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2. BRody of Report

a. Shatement of the problem studied

The purpose of this recoarch was to observe microscoplic structural
and chemical changes of metals duse Lo exposure to a hot, dense gas of,
mainly, argon containing hydrogen. The emphasis was placed on the study
leoading to understanding of the corrosion and @rosion mechani sms when
metals, such as iron and chromium, are wander a hot, dense gasceous environ-
ment, 1n particular, of hydrogen.

A ballistic compressor has been used for obtaining hot, dense gases.
Aommall metallic specimen was mounted on the piston head, so that it was
directly exposed to a hot dernss gas in the comprescsor. [n order fto avoild
specimer. melting, the peal condition of the compression had to be
accordingly limited, _though the compressor 1 capable of producling gases
at mare than 3 v 107 Fa and 6000 ¥ for about o millisecond.

The dyvnamical and choenical efftects of the hot, dense gaszes on the
metals are laibkely fto occour on or near the surdace of the specimen. The
surface structure changes were 1dentified by an nptical microscope and
a scanning selectron microscope (SEM) (1,A1). However, when a thin foi1l of
1ron (less than 1 micrometer thick) was exposed to a mixture of argon and
hydrogen, 1t was observed that there were changes n d-spacings, typical
ot uniacially orderad crystal structure. Then, it was realiced that
more 1nteresting resultz might be obtained on microstructure changes 1n
thin films (2,3, Thus., thin specimens were prepared by electrolytic
thinming, alternate cold rolling i1n &ir and anmealing 1n vacuum, O SVaQRO-—
ration in vacuum., Then the efifects of hot. dense gases were observed with
A transmnission 2lectron microscope (TEM) to obtain micrographs and
elrctron dif+raction patterns., For the chemical effecis an energy dio-
perslve v-ray spectrometer (EDS) wazn used.

Hydrogen embrittliement of metals has been well kFnown for o long time,
and rematns an uansolved problem. In the present rezsearch a ballistac
compreseor was wsed to generace a hnt, dengse hydrogen gas to which metals
were enposed. The peal condition of the compressed.ogas lasts for about a
millisecond and the conling rate 1o very fast (107 b /sec . During the
peal. condition, metals mounted on the preton are erposed Lo the high
density gas as well as soft shook waves, s0 That they are momentarily
under  a time-dependent strain field. Thus, erpocsed metal s were subiect o
highly non—equilibrium conditions, and any changesn made 1n the metals
ander  such conditions were expected to be frofzen due to the high cooling
rave and could be obeer ved at room temperature.

i




Thie research involves analysis of many electron diffraction
patterns. The conventional method of analvysing electron diffraction
patterns with a micrometer positioned microscope or with divider and scale
19 very tedious ard time consuming, but the acouracy i1s usually poor. It
is also a possible source of human bias. Thus, a new electronic device was
constructed to improve the method of analyasis in the sense of the time
comsumption and accuracy (4,A2).

b. Summary of most important results

b.1 Formation of iron hydride in thin films of iron. (Reference 3I.)

It is not easy to observe hydrogen in iron, probably because it
igs unstable (5. In fact, to ow knowledge, iron hydride hae never been
observed at room temperature and at one atmosphere. Recently, however , an
important result was obtained in this laboratory. Fure 1ron fo1le of about
I mr erameter thicknesos wers exsosed to a 40% hydroagen—-argon mixture at
the ped condibion of about 470 atmospheres and 17007 C. These samples
ware then analvoed for hvdeogen concentration at room ftemperabure using a
gamma-—emltting resonant nuclear reaction between nitrogen nuclel and
protons (6. A 7.5 MeV TN beom was rastered over an area of about
0.3 cm=, The analysis gave a value of (1.8 + 0.7 01020 H atoms/ocm™,
averaged over the rastered area. The location of H in the microstructure
was determined by other methods, e.g., TEM as described below.

Iron fo1l (99.9985% Fe) 20 micrometer thiclk, supplied by AESAR,

b

[T . .
was alternately cold rolled and annealed at 7007 C in vacuum to achieve
thickneze less than 1| micrometer. It was exposed 1n the balliastic

COmpe e s kooa miztuare of Ar owith 146% He (by volume) at 1.2 X 107 Pa
ancd YGMQL C for about a millisecond. Mircocrographs were taken with a
200 BV oscanning transmission electron microscope (STEM) at Lawrence
Berkelay Laboratorv (Fig.1). The unique featwre is the appearence of

a second phase (2,7, Tt appears in the form of particles of rhombic
I = R e 0
shape and all of similar sice of about J500 X 1000 ﬁ, orirented 1n the

same direction 1n the entanglemnent of dislocations. The Fig.Za shows
the electron microdiffraction pattern. With a theoryv, which is describe

later, the spots are indexed as illustrated in Fig.Zh. Im this figure,
the 1ndices carrying letter P belong to the particle and those with M to
the matrix surrounding the particle. It was confirmed by measurements on

a selected area diffraction pattern from the adiacent matr:in that the
pattern of spots carrving M is the same as that obtained from the matrei:s
neatr the partiole. Table 1 and 2 compare the exnerimental and theoreticas
values of the d-spacirngs and angles for the particle and the matrix (30,
The agreement 15 excellent, indicating that +the crvstal structures of the
particle and the matrix are respectively distorted tetragonal and boo. Ry
calculation we determined that the distortion ig not due to a tilt of the
electron beam against the pattern zone axis. The data 1n Table 2 wam
verified by measurements on a selected area diffraction pattern from the
matrix alone.

It 16 unlikely that particles such as those in Fig.l are caused
By 1mpurities becauwse chemiocal armalyeis nf these particles with a
windowless EDS capable of detecting elements down to atomic number &
showed that they have the same composition as the matrix. In addibiinn,
the cleanlines:s of the prepared sample has been Judged by 1ts clean
electron diffraction pattern (absence of extra spots) taken prior to
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Table 1

Angles and d-spacings of crystallographic planes of the particle
(Angles are measured conterclockwise from 101 in Fig.2a)

Index Angl es (degreeaes) dﬂspacingg(a)
Exp. Theor. Exp. Theor .
101 0 O 2,02 2,01
a0 48. 5 48. 3 1.64 1.66
101 102.4 1071 2,23 2.1
200 143,73 142.6 1,34 1.34
101 180, 0 180.0 2,07 2.01
200 180, O 180.0 0.99 1.01
TC.\T} 206.7 206.8 0.96 1.00
OG0 TRR.LS o0g, 3 1.63 1.66
101 287, 4 287, 1 216 .17

Table 2

Angles and d-gspacinas of cryvstallographic planes of the matrix
surrounding the particle (Angles are measured counterclockwlse
rrom 101 of the particle in Fig.Za)

Index Angl es (degrees) d*gpacings(&)
Exp. Theor . Exp. Theor.
1073 24,0 4.7 0. 86 0. 86
OO0 41,0 41,7 1,40 i.38
1071 BTLT 86,8 oL R0 TL08
103 D04, D04, D 0. 8& 0,86
007 oYL O 2013 1.47 1.38

and chromiam. I fact, Mvyers and co~workers (8) observed this
nocupancy with deuterium atoms in alpha—-iron. Thus, hydrogen may adopt
the simolar occuwnancy. A self-trapping site 15 created at the O-site by
pushing two nearest neirghboring 1ron atoms away, whereby O-site occupation
1s slightly stabilized (2). The distortion around the occupired O-site 135
strongly anisotropic, cadsing elongation along ore direction (¢ avis).
This elongaticn must be closely related to the sire of the ocoupied
hycrogen atom, 1.e., the Fe-H bond length which 1¢ theoretically
calculated by Chang to be +.7% B (10).

Sinmce moss of ouwr efforts nave been made on oure 1ron, the
tollowing discusasion 1< limited to the biyvdrogen—iron -elationship.
Fig.1l, Za and b seem tuo 1ndicate zomes regularity, %0 that the rnclusion
of hydrogen 1n alpha-i1ron may be Jonsidered theough a caloculation usang
antsotropiro @lastic theory of Moray et. al. (11}, These authors predict
that elastic strain 2nergy due to periodically arvanged nitrogen aton:g
1N 1ron 19 minimum for the arrangement of nitrogen atoms correspondlng
to Fe, N_.. Considering the similar magnitude of the anisotropy of
hydrogeén and nitrogen 1n transition metals (12), it may be assumed that
hydrogen would adopt the structuwe Fe  H_. The crystal structuwre 16 dae-
proted in Fig.® (13)., Then the atomic pefcentage aof hydrogen 1 11.1% in
the particle. Thiz percentage 18 also supported by the value of the
Fiydrmoen content obwser ved hy the resonant nuclear reaction. In order to
mal e bhe calculated d-apacings to agree with experimental ones 1 Table 7y

- e e
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patterns seem to satisfy some conditions., Diffraction spots belonging to
any ~ones appear near or at the intersections of the almost vertical and
haorizontal streaks of the [100] pattern (see figures). In other words,
unless the spots can be near the intersections, the corresponding zones
do not appear 1n the pattern. Such pattern were observed so far only
wrth chromium exposed to hvdrogen.

The relationahin between the lattice displacement waves and any
change in properties of metal is not clear., However, it may be specul ated
as follows. The nuclews of a hydrogen atom 1is & proton, which may be con-
sidered a point charge, and it creates a localized energy level energeti-
caily deep compared with the Fermi level. Each level is doubly degenerate
because of electron spin and can hold two electrons, which may be from
1ts own atecm or supplied by the conduction band of the metal, making the
hydrogen atom a negati:ve ion. Then, hydrogen behaves as a larger sized
particle in metals and reduces the number of conduction electrons which
contribute to the metallic bond, causing the elastic properties to change.
The deep lying level 195 characteristic of hydrogen (16). It is well known
that bhydrogen softens high purity iron at high temperatures (14).

B3 Measurement of & difrusion coefficient of hydrogen in guartz ab
high temperatures (Al)

As described 1n Al, 1+ hydrogen atoms or molecules can be trapped
1N a specimen with a good stability when exposed to a hot, dense hydrogen
gas 1n a ballistic compressor, the diffusion coefficient of hydrogen
(atmmc or molecular) at the peak temperature can be determined by using
the reosonant proton-nitrogen nuclear reaction. (See Fig.4 and Eg. (T) of
A1 and Feference &) . The value of the diffusion coefficient of hvdrogen as

a function of tenerature 1= important 1in understanding the behavior of
hydrogen 1n mataerials.

g, An electrormic device for the analysis of electron diffraction
pattern (ALD)

A CCD-type video camera 1ncorporating a silicon detector containing
Zi light-sensitive celle horizontally and 492 light-sensitive cells
vertically and a video digitizer with a gspatial resolution of 512 ¢ 480
prrels and a dynamic range of 8 bits per pixel are used together with a
microcomputer to att-'n a desired accuwacy of about 1% in determination
Nt d-spacings.

The technigue or noise reduction and i1mage contrast in video image
procesning has been fully utilized 1n construction of the software for
determining the Jocations of electron diffraction spots on photeographic
negatives of electron diffraclion patterns,

The syvstem can help reduce the measurement time to one third when
compared with conventional manuwal methods and less operator fatigue.
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Effects of Hot, Dense Gases on the Structure
and Composition of Materials

JoODASH, ML TAREO, AL RO TRIYNKA, J0 ML ROUSH, A ML RASAATAN,
F. B. BRACE, H., TAKEO, and 1", ¢, WEAVER

bepartment of Physics
Portland State University
Portland, Oregon 97207

hepartment of Physics
State University of New York at Albany
Albany, New York 12220

A free-piston type ballistic compressor capable of producing gases at
temperatures as high <o 600 K and pressures as high as 3000 atmospheres
for about half a millisecond has been used to study effects on materiuals.
The effects of the hot, dense gases were observed with a scanning electron
microscope, an energy disporsive spectrometer, and a trancmission electron
microscop. The typical results are changns of alpha quartz to beta-
crystobalite or melanophlogite, depending on impurities, on exposure to
Lot , derse argon. When stainless steel was exposed to the gas, the Cr/Fe
ratio changed by about 30% on the exposed surface. On the other hand,
when iron was cxposed to a hot, dense hydrogen-argon mixture, it was sub-
jected to changed in d spacings, typical of uniavially ordered crystal
structure.

I. INTRODUCTION

When materials are exposed to reactive gases, corrosion or erosion occurs.

If the temperature and pressurc of the gases change rapidly with time
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there may be thermal and mechanical stresses over the surface, If the
cooling rate is very rapid, structures which appeared at clevated temp-
cratures may he retained at ambient. If hydrogen molecules are present,
they may casily diffuse into the materials and modify the physical
properties,

A ballistic compressor is a uipique apparatus to produce hot, dense
gases.  The peak density can be comparvable to that of a liquid. It
allows observations 'of chemical reactions, which occur at high temperatures
and pressures, and microstraucture changes in materials expoesed to hot,
dense gases.  The exposure is very short, but can be casily repeated on
the same sample at the same conditions, and the cooling rate is as fast
as about IUSUC/sccA

When materials are mounted on the piston of the compressor, they will
be exposed to hot, dewse gases, and then transferred to various testing
and examining apparatus.  The apparatus involved in this report includes
a scanning clectron microscope (SEM), an cenergy dispersive X-ray spect-
rometer (EDS), and a transmission electron microscope (TEM).  For
observation of hydrogen content, the nuclear reaction analysis technicue
is used 11, Since some unnsual conditions of high gas density, high gas
temperature, and high cooling rate are expected with a ballistic compres-
sor, some new observations may be possible, though the identification is
usually not easy.

This paper is intended to introdoce recent results obtained with our
ballistic compressor on effects on materials exposed to hot, dense gases.,
Matcrials involved were quartz, stainless steel, an amorphous iron alloy,
and pure iron. The emphasis of the analysis was on changes in crystal
structure, microstructure, and chemical composition. The choice of
quartz has implicaiions of geological applications of a ballistic
compressor,  The type of gas used is argon, since it is a typical inert
gas which hardly reacts with materials under the conditions obtainable
with the present ballistic compressor. About ten to twenty-five percent
volume of hydrogen was added to the argon to observe the effect of

hydrogen on materials

IT. DESCRIPTION AND OPERATION OF THE PSU BALLISTIC COMPRESSOR

The ballistic compressor at Portland State University is a modification
of the original structure, which has already been fully described eclse-
where [2]. The following is therefore limited to a brief description of

the present device.
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Fig. 1= Fig. 1-b
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FIG. 1 Diagrams of PSU ballistic compressor and the piston.

As shown in Fig. 1, the compressor consists of a horizontally-mounted
2.90m long, 5.72cm inner diameter tube (A) attached on one end to the
driving gas reservoir (B) and on the other to the high pressure head (C).
With a 52.6cm long, 9.63kg piston in prefiring position, the volume of the
driving gas rescrvoir is 10.57 liters, and the volume of the test gas
chamber is 7.5 liters. The maximum possible stroke is 2.77m.

The high pressure head (Fig. 1-b) is made from ARMCO 17-4 PH stain-
less steel 25 c¢m in outside diumeter, which is able to withstand a RHES
pressure of 6000 atmospheres, The driving gas reservoir (Fig. 1-¢)
contains the piston holding and release mechanism. In the nrefiring
position, the tail of the piston is engaged in the mechanism, which opens
and pushes the piston slightly forward at firing by cranking the handle
(D}.

The piston is shown in Fig. 1-d. The piston head (E) has a diamecter
of .05mm less than the bore of the tube, and is made from the same
material as the high pressure head. A short piece of 2-mm-diam steel rod
(F), which has 4 screwed clamp at one end to hold a specimen, is attached

to the front of the piston head.
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.

O-ring //é

FIG, 2 Mechanism for measuring the minimum volume of the compressed
gas, which is positioned at Fig. l-b (G).

Figure 2 shows the mechanism of measuring the minimum volume of the
compressed gas. It is a 15cm long sliding rod of 2mm in diameter and is
k mounted on the end wall of the high pressure head (Fig. 1-b (G)). The
rod will move when the piston pushes it on one end. The other end appears
- outside the compressor and its displacement can be measured from the ’
w outside. The mechansm has a good pressure seal and the rod does not move

if the force on it is only due to the gas pressure. It works as follows.
1 The gas pressure pushes the steel block A, which in turn pushes three
] steel blocks B surrounding the rod. The blocks were cut from a cone. The
three blocks sit on the shoulder C and if B's are pushed, they slide along
the shoulder and push the rod, introducing a large enough frictional
force on the rod.

A PCB Piezotronics Model 105A pressure transducer is mounted at an
end of the side wall of the high pressure head. The output of the
pressure transducer is recorded on an oscilloscope (Tektronix RM35A) with
\ a polaroid camera. The peak pressure at each firing can thus be casily
read on the oscillogram, but the gas temperature is found by using a
computer program as described in detail elsewhere [2,3]. The program is
L to solve the equation of motion for the piston, with allowance for heat
loss of the test gas by conduction through the compressor wall and gas
leakage through the piston gap, and with the assumption of thermal equi-

1 librium in both test and driving gases at any time during the compression
and expansion of the gas systems.

A simple examination of the gas leakage can be made by observing the
pressure profile at the instant of maximum radiation intensity from the
compressed gas [4]. The leakage rate of the test gas in the compressor
may be as large as 10 moles/scc near the peak pressure. If the piston gap
is made small in order to reduce the leakage, the mechanical friction
L becomes very large and unpredictable since the driving force is limited,

thus destroying the reproducibility of gas compression. If the gap is as
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TABLE 1 List of sumbols used in Section II.

van der Waal's "a" constant, T-dependent

a:

b: van der Waal's "b" constant, T-dependent

F: frictional force against the piston

L: length of the piston

m: mass of the piston

ma: molecular weight of the leaking gas

n: the total number of moles of the compressed gas

dn: number of moles of the leaking gas in dt

Nyt the total number of moles of the driving (reservoir) gas

P,Py pressure of the compressed, driving gas, respectively

q: heat flow to the compressed gas in dt

Sqqt heat flow to the leaking gas in dt

R: gas constant

To! radius of the cylinder bore

rp radius of the piston

T: absolute temperature

t: time

U,Uy: internal energy of the compressed, driving gas,
respectively

Up: internal energy carried by the leaking gas from the
compressed to the driving gas

Upe: internal energy carried by the leaking gas from the
driving to the compressed gas

v,V volume of the compressed, driving gas, respectively

v velocity of the piston

X: position of the piston measured from the prefiring

position
viscosity of the leaking gas
density of the leaking gas

large as that of the present compressor, the piston is full floating

inside the horizontal cylinder bore.

Thus, the force on the piston due to

the leaking viscous gas is solely the frictional force against the motion

of the piston.

F = nro(ro-rp)/(P-Pr)+ZWHerU/(ro-rp).

Then the frictional force is given by

(1

(Symbols are explained in Tahle 1.)

o

The piston gap, r - rp, is small, so that the first term can be neglected

and the frictional force becomes proportional to the velocity of the

piston. But the proportionality changes because the viscosity depends

on temperature.

At the temperaturc attained in the ballistic compressor, the major-

1055

ity of gas molecules are in the electronic ground rtate. Therefore, it

is justified to use the van der Waals' equation of state
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(P+ia/V) + (V-b) = n*R-T )

for the gas systems, where constants a and b depend on temperature T.
The equation of motion for the piston is conveniently written in the
form of an energy cquation. For a time interval dt, the piston makes a

displacewent of «dx. Then, the energy changes satisfy
mvdy = Aq+ﬁq,-dU-dUr—Fdx, (3)

where dU is the internal energy change of the test gés during dt due to

a heat flow &q into the gas, due to the work on the piston and due to work
Pvn-ldn which causes dn moles of leaking gas to flow, and duc to gas
leakage which carries away a part of the internal energy, du . From the

first law of thermodynamics,
dU = fq-PdV—PVH-ldn-dUﬂ {4)

Similarly for the reservoir gas, for which an adiabatic process can be

assumed,
dU_ = P dV_+P V. n " ldnedu r (5)
r r'r rrr

The rate at which gas leaks through the piston gap is governed by
the pressure difference hetween the test and driving gases. It is given

by

dn

I "P(mu)'lro(r0~r ) - (P-Pr (r)-rp)2+v]. ()

p 8nlL s
The gas leaks from the reservoir to the test gas system at the beginning
of the first stroke, but the direction is reversed in the course of
compression.  Eyuation (6) may be tested by finding the time lag between
the pressure peak and the light output peak of the compressed gas |47,
The heat flow ‘q into the test gas is obtained by solving the well-
known equation of thermal conduction applied to the compresser walls, by
assuming that the gas systems are uniformly at their respective temper-
atures, and that the heat flow at the houndary is propertional to the
difference of the temperatares of the gas and the inner surface of the
walls.  The proportionality constant is adjustable in the computation.

Another adjustable parameter is the piston gap. At each firing, the
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minimum volume of the test gas is measuvred by the mechanism Fig. 2.

By assigning various values to the two adjustable purameters, the computer
program is run until the computed minimum volume and peak pressure agree
with observed ones. Then, the gas temperav.re profile as a function of
time and the density in the test gas system are found. Usually a few
trial runs con the computer are good enough to uniquely determine the
thermodynamic conditions of the gas systems.

A test of the cccuracy of the computed temperature was made at the
melting point of tungsten [5]. There was a discrepancy of about 3%. The
program has been used with the Naval Ordnance Laboratory ballistic
compressor at the University of Florida to determine the equation of

state of uranium hexafluorid, UF The results of measurements of van der

6
Waals® constants are accurate to about 10%. The compressor is capable of
producing gases at temperatures of as high as 6000 K for about a milli-
second. In the present observations, however, it is limited to about

2000 X in order to avoid losing samples by melting or evaporation.
I1I. EXPERIMENTAL PROCEDURE

Samples are mounted on the piston head by means of a pin with a screwed
slot (Fig. 1-d (F)), so that they are directly exposed to the hot, dense
gas during firing. In order to reasonably maximize the effects of hot,
dense gases, the samples to be tested are made small to reduce the heat
capacity and thin to increase the relative contact area with the gas.
The mounting mechanism (Fig. 1-d (F)) seems to adequately reduce heat
conduction without losing the security of mounting.

After exposure to hot, dense gases, samples were examined for changes
in microstructure, crystal structure, and chemical composition under a
TEM (Hitachi 125 kV or 1.5 MV TEM at Lawrence Berkeley Laboratory), a SEM
(1SISS40), and/or an EDS (ENAX), Sample thickness was limited to about
0,2um for the 125 kv TEM, but thicknesses of several um could be studied
with the 1.5 MV TEM.

The quartz specimens studied were obtained from high-frequency
crystal oscillators (about 30 Mc/s) used in communication. The thickness
was about 0.13 mm. Tapered samples of quartz were produced by breaking
the oscillator crystale before mounting in the ballistic compressor. Thin
arcas near the fractured edges were sufficiently thin for TEM ztudy. On
the other hand, the stainless steel (FelB%Crl12%Ni) used was prepared by

rolling to about 30um thickenss and annealing in a vacuum 1 hour at
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12000C,  After this it was thinned electrolytically to produce regions

as thin as 0.1ym for TEM study. This material is the same one as used

by one of the present authors in javestigations of the martensitic trans-
formation [6]. The amorphous iron (Fe7gBpzSig) (30um thick) was supplied
by Sony, Sendai, Japan. Iron (50um thick), which was of MARZ grade
supplied by Material Research Corporation, was also used. It was reduced
to about 1um thickness by alternate rolling and annealing. The annecaling
was done in vacuum at 900°C for about 4 hours, and at the last stage of
rolling the sample was sandwiched between copper foil. For mounting it on
the piston, a folding molvbdenum grid was used to hold the lum sample in
position.

The type of gas used in this report is argon, pure or mixed with a
known amount of hydrogen. The mixing was done in the test gas chamber in
front of the piston in the firing positien just before firing. The
driving gas was always pure argon. Before the final process of firing,
the hallistic compressor was flushed three or four times with argon to
avoid any contamination of air, and in the final process cnough time was

given for the filled gas to recach room temperaturc.

IV. RESULTS AND DISCUSSION

Observations have been made on quartz, stainless steel, amorphous iron,
and purc ivon with our ballistic compressor using argon gas, sometimes
mixed with hydrogen. Quartz was chosen as an example of geologicul
applications in observations of effects on rocks, because quartz has
various modifications of crystal structure, which may change from one to
another under the thermodynamical conditions attainable with the ballistic
compressor.  Hydrogen gas is added for the purpose of observation of
hydrogen behavior in metals, which might be related to hydrogen embrittle-
ment.,

With the aid of electron diffraction analysis, the crystal structure
of the centrol quart: was found to bhe that of alpha-quartz (Fig. 3a). On
exposure to argon gas at 790 gtmospheres and 2800 K, the quartz changed
to beta-crystobalire (Fig. 3h).  This change was observed at places of the
exposed quart:, where the sample was thin cnough for electron diffraction
analysis under a TEM (IMivachi 125 V). Such locations were found only at
tapered edges of the exposed crystal.

Depending on impurities, quartz has various modifications in crystal
structure.  {f the impurities arce (carbon + hydrogen + sulfur), the

modifivation has a styructure called malanophlogite 171, When a quart:

{



I'lG, 3 Electron diffraction patterns of quartz. (Rinus are due to a
reference gold foil.) (a) Unexposed (Control), (b) Exposed to arqgon gas
at 790 atmospheres and 2800 K (beta-cristobalite), (¢) Fxposed to arqon
gas at 83C atmospheres and 2200 K (melanophlogite).
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16, 3 Continued.

crystal, whose control was again alpha-quartz, was exposed to a hot, dense
argon (830 atmospheres 2200 K), it turned to a melanophlogite structure
(“ig., 3¢, taken by a 1.5 MV Berkeley TEM)., The impurities for the

change of the crystal structure may be associated with the oil used in

the vacuum pump attached to our ballistic compressor. Melanophlogite is
known to bhe unstable at high temperatures of around 1000°C and above, and
breaks down invariably to cristobalite after o few Jdavs at this temp-
erature, Therefore, if the argon gas temperature was higher in our
observation, the end product may have been beta-ciistobalite,

If hydrogen is mixed with argon in the hallistic compressor, we may
observe diffusion of hydrogen in a sample used if it is trapped. A quart:
crystal was exposed to argon mixed with 13% of hydrogen by volume., The
peak conditions of the gas compression were 510 atmospheres and 2000 K.
The quartz exposed to this gas was ohserved for hydrogen concentration
as a function of depth by means of the nuclear reaction analysis tech-
nique (Fig. 4). This figure -hows a near surface hydrogen concentration

corresponding to SiOH with a typical diffusion profile,

N X/oT[‘»V, ‘_‘
Hydrogen concentration = A(1- = 7 ey, (7)
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0 “Hremd)

22

H Concentration (1
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Depth (micrometers)

t1G. 4 Mydrogen diffusion in quartz during exposure to arqon-hydrogen
mivture at 510 atmospheres and 2000 K. Black ~ircles correspond to
oxperimental observations. Open circles are calculated by using Eq. (7).

where x is the depth from the quartz surface, D the liffusion coefficient
which is assumed to be a constant, and t is a typical time for diffusion.
In order for the concentration to hehave as in Fig. 4, hydrogen must be
frozen in the quartz in typical time t, and the frozen state is stahle at
temperatures lower than the temperature at t.  Therefore, we may have a
model for the hydrogen behavior as follows. Hydrogen diffuses into quart:,
more or less frecly during exposure to the hot, dense gas, in the form of
H, and is trapped on cooling as $i0OH, the concentration of which is nearly
proportional to hydrogen concentration (more exactly with Langmuir's
isotherm dependence) and which is stable at lower temperatures. Untrapped
hydrogen will diffuse out as time gues on. From Fig. 4, if we choose t
as about 1 millisecond, then D = 10 x lO-g cmz/svc. This value of the
diffusion coefficient is comparable to that of 19 x 1078 cmz/scc for
molecular H, in a fused silica at 1000°C [R],

An interesting observation with quartz exposed to a hot, Jdense
hydrogen-urgon mixture is that it initially glowed an orange color on

hombardment with 6.5 Mev nitrogen ions, but with increasing time of
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FIG., § TInstability of microstructure and crystal structure of iron exposed
to argon-hudrogen mixture av 233 atmospheres and 1800 K.  (a) and (b)
Eloctron micrograph and electron diffraction pattern, respectively,
immediatcly after expesure, (¢) and (d) After exposure to a .05A/cm2
electron beam in the 125 kv TEM for 7 minutes, (o) and (f) One hour aftor
the electron beam was turned off.

bombardment, it began to turn the more typical blue color of quartz.  The
ion beam might have released the trapped hydrogen

On the other hand, hydrogen is known not to he trapped with a good
) s

stability in iron or its alloys. An amorphous iron (FG~QBINS

another example, for which hydrogen solubility is small, and did not show

19

any interesting nuclear reaction analvsis results, but it scems to chen-
fcally react with hydrogen at higher temperatures and pressures,  Hyvdrogen
diffuses into the sample and may form gascous compounds with boron and
silicon of the alloy [9), thus destroying the material,  In fact, the mate-
rial was more casily lost (possibly vaporised completelvy in the ballistic
compressor if the gas contains hydrogen.

Figure 5 illustrates the instability of microstructure and crvstil
structure of iron exposed to hydrogen-argon mixture. Figures 5a and b are
an clectron micvograph and an clectron diffraction pattern of iron sample
immediately after exposure to a hot, demse 24% mixture at 233 atmospheres
and 1800 K. They changed to those shown by Figs, 5S¢ and d after this

,
sample wus expused to the clectron beam {(current density L 05A07em™) in the
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125 RV OTEM for 7 minutes.  Then it was left in the TEM (beam oft) tfor one

Se and 0 were taken.  Since such drastic change must be

hour before Figs,
expected at least with iron exposed to hydrogen, examination of the exposed

sample must be made rmmediately following the exposure,
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FIG, © (a) Electron microcraph of lum thick iron foil exposed to argon-
hydrogen mixture at 172 atmospheres and 1800 K, (b) Electron diffraction
pattern at the circled area of (a), (c) Electron micrograph of the
control, (d) Electron diffraction pattern at the circled area of (c).

.

It is not likely that a high energy electron microscope may damage an
unstable iron sample with hydrogen. This illustrated in Figs. oa and b,
which were taken by using the 1.5 MV Berkeley TEM. The sample is a rolled
and annealed iron foil (about 1 um thick) in a folded melvbdenum grid.

First it was exposed to a 19% hydrogen-argon at 50 atmospheres and 1500 K,
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A visual observation showed no change. Next it was exposed to a 24% mix-
ture at 172 atmospheres and 1800 K, The diffraction analysis shows a
lattice distortion as shown in Table 2. The change in the d-spacing qual-
itatively agrees with Wallace's result [10}.  The large change in d-spacing
for plane (310) suggests from Wallace's result that (110) and (220} may

a1s0 be assocliated with large strain.,  Such low symmetry of distortion is
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TABLE 2 Lattice strain o/d obtained from Fig. 7.

Slane (200) (211) (310) (321) (400) (431) (521) (600) (5°2)

N/ 0.0 (.01 0,03 0,02 ¢.01 0.01 0.01 n.0 0.01

related to a uniaxially ordered crystal structure.  Figure oc is an elec-
tron micrograph ot the control iron. The origin of the striations in the
tfigure is not known.

Compared to hydrogen behavior, argon scems to hehave much more simply.
IFigure 7 shows x-rvay diffraction patterns of amorphous iron., Figure 7b
shows the pattern of the material exposed to argon at 315 atmospheres and
2000 K, while Fig., 7a corresponds to that heated in argon at 1 atmosphere
and 900 K. The ditference in the diffraction angle (20) of ditffraction
peaks indicate the difference in the lattice parameters by about 1%,

Argon seems to diffuse inte the material to expand the cryvstal, but the

details are not ¢lear.

aFe (110)

F1G, 7 X ray diffraction patterns of amorphous iron alloy. (a) Heated
in argon, (b) Expused to argon in the ballistic comproessor.,
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FIG. 8 Electron diffraction patterns and micrograph of stainless steel

exposed to arqon at 300 atmospheres and 1800 K.

va) and (b) Diffraction

patterns from particles at the corresponding symbols, a and b, in

micrograph (c).

1067
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FIG, 8 Continued.

Not only are there changes in the lattice parameter, but also the
concentration ratio of elements in alloys seems to change by exposure to
hot, dense argon. The weight fractions of stainless steel (Fel8Crl12Ni)
are respectively about 0.65, 0.23 and 0.11 after cxposure to argon (300
atmospheres and 1800 K) compared to those of 0.70, 0.17 and 0.13 before
exposure. The ratio Cr/Fe changes by 30%. The resulting microstructure
and electron diffraction patterns from two individual particles in the
microstructure are shown in Fig. 8. These particles have different
morphology and different crystal structure than martensite formed in the
normal Fel8Cr12Ni alloy by cooling to liquid nitrogen temperature f61.
The indexing shown in the patterns is consistent with the chi phase in

chromium nickel steel which has body-centered cubic structure with lattice
parameter 8.39A [117.
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Electronic device for the analysis of electron diffraction patterns
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Using a video camera, a video digitizer, and a microcomputer, an image processing system is

assembled to determine the locations of electron diffraction spots on photographic negatives of
electron diffraction patterns. This system can help to reduce the measurement time to one third
when compared with conventional marual methods and produces results with better accuracy

and less operator fatigue.

INTRODUCTION

Much work has been done on various image processing de-
vices, and the technique on noise reduction and image con-
trast has been well developed.' This paper reports the con-
struction of a new device that can make the analysis of
electron diffraction patterns easier and more accurate. The
conventional method of analyzing electron diffraction pat-
terns with a micrometer positioned microscope or with di-
vider and scale is very tedious and time consuming. It is also
a possible source of human bias. Yet it provides poor preci-
sion. In general, x-ray diffraction equipment gives more pre-
cise crystallogranhic data than electron diffraction equip-
ment. However, the equipment requires a large sample size
since the x-ray beam cannot be made very small. Our studies
involve small precipitates whose linear size is of the order of
100C A. Electron diffraction equipment ailows us to locate a
precipitate and then collect an electron diffraction pattern
from the precipitate.

I. DETAILS OF CONSTRUCTION

In order to measure electron diffraction patterns with
this system we need to recognize the diffraction spots as re-
gions of maximum phaotographic density on the film negative
of the electron diffraction pattern. We collect a video image
of the electron diffraction film negative using an RS-170
standard video camera’ and a light 1able. The RS 170 video
standard defines the format in which che information mak-
ing up video images are transmitted to the video display de-
vice such as a video monitcr. The video monitor 1s simply a
phosphor screen which 1s scanned by an eleciron beam. The
ele<tron beam current determines the displayed image
brightness. The video camera is essentially the reverse of the
monitor where the phosphor screen is replaced by a light-
sensitive screen and an electron beam scans the light-sensi-
tive screen. The electron beam current in the camera is de-
pendent on the point-to-point intensity of a focused optical
imags on the light-sensitive scrzen. Essentially the RS-170

format specifies a complete image to be made up of two
groups of 240 horizontal scan lines interlaced with each oth-
er and each group of 240 scan lines to be completed ind}, s.
So one complete video image (or frame) of 480 scan lines is
displayed on a video monitor or collected by a video camera
in»& s. The RS-170 video signal produced by the camera is
an analog electrical signal whose ampiitude deiermines the
electron beam current in the video monitor. The RS-170 vid-
co signal also contains some important syncronizing pulses
to allow housekeeping tasks such as electron beam blarking
and retrace. We sample the amplitude of the KS-170 video
signal and convert it to digital form by a high-speed 8-bit
analog-to-digital converter as it comes from the camera and
wnite the digital information to an array of randor access
memory called the frame memory. We can sample and digi-
tize the RS-170 video signal either continucusly frame after
frame with continuous rewriting of the digital information to
the frame menory, or we can sample, digitize, and write one
video frame of 480 horizontal scan lines to the frame mem-
ory, and then stop further sampling, cigitizing, and writing
to the frame memory until more data are desired. The sam-
ple and digitizing rate is 512 times per horizontal scan line.
The frame memory is organized as a two-dimensional array
of memory cells with each cell coniaining the digital value
written to it as the RS-170 videc signal was sampled and
digitized. The digital values contained in the frame memory
are positive integers and are commonly called “pixels” or
PiCture ELements. The frame memory is large enough 1o
store one comple.e video I.ame as 512 pixels horizontally by
480 pixels vertically. The pixels are continuously read from
the frame memory to a digital-to-analog converter and after
the necessary syncronizng pulses are added to meet the re-
quirements of the R%-170 format the contents of the frame
memory are displayed on the video monmitor. The fram=
memory can be reait from or written to by a microcompulter,
and thus image processing operations can be performed on
the image. A block ciagram of our system s given in Fig. 1.

We prefer 1o work with a positive image displayed on
the video monitor rather than the negative film image be-




cause with a positive image the electron diffraction spots can
then be recognized as groups of pixels whose values sre
greater than the background pixels. Since we can read from
and write to any of the frame memory locations with the
microcomputer, we can invert the complete image by logi-
cally inverting (1000 1101 binary is changed to Q111 0010
binary) every pixel in the frame memory. The inversion pro-
cess results in the frame memory being filled with positive
digital representation of the electron diffraction pattern and
a positive image of the electron diffraction film negative dis-
played on a video monitor. The electron diffractiop spots are
now represented as groups of pixeis whose digital values are
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FIG. 1. Block diagram of image processing system.
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greater than the surrounding pixels. Since we can read frem
the frame memory with the microcomputer, we can search
the frame memory for the greatest value pixels As we per-
form this search we know the location in the frame memory
of each pixel we are examining. If we convert the frame
memory locations of the greatest value pixels to real loca-
tions on the negative, then we will have determined the loca-
tions of the electron diffraction spots and “measured” the
electron diffraction pattern.

The video camera used to collect the electron diffraction
image should produce an image as noise free as possible since
after sampling and digitization, any noise peaks in the frame
memory will be interpreted as false electron diffraction
spots. The main source of noise is the photosensitive element
of the video camera where thermal noise is generated. Since
the thermal noise is random we can reduce this notse by
averaging many images which differ only in random noise.
By averaging images we mean adding together the digital
values at each p&l location for all images then dividing ev-
ery pixel value in the resultant image by the number of im-
ages summed. The summing of images 1s a process carried
out by the microcomputer. The resulting average image is

then transferred to the frame memory. In cur testing we
found that vidicon tube cameras generate greater image
noise than charge-coupled device (CCD) video cameras.
We will discuss the differences in video camera performance

later.
Te make accurate measurements of the image, we must

correct for the rectilinear distortion introduced by the video
camera and lens system. We correct for rectilinear distortion
and make the conversion from frame memory pixel coordi-
nates to real-space coordinates by comparing the digitized
electron diffraction film negative image with the digitized
image of a specially made calibration standard. The calibra-
tion standard is an accurately formed square array of dots
located 0.500 cm apart on a plane surface slightly larger than
the electron diffraction film negatives we wish to process. A
table of data-correlating frame memory pixel corrdinates
with the real-space coordinates as defined by the calibration
standard is created each time the camera position or lenses
are changed and we are then able to refer to this table of data
when we wish to convert frame memory pixel coordinates to
real-space coordinates. Two-dimensional linear interpola-
tion 1s performed when the frame memory pixel coordinates
we wish to convert to real-space coordinates are not found
directly in the table. The microcomputer is programmed to
do the messy work of creating the table of data from the
calibration standard image and the conversion of the frame
memory pixel coordinates to real-space coordinates.

We determine the frame memory pixel coordinates of an
electron diffraction spot by first defiring, by means of an
operator-positionable cursor, an area within the displayed
timage which contains a single electron diffraction spot of
interest. Deifining an area within the image serves five pur-
poses: (1) The operator is able to measure only those spots of
interest. (2) The defined area contains only one electron
diffraction spot, so there will be only one group of pixels in
the defined area which are greater than all others within the
defined area. (3) Defining an area within the displayed im-
age specifies the portion of the frame memory that contains
the digital data for the defined area. (4) If the area defined is
made as small as possible, processing time will be reduced.
(5) The defined area helps the operator keep track of which
electron diffraction spots have been processed.

After defining an area containing one electron diffrac-
tion spot we apply a low-pass spatial filter to the defined area
to “smooth™ the portion of the umage within the defined
area. This low-pass spatial filter process is essentially a two-
dimensional moving average. The low-pass spatial filter will
tend to remove isolated single-pixel peak values from the
defined area by averaging groups of nine pixels to find the
average pixel value for each group. We use a group size of
nine pixels (the rixel to be processed and its eight nearest
neighbors) with every pixel in the group equally weighted.
The low-pass spatal filter is a software process implemented
by the microcomputer and applied to all the pixels within the
operator-defined area. The low-pass spatial filter will re-




move some of the random noise generated by the video cam-
era, but we choose to perform the image averaging and scal-
ing of the whole image, saving the low-pass spatial filter step
for the operator-defined areas, since the low-pass spatial fil-
ter is a computationally intense process and is comparatively
slow when applied to large image areas. Foliowing the low-
pass filtering, the microcomputer examines the digital values
of all the pixels within the defined region of frame memory
for the maximum value pixels and then averages the frame
memory coordinates of these maximum value pixels to find a
single pair of frame memory coordinates that most probably
describe the location of the electron diffraction spot. Next
the microcomputer pgrforms the frame memory pixel coor-
dinate to real-space coordinate conversion and allows the
operator to write the data to a disk file for storage and later

processing.

Il. EXPERIMENTAL RESULTS

We chose a typical electron diffraction film negative and
measured it repeatedly with our system using both a vidicon

TasLE I. Uncertainty in results obtained after summing various numbers of
images.

Uncertainty
(cm)
images
summed CcCD Tube
1 0016 0.053
4 0.011 0.049
16 0.00% 0.026
64 0.016 0.040
125 0012 0.040

tube video camera and a CCD video camera. Using our tube
video camera we were able 1o take spatial measurements of
the electron diffraction spots containing an uncertaaty of
+ 0.0052 times the image width with 99% confidence limits
(after summing 16 images to reduce random noise). The
CCD video camera allows us to take the same measurements
but with an uncertainty of + 0.0018 times the image width
with 99% confidence limits (after summing 16 images to
reduce random noise). The CCD video camera produces
results with an uncertainty near one third that of the tube
video camera (after summing 16 images for both cameras)
when tested using the same procedure. Table I contains the
uncertainties for both cameras when different numbers of
images are summed to reduce the random noise and Fig. 2 is
a plot of this data. The following procedure was used to de-
termine the listed uncertainty. Take row three of Table | as
an example: Five different images of the same diffraction
pattern were compiled, each of the five images being the
average of 16 previously collected images which differed

only in random noise content. For each of the five compiled
images, 15 distances were measured using this system and
the standard deviation for each distance calculated. The
standard deviation is corrected for the small sample size of
five by use of the “Student’s t” for 99% confidence limits,
thus giving the 15 measurements with their uncertainties at
the 99% confidence limit. The unceriainties for the 15 mea-
surements are then averaged and listed under the appropri-
ate heading for the camera type (16 images summed, uncer-
tainty of 0.009 cm for the CCD camera, uncertainty of 0.026
cm for the tube camera). It is interesting to note that with
increasing quantities of images averaged to form the com-
piled image the uncertainty decreases and reaches a mini-
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FiG. 2. Plot of data contained in Table I.

mum at near 16 images but is then found to increase again.
This increase in the uncertainty is thought to be due to cam-
era vibration.

Figure 3 is an electron diffraction pattern of BCC iron
and Table II is a compilation of the data ousput from this
system after processing this electron diffraction pattern. The
spot numbers in Table II correspond to the numbered spots
in Fig. 3. The large percent error in disiance (greater than
about 1% ) associated with spot numbers two and six rela-
tive to predicted values can be explained as these spots are
actually double spots of similar photegraphic density (re-

vealed by careful examination of the negative) caused by
some defectin the crystal structure of the iron sample. These
dcuble spots are toc close together to be measured as individ-
ual spots when the negative is imaged at suitable magnifica-
tion to include all the remaining spots of interest.

in. EQUIPMENT

The video camera we use 1s a model WV.CD50 manu-
factured by Panasonic Industnial Company. This is a CCD-
type video camera incorporating a silicon detector contain-
ing 510 light-sensitive ceils horizontally and 492
light- ensitive cells vertically. The video digitizer we use 1s a
PCVI.'"ON FRAME GRABBER manufactured by linag-




FiG. 3. Electron diffraction pattern of BCC iron. ({001 J zone axis.)

TaBLE I1. Data after processing of the electron diffraction pattern pictures
in Fig. 3.

Distance Angle
Spot (cm) (deg)
number  hkl Exp  Predict “cerror Exp Prechet  Error

1 110 1195 1198 00 0.0 0.0 0.0
2 2(_X) 1.649 1.690 245 450 45.0 0.0
3 110 1,202 1.195 0.58 90.3 90.0 0.3
4 020 1702 1690 071 1347 1350 03
5 110 1.201 1.195 030 1797 180.0 03
6 200 1.658 * 1.690 1.89 251 2250 01
7 110 1.203 1.195 0.67 2701 270.0 0!
8 020 LTI0 1690 1.18 s 3150 0.1
9 220 231 2390 07 31591 300 0.9
10 330 3552 3586 (95 393 360.0 07
11 130 2684 2673 Q4] 3333 314 01
12 240 380 3780 00 3411 416 0.5
13 gZO 2,389 2,390 0.04 270.5 2700 0.5
14 136 269 2673 064 296.7 296.6 03
t5 40 3418 3.38) 1.09 Jiso  31s0 00
16 150 4330 4310 o046 3262 3263 Q1

ing Technology Incorporated. This video digitizer has a spa-
tial resolution of 512 X 480 pixels and a dynamic range of 8
bits per pixel. The spanal resolution of 512 % 480 puxels is
limited by the RS-170 standard video signal format. To in-
crease the spatial resolution will require a special high-reso-
lution video camera and video digitizer with their corre-
sponding increase in, cost. We felt that 1% accuracy was a
reasonable goal when planning this system. The size of the
diffraction pattern on our negativesis typically $x 5 cm and
to make the math simple, letssay 512 x 4.8 cm. If thisregion
1s sampled und diginzed with a spatial resolution of
512 x 480 pixels then each pixel is 0.01 cin on 1its side, thus
the distence between two diffraction spots separated by 1 cm

could be measured with an accuracy of 19%. This system can
t?.kc measurements containing an uncertainty of + 0.0018
times the image width with 99% confidence or as in the
above example: S42-en* 4 0.0018°% 'zso 2 c¢m at the
99% conﬁd;ncc level or about 1%. The dynamic range is
actually 7 bits per pixel since we use 1 bit of the eight as an
qvcrlay on the diffraction pattern image to provide informa-
tion to the operator.A Zenith model 158 microcomputer
serves as the host for the video digitizer. The image summing
process used to reduce random noise b§ averaging images
requires that the microcomputer contain, 640 kbytes of ran-
dom access memory. The Zenith model 158 ircludes a 20-
Mbyt; hard-disk drive which is very useful when saving im-
ages since a single image will take about 256 kbytes of disk
space. Two video monitors display information in our sys-
tem. The microcomputer monitor displays only text, while
the second monitor is a small monochrome one that displays
the image being processed. A dot-matrix printer is used to
print the data and images processed.

The use of a film negative to record the electron diffrac-
tion pattern imposes some contrast limitat‘ons on the entire
electron diffraction pattern because of the narrow exposure
latitude of the photographic film. If the video camera were
installed to view the electron diffraction pattern through an
electron-optical coupler in the electron microscope, the pre-
cision could possibly be improved because of inc,eased dy-
namic range in image intensity and because the diffraction
spots could each be adjusted for their best sharpness so long
as the size and orientation of the pattern does not change.
Alternatively, some form of an electron 1maging device
could prove useful since the electron-optical coupling could
then be eliminated. The use of a film negative, however, pro-
vides a stable record of the eiectron diffraction patterm and
the opportunity to use film negatives from other electron

MIrcoscopes.
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