
‘ O PISTON WITH
"O"-RINGS

1.0 1.25 1.5 1.75 2.0 2.25
RESERVOIR PRESSURE, MN/m>

L Sy b e L i 8
i

Fig. 29 Comparison of experimentally attained peak pres-
sures with (a) isentropic compression theory

| : and (b) theory taking into account valve losses
and blow-by.
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Fig. 30 Topograph of eroded surface of AISI 4340 steel
showing details of mass removal due to erosive

i action of air.




4 Fig. 31 Topograph of eroded surface of AISI 4340 steel
oy showing details of mass removal due to erosive
k- action of H,.
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Pyax = 3689 MN/m?
Tyay = 3150 K
AM = 0.0 mg

Fig. 32 SEM photograph showing the inert erosive

{ action of N2 on AISI 4340 steel surface.
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(a)

(B)

Ppay = 362.0 MN/m?
Thax = 3150 K

Am = 0.0 mg

Fig. 33 SEM photographs of the surface of AISI 4340
steel subjected to the action of CO. Note
at higher magnification, (B), the scale
shows cracks.
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Fig.

34 SEM photograph showing that the surface
is largely unaffected by the CO2 interaction.
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368.9 MN/m?

=
pmax

Tmax = 3150 K

Am = 1.44 mg

Fig. 35 SEM photograph of AISI 4340 steel test
specimen showing the surface alterations
resulting from H, interaction.
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(B)

2
Ppax 334.4 MN/m

T 3150 K

Am = 1.61 mg

Fig. 36 SEM photographs of the surface of AISI 4340
steel subjected to the action of air. (A)
Formation of oxide scale. (B) Region where the
scale has been removed by the shearing forces
of the flow.
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MASS ERODED, mg

Fig.

TEST SPECIMEN : AISI 4340
ORIFICE DIA = 0.066 cm
DISK THICKNESS = 0.25 cm

1 | A

0.2 0.4 0.6 0.8

MOLE FRACTION OF O, IN 0,/N, MIXTURE

37 Mass erosion of AISI 4340 vs mole fraction
of 02 in 03/N, mixture, indicating the
chemical nature of erosion.
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38 Mass eroded versus number df firings
for the three steel test specimens.
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BALLISTIC COMPRESSOR
r AISI 304
AISI 1020
L AISI 4340
-
-
.- TEST GAS: AIR
Pyax = 345-395 M/m’
. ORIFICE DIA = 0.066 cm o
1 g gt L
i L 3 4 5

NO. OF - rinxucs

39 Mass erosion per firing versus number of

firings showing a particular exposure condi-
tion for which erosion decreases with incroas-
1n9 number of firings. '
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| 1.2
TEST SPECIMEN: AISI 1020
ORIFICE GEOMBTRY: RECTANGULAR
P, = 330 MN/m
1.0 MAX
0.8}
g
~ g 0.6 a
-4
[;.1 !
) f‘“‘ a
0.4~ [
0.2}=
0.0 1 L = |
0.5 T SRR Y SRR K RRE A IR 1
MOLE FRACTION OF H, IN ‘nz/N2 MIXTURE
Fig. 40 Erosion of AISI 1020 steel vs mole fraction of Hj

in H2/N2 mixture, indicating that for Hj
concentrations less than 95% erosion is independent.
of Hz concentration.
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0.034 cm
‘ 0.127 em "””’_, ADDITIVE IN HOLDER
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Fig. 41 Schematic representation of the test specimen
configuration and positioning of the additive
relative to the test specimen.

TEST SPECIMEN

TAT R S A A e e Lt




Rt g o

-104-

Fig. 42 SEM photograph of an eroded surface of
AISI 4340 steel subjected to the action
of IMR-4198 propellant gases.
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43 SEM photograph of an eroded surface of
AISI 4340 steel subjected to the action of
IMR 4198 propellant gases showing the minor
coating action of polyurethane foam additive.
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Fig. 44 SEM photograph of an eroded surface of
AISI 4340 steel subjected to the action of
IMR 4198 propellant gases showing the
significant coating action of TiO/wax
erosion-reducing additive.
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APPENDIX I
General Equilibrium Theory

Consider a closed system composed of several ccaponents.
Let n; the moles of species 1 prcsont in the system. The
Gibbs free energy can bg"expressed as

G = G(T' P nlp n2 oo e nJ) (I"l)
Then o
3G G G
dG = [ ) aT + [ dp + 2[3—- dn (1-2)
" Py i Teng "rpmy;

In the case of one-component system (i.e., dni-O), the change
of the Gibbs free energy is given by

- dG = -8d4T + Vdp 3 (1-3)
Comparing equation (2) and (3) we obta;n the following relations
3G 3G :
S = -[ and V= ) , : (1-4)
Thus equation (2) may be written as
dG = =-84T + Vdp + | uydng ‘ (I-5)

where the chemical potential 1y, is defined as

- [9G
T [5——] = 3 = partial molal Gibbs free
i ony P : 2 { (e ancrgy* :
.Ipan

*The partial molal property of L (where L is any property
such as volume, entr0py, etc., is dofinod as

1:1" : [g_n%]

To?ona
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Now, the criterion for equilibrium for a process proceeding
at constant temperature and pressure is

AG =0 = (1-6)
Applying the equilibrium condition in equation (5) we have
I udn, =0 : (1-7)
Let us now consider a general chemical reaction of the
form i ] '
. ]
) “1"1 %3 Viui : (1-8)

where vy denotes the stoichiometric coefficients and prime
denotes the products. Applying the general equilibrium
cohditiqp, Eq. (I-7) in reaction (I-8) we have

[ ] { ] B e 3 r
)) uydn, = ] widn; = 0 ' (1-9)
Dividing equation (I-9) by n, and noting that

y
dn V) dn V)
_;i...;i and _ﬁ£ = B} we have
o TR _ 1
4 [} [}
z[ui\’i -ui\’i] = 0 (1-10)

Introducing now the activity a; as
o :
Mg T Wy + RTIn a, (1-11)

where u; = EI is the chémical,potential evaluated at

P =1 atm. : e '
Applying equation (I-11) in (I-10) and rearranging we
have i v
Hai

o[- 485

e o (I-12)
na:

where AG* = } §1v; -3 Ei“i
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The cqnilibriun conatant R. in_dé:incd as

[ ]
v
Haii
K =
a -vi'
Hai

(1-13)

In deriving equation (I~13) no assumption was made on the
state of the species, i.e., whether they are solids, liquids or
gases and therefore the equilibrium conditions derived are
valid for a general system. In the next sections we will
derive the equilibrium relations for ideal and non ideal
gases and we will also discuss the eqﬁilibriun calculations
in a heterogeneous system. ]

i
L8

Chemical Equilibrium of Ideal Gases

The equation of state of an ideal gas is

| pP® = RT | | (1-14)
where 9= V/n
For a multicomponent mixture

ac; = auy = Vyap - g, ar (1-15)
For an isothermal process and notind that for an ideal gas
Vi = ¢; = 0@ then equation (I~15) becomes ,
- 5% ap ' (1-16)
Integrating equation (I~16) between p = 1 atm ("1'"1)
and p=p we have

Mg = g+ RTIn T (1-17)
Comparing equation (I-17) with (I-11) we deduce that for an

ideal gas - ey Py : - (1-18)

>
\I

P/ # (1-19)

Hence

M rae w1
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where AG® is the standard Gibbs free energy of the system.
The equilibrium constant can also be expressed in terms
of the mole fractions of the species by using the relation

X, = py/P ot (1-20)
The corresponding expression of the equilibrium constant xx‘

]

v

i _

nx Y

Ky = —f,— p(Zvi~Ivy) (1-21)
: o ;

nxi

Chemical Equilibrium of Real Gases

We define a new property the‘fugaéify of agas i, fi'
such as » 4

- : ® '
ug = ug + RTIn(E/E)) (1-22)

Comparison of equations (I-11) and‘(I-ZZ) we.have
e | * : . _

where 1), ' is the absolute activity of a substance.

The standard state of a real gas, i, we define as the
state in which the gas has unit fugacity, i.e., f; = 1, and
in which the gas behaves as if it were ideal gas.

Thus from equations (I-23) and (I-18) we deduce that

for an ideal gas -

The fugacity coefficient vy; is defined as

Yi o fi/pi (1-25)
This coefficient represents a measure of the departure of a
real gas from ideal. :
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For a gas that obeys Abel's equation of state, i.e.,

p(V = b) = RT _ (1-26)

The fugacity coefficient y is given by .

y = exp (bp/RT) (I-27)

" Thus the non-ideal behavior of the gas increases as the pressure

increases and as the temperature decreases.
The equilibrium constant of a non-ideal gas is given by

the expression g9
i
ng, = 4
i
ne,

Chemical Equilibrium of Condensed Phases

The change in the partial molal Gibbs free energy is

given by

For an isothermal process

Thus the fugacity at p=p is related to the fugacity at
P = 1 atm by the relation.

£, (p) L Py
In m = RT Il idp (I-31)

o | £,(0) £ £ (lat)

[ ] ] ®

' A 1)
i ai(p) = —f-i—-—- a(latm) (1-32)

el K




-112~-

Por a pure liquid or loliﬁ the activity at 1 atm is equal to
unity (standard state).
For gas ~ solid reactions the general expressien for

the equilibrium constant is

NaY (gas)iia) (solid)
x’--_} omctens P comdg (3-33)

18} (gas)le) (s01id)

For pure solids at moderate pressures, 8., for the selid
is unity, then

Na) (gas)
o Lo . (I-34)

a
v
na_; (gas)
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