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milli•-econd , precipitate particlips of similar' size (500
1000, O) o:cur eO, Criented in the same direction in entanglement
of meatrix dislocations. The electron micrrodj+ffractiujn pattern
Sindicates a distorted tetragonal structure, whicM seems to be
Fe 1H6,. The diffractin pattern of the matrix shows a distorted

bc-. A nitr ogen-prroton nuclear reactioon confir.med the presence
of hydrogen in the exposed foil and supports the predic ted
strL.cture.

When pure chromium foil was exposed, str.eaks appeared in the

electron diffraction pattern, possibly related to generation of
lattice disolacement waves.

Using a CCD video camera, a video digitizer, and a mictro-
computer, a device is constructed for anajl•zing electron dif-
fraction patterns. This system can helpthe measurement time
to one third when compared with conventional manual methods and
produces resul.ts with better accuracy and less operator fatigue.
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Al1. FReprint of a publication. (Refo-rence 1 in Bibl iography.)
J. Dash, M. Takeo, A. R. Trzynka, ,. M. Roush, A.M. Kacaai an, F.D.
Brace, H. Takeo, and F. G. Weaver, "Effects of Hot, Dense Gases on
the Structure and Composition of Mater ial. s", in Metal lurqic-a
SAM?_pi i all on of Shock-wave ani d Hih-Strain-Rate F'henomena edited
by L.. E Murr. K. . Staudhammer., and M. A. Myers (Marcel Dekker Inc. ,
New Vork and Base, 1986), pp. 1i51-1069.

A2. Copy of a publication. (Reference 4 in Bibliography.)
A. Trzynka and M. Takeo, "Electronic device for the analysis of
e ectron diffraction patterns , Rev. Sci. Instr., March (1988)
io press.

2. Body of Report

a. ,lha.•ment. of the prob•e1m stodi.ec

The rp:,urpose of thih. . r -osa.r ch was tio ohbserve microsec opic structcral.
.erd ch.mi cal changes of metal s due to enp:; posur e to a hot, dense gas of,
mainl] y, argon contain i rq hydrogen. The enphasi s was p1 aced on the st~udv
leoadingc t.o 0"ndeer.ttan n:i] ,o f the corro si on andc erosi on mechan isms when
met.als1, souc h as i r on and chr omi um, are under a hot. , dense p aseous en vi ron-
ment, in particular, of hydrogen.

A ballistic compressor has been cused for obtaining hot., dense gases.
A smal metal 1 . c spec i men was mounted on t..hhe ni pston head , so that. it was
d rectl y ez:posed to a hot den• gas i n the c.ompr essor. In order to avoi C
spec:.mer, mel ting, the peal cond]ition of the compression had to, be
acic::ord i ng ]. V 1 mi X cd 9 h ougcjh thite comipr essor i :_ c: ap• p -i ] 3.: of prohducin 1 eq• a c _.
at more than 3 n I. U F a and 6000( K: f or about a millisecond.

The dynami cal and chemni c al effe•t :s of the hot dlense gases on the
meta]. a or e 1. i L e , to occur on or near the surf afce oco t. he spec ime . The
-..:r f a ci-e str ruct:tuor e crhanges were i dent i f i ed by an opt i cal. mi cr os cope and
a scanning elec:tr on microscope (SEM) (1 ,A1) . However, when a thin foil of
]. r on ( esn. than 1 micrometer thic [) was e.. po• ed to .. a. mintrr o arisen and
hydrogen, it was observed that there were chacnge-s i e d-spac inps, typical
o±f un'ia]. lly ordered crysta1 structuroe. Thepn it was realized that
mor i i nteerset i ng resul ts mi ght be orbtained on mi cr ostructLure changes i n
thin filmn (2, *3) . Thus, thin specim..mnoo were prepared bh y electrolytic
thinrneieg, a].ternate cold rolling in air and anneal].ng in vacutum, or ev5\pc--
rat ] on i.n vacuum. Then the effectsts of hot. dense gases were observed wi th
:i fr <n:om .i 5: 1ron elect.ron m] c r osc: ope (TEM) to o t , .t i n mi crographo and

P,1 :.. tron c] ffract ion pat.t:. or-s.. Fo:)r K.hP c hemi, cal ef f .ctn:r• an enor civ diu-

Per"nive -rayv sop .:( trome.t or (EDS , was used.
Hydo:re n.'- emh r 1 t:t ] e mert of met al s has. bi r n we] l I.:known f or a 1 tnicrj i me,

and rpr.emain.no an in nso] .vd py obhem. nle the pr een1nt r ese Srrh a hal 1 i stic
cnampr i-_cc or was u_-sed to 0 qoner ace a hoit ., d ens:e hyclr nriern gai to wh i ch met..•s a ÷
were, e' posed. The peai crorndie i 1 on of the c ompresnpd .gas 1 asts for about .a
mi I ] i sec -irid and the oreoling rate i5 'v':ry fast (10" V/lee ) . Dur ing the

prea condit ion , me-tals ) m cit. , ohn- thu-Li] the t on are e-.; oup .d to the h] gh
denn.tit v gas as well as 'soft shock wa'v'o, soi that they are mompnt r, i ]y
lmd.r a 1.••. a-depe druenirk .t r ai n f i l C. Thus. e:: Fpu.d metal we-re sib su j.t• to
hi ghly ' nor-eCL 1 1 hr i r um cr-ndl t enn, and anly : P! ari• en-i macin in the metal s
uIfncdet or LIS ic condit. rionn were preuc t -o h bei fr roizen dutor to thoh hi gh cior) ling
r P,1 a d < nul 1 he oht].r -',d at r oum terp -or at tir ps.



This r esearch invlviyes anal ys~is of many eilec~troni diffract~ion
patter ns, The conventi ona]. method of anal yzi ng electron di ffract~ion
pat.ternsr w~ th a micrometer posi ti oned mi croscope or wi th di vi der arid scal1e
1is very te-d ious5 ardc time conocimi ngp, but the ac cu rac y i s usual1l1y poor . I t
is5 al1so a possi1bl.1e so~ur ce of human b ias. Thus, a new elec~t.ron ic devi c:e was
c.onstrucitled to improve the me:thod of analyvsis'~ in the sense of the time
cornsump t.i in and accuracy (4 ,2)

b.1 Forato of iron h~ydrLidP in thin f ilme of iron. (Eeference 7.)

It is not easy, to observe hydrogen in iron, probably because it
i s uinstabl1e (5). In f act , to our [krowl.edge , i rron hydir ide has never bp&rn
ohs erved at. r oom temper at.ure arid at one at moyph crc. Ruen elt1y , however , ait
i mpocr t.ant: r esul1t was ohbt arined i n t:his l.abor atory. Pure i.ronc -fo il1s of ab out 1

Inmi rnom't er t.h i r k ew wpr.' expos. ned to a 40% h ydr o en--r pnno m.ixtre atý
thbe peak condciti or of about 47 atImosp her es. and 1 700 C. Th ese vampl1e-s
were t henj anal. vzed f or h vd r oen conc en trat.i on at: r oom t.emper atVur e usieIng a
pgamma--emi tt inri resonarnt. nucl1ear recactIi on between ri itrogeri nu cle i arid
protons (6) . A7. 5 MeY 'I~N beaim was r aste red over an area o-f abouit.
C.). 7 c m:: Thec anal.yesis g ave a va.lIue of ( 1. 8 + 0. 7)K100 H atoms / c m_
aver aged over the rantereci area. The l ocat:ion (:if H in the mi crost~ructuire
was determined by other methods , e.gp., TFM an: descr ibed bel ow.

Iron foil. (99. 9985% Fe) 25 micromet.erc thud. , supplied by (AESAR,
was al.t ern a~tely' cold roll1ecd arid annrial ed at A0~iI i C in vacuum.in to achi.eve
thick nes 1 s thanr I[ nil rcoii-tor . It was ex:pospd ..in the ha]. . 's:ic
c omp r cs :or to a mixStu ..re0 of (Ic wit h 16% H:, ( by vol. mpie) at 1. .2 X iOO Ka
andc 1. P1 O C for about a mI 11ilsecoend . M i.c rograp hs werei t a.k:en wi th a.
200 kV sc:ann1ring t ran em: svi on: Plec :t ron mcriILorsecop e (STEM) at. Lawr ener
Berkeoley L~aboratcoryv (Figp. 1 ). The uniriiu~e f eatuirei ise the appearenico o-f

a scoi. nd p hiase( 2,1) i. E 1 appe ars in t.he f orm of part.icl es of r hiomb ic
shiape arid al1l of simila nize7;1 of ab out. 50ii 4 X 100 RO ori.en ted i n t.he
same di rect.ionm i n t:he enitaringl.emenit of di.s coat:.i CC. The F igp.2a. shows
the el.ectron mi crodi f-fracti1on pattern. With a theory, whicoh is descr ibe~d
later , the spo~ts are inidesed as ill ustr at~ed in Fi p. 21:. In this figure,
the indices c~arryin ril1etter P belorig to the part icle arid those with M to
the mat.ri. surro undciing t:he parti~.cle . It was con f irmed b v measur emenits: on
a sel.ect.ed~ areca di f fracrt iocn pat tern frem thbe adj.iac en t mat ri that the
pat tern of spots c arr y ing M is the same as that obtai1ned~ f rom the matr iý

nea Jh atrp Tab]e I and 2 compar t he experimental1and theoir etic
vi] ire. of the d--epaci1nr.. .anrd anigles for thie part.icole and the matr in (7).

The: agreement t. e c:;cell erit , inrd icat inrg that the cr vetal st riuctuores cif the
"art 4 1icle and the mat.r ix ate r cop ect ivyey disetor ted t ci-rap :nialI and boo . P v
cal cul at i.on we determi ned that the disutoc~rti on is riot due to a til1t of the
el ectrorn tieam against th le pattern rionre axs s. The dat a i n Tabl1e 2 wad.;
verified by measur emerits en a sel ected aorea di ffract ion pattern from the
mat~ris a].onre.

It. is unl1ikelciy th at parct icl).es suchI as those .inr Fig. 1 are c auseci
by imp uir it ies b ecaus~e c::hiemi ca] analym ''o1 :f these part ic] es with a
winrdowl ess EDS c~apable i of detec~t:inrg elecmenits down to0 atomic nu imber
showed that they tiave thie same composi t ion an the mratr ixs. Inr add it:i on,
the ci eaniInie>:. of the prpper-ed sample hoc: been ju'dpd by its cilean
el.ectrori diffr ac~t.i on pattern (absence of Os tr a spots) tak~en prior to
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"Table I

Angles and d-spac~ingg5s of crystallographic planes of the particle

(Angles are measured contepr-lockwiso from 10T in Fig.2a)

Inde'. Anglem(degrees) d-spacings(R)
E>;p. Theor. Ex.p. Theor.

10(1) 0) 2.02z 2.0()1

002 48.5 48.3 1.64 1.66
101 102.4 102. 1 2.23 2. 17
too 143.3 142.6 1.34 1.34

101 18(). 0 180.0 2.012 2. 0l

202 180. 0 180.0- 0.99 1.01

103: 206 .7 206.8 0.96 1..00
002 228.5 228.3 1.63 1.66
101 282. 282.1 2.16 2.171

Ti.blc 2

Angles and d-s•pari ngs oV crystallographic planes of the mattr.ix
surrc:undging the particle (Angles are measured countersclockwise
trom 101 of the particle in Fig.2a)

Inde.: Angres(degrees) d-spacings(•)

E'" p. Theor. E','p. Theor.

1013 2A.0 24.2 0.86 O.86
UOR '21. 0 41.3 1.40 i.38

1.. 977 86.8 2. 20 2.0B
103 704..:- 204.2 0.86 0. 86
(0)02 22?.0 221.3 1.42 1.38

and chromiu(m. In, fact, Myers and co-iurrk:ers (8) observed thin
occupanrcy with deuterium atoms in alpha-iron. Thus, hydrogen- may adopt
the sim.lar occ.upancy. A sel-f-trappino site is created at the 0--sit: bWy

puAshing two nearest neighboripg irton atoms away, whereby O-sit-e occupa. C~r
is slightl y stab i ized (9). The distortion around the occu.pied 0-sit: it r
strongl y anissotro.)pic: , causing elongation along one direction ( a is) .
This elonoatio n must be closely related to the si:ize of the ocrLupi ed
hydrogen atom, i .e. , the Fe-H bond length which is theoretical ly

calculated by Chang to be .79 8 (10).
Si rice mon ;. L of C) r e.ff (:or t s i ave been made onr, o..rpe ir on, the

fol lowing discusa.:•i on is im i] teed to tri)n' n,/drog ln-i ron -elati oF-hi p.
Fig. I , 2a and b sepm to ] d:i cat, :i:om. regul ar.ity, so that the or 1 no i DO

of hydrogen in al pha-i ron may bhe: OF) .., i c, r.red thr oLugh a cal cL) lat] (:,n ,.t - xnc
anisotropic: ciant ic theory o:Lf Mori et. al . (11). These authors pr'edict
that Plastic 't.r an e0 n er gy dc.p toC periodical l y arranged nitrogeen atom.'.
in irono i mirnimum for the arr. angement o4 nitr. ogen atoms; correspondinFg
to Fe16 N. Consider- ingon the s--imilar magnitude of the anisotropy of
hydroogen-and nrtrcgen in trans-i]ti on metals (12), it may be assLsume-:d that
hydrogen woun J adopt the structur e Fe H_. The crystal t.rustLre in d&-

16 .
pi cted in Fig.- (13). ThI'n the atomic percentage of hydrogen is 11.1% in

the par-ticle. Thin percentage is also supported by the value of the

h ydrrocen cotonrt obsor ved hy the resonant nucle. •ar r 3Ct aion. In oirdecr t o
, . h.' calculated d-,pacir-,-•s to agr-ee with en:perimental ones )" D b e-n P,

S. . . • . - , " . ... !l- - iI



SOFe
Fi S f. StrLUC. t. LAre oc

SHFe 1 6 ,H 2 "

t:he Fe-H bond le nrgth wa. crhosen t.o be 1.89 H inst:ea-,cd' of Chang's value.. For

t he anr 1e], e;o th bu:n•t. r:. ul to:., werpo o t ai ned if thf.e angle s betwee jer, L. 2 )
anr-d r. F ancd a, arnd a and h were reopvc ti avel. a/ _d0Lusted tC)

alpha - 9 , b t - .5 0, and gamma 9. 0

fort the part ic r. Ie. Table 1 sh own-4 e.xcell ent agreorem•rnt between the expeori-.

mental and theore-t i cal res.u l to. The mat ri , s al. 'so showrn to he contr ractetd
by a cstr..ain .O. ] orng the r a' • oo Lhat i 3f .is on the compre-sioF n- e .

and the part i cl n an the t4 osion c•Fido of the di sat orti on.
Sin ce hydrogcimn al camus c eoL.E ')] Lume -m'pansraao of the lattaic they , 1 nri

from the c ompr :'. :r) 0) de to teons ion ,i de o:f qtirersed speci: men. Hydr ogenF

difi tf) - :1 an0c-,iId a! (sr10 (is lo t .nor. If a dis] ocation irt r.' ct. a

ý- on, , d Fp ),--'÷' iir t h, ] , hydr itpmn - may)1-O' .. a ] ', tr an<'e:+ r fr-om t e•i -, 1a3 ri

:t t. I] p-rti •le w.(hprr tihlP matr 1: i )V on S,' t ch ompr F-5(1 n- (1 0 (W .11) T hu ,

hvdu'lr n at O o• Ar m. r P, l k ly prI'0CO}t, i t.-hro [ r t i ,1 P i. T1, +,acV , I15 t K "P-
r"l . , 1 a n T-abL ' ar o L•)tain d fo *-r n di si•tor tei hcc 1 o-t r t :e thn"it!

W'dro0000
I j w *a, rO n o- t4 hi )hv), d- , ri tIC ,.tots 17.01 hat, in)'. I F i l.. , t hr-,

r i a i -f t ,- " I tic-, 1l ]. i ' A)] wh ch. hy,-drog:no at om ,r P tjoppc l so tha t l .

t..'hat ULPo " n, i. I MIn t .p .:1 )c iro otr fa0) . Then a niii" duo t c)

h F' 1 l g . io , r- i at longi[ t s far •- is F , * ; 00"..) I tr si t i nT . 'i i V i t:

p2eci men trorm the prir i 1 •lr i. o the tsurrr Outd . "Cr ;. ,r . . . 7, • "--,n";

c or" awr 1 oet t. -, ri 1- F r" t ,h rl an ti onr of t e h p r a t l.- oi I !,

mEytr A . TVi i- an o4±r of Mufliar y conditions.0 Thia offekk I a o !

dI)iffer if I ho ýpwiiw h i0  1 OF thin and1 ttir c j-v- in ((orp di la !-'l
F7tir f -i r -" . TI) t hi r o, I h o ,' Ci tw io 0 is 1 nc t oj] - ( I h - i c ) i(pi' .u r t . -

aind the t)or r 1 1 1 in ,i,, IW 'r ali a' bo n-t wi:, h . :, u-r ' ,f .i: o Lr a %,r.

mi tI.•t ed ot r 'c > n- I A ho or ¶ i . Tw thL' orP. t ' t. i '- t o i i (n h ,i

1 ott LC i o ,. ,- r rcd no tpr r t Poar . A r, e <xamp l F' fi7 r 4 ,1 .r th in C' , ,1V nr

hv Fig. nn 5 -o An ~~d , hF w~-'r 0 ohit alnd fir oml a- uppri1mpo pr opaior 5
-vapoir St I L) Fo-j. t4 1i-i( : •ppa arance of O ar t a of i h- "amp . , -z ,.

Fig.1. Fi_.-a ai a n.' ' clo IOVI .roo diffrac-ti.oLn pattern tfrom t hr, c-r di t i

air nfa F t j '. Th, merasur om-ot of d--o.,pwicingn and i o l *-,,% nn th:" :o! t Pr n

,--,.iqgpeqt, th il +h , I a. 4 of f• : e' p rt icIe'-- a1nd -rnio a'wotr i , or n- 1 1 P % k,.

wi t hool t di 'I,t Wir t Loin. li . it mius t i•)- notie&'d t hat tlil -'c-S ' V ' f' , I q ', I W'
t no U<Q- . mu"I -.. l 4 a - tic')i ,. iA guL)C -) . ai] pun, ty 'M nverlim

tow e longjat ion Wf -hp r a i• in tho rioer H p 1m n at in of t4ho i r :.ta] "I r i:w t r

f rom tho di frf ' • I ion Po -or-o, i ,r- t ho V -A, ,0 1 1' ] y t ri ' r] 'l , w he Am.

"r: LQ.5L) hCb, nh<,4 * Ht 'io0 o::, .r w' ea 1171 and I1021- , rw•: ' .rt iavol- , i a t h'.

PLjV t: an..d I' 001 t11 ' hi r i ! " ,uL) tha t IW "' k. a op, . cir Alm , , rii t p0r pcw' tii.!.At it,
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patternrs seem -to satisfy some coendit~ons. DJ ffr-action spots belonging to
an,,, -ones appear. near or at the intersections of the almost ver-tical and
horizontal streak7, of the EC)patter-n (see figur-es) . In other wor-ds,
unriless the spots5 can be near- the intersections, the cor-respondi no zones
do riot, appear inl the pattern. SUCh patter-n were obser-ved so far- only
wi th c'-~r nimiurn, exposFed tu h'dr-ogen.

!he rela~ns~ be~tween thr- liittice displacemnent waves and any
change in pr open-t ies 01- metal is not. clear-. However-, it may be speCu~lated

as oliow,3. The nucCleuS Of a hydrogen atom is a pr-oton, which may be con-
si~der-ed a point char-ge, and it cr-eate-i a localized ener-gy level ener-geti-
call1y deep compar-ed with the Fermi level. Each level is doubly degener-ate
because of Etlectr-on sýpin and can hol~d two teiectr-ons, which may be fr-om
its own atom or supplied by the conduction band of the metal, making the
hydr ogen aitom a negativ i Con. Then, hydr-ogen behaves as a. 1 anger- sized
particle in metalý: -and r eduices the number. of conducti on electr-ons which
contributfe to the metal 1i c bond, Causi nci thp elas:tic: pr-open-ti. c t~o change.
The dF-eep lying level i5 char ac~ter i sti c of hydr-ogen (16) . It is well known
t hat hyýdr ocen ý,of tens h) gh purij.ty i ron at. h igh temper-atur-e-. ( 14)

b.'7 M(-:ýsu-r -rieriet of 6 d 1 4: fusi on coceff+i ci1ent of-) hlydrg.n PQn I- -ar-tz at
hAg L~te~ at ur cc p A1L

A~s d e, Ccr i besd i n 0 1 , f h yd r.ocgen a t oms or MOl1eIcUle S can b e t r-ap ped
in a 7,ppc imen wi th a good stability when e.-posed to ca hot, dense hydrogien
gas in a hal listic c-omptr-.-ssor, the diffuAsion coefficie--nt of, hydr-ogen

(ato, cor molecular ) at the peak. terrperaitL.Urne can be dieter-mined by uS no
E-.,h r Oc-:-.,n anjnt p r ci:). rF -n i t r oqilen nu 1lLAC e ar r ea ct. i o n S E. ee F i ai . 4 a nd E q (7) o f

I aniid PýZ? ýe t czc n c~ (: . e (a 1 ie tf ho Jdi f f 1 Isi on co-ef f].ci erL of hvdrnoqc.n n
-i +Lkur.ir:t n r4 j, iie r0mp or t.Ant i n under st.and incj t.he behavi or of

t. 4. - ol ic. t r riF c i.i c-P f or the anal sj. is of el ectr on di. + frac~ti on

SCCr)-type v~ dee c~amyera inocor perati ng a sil1icon detect~or contai ninrg
'j~i, 1,.ht-cens.itive c~shori.-ontally and 492' light-sensitive cells
v er t ic:al a11.I-in d a video digitizer with a spatial reLSOIlution of 512'ý 48(0
p-els -and a dynamic range of 83 bits pen- pi xci ar-e Used togl~ether- with a
mircomputer to at t- ýn a deýi r-ed acc~uracy of abou~t 1indeter mi nati on

n-f d -spac i )gS.
The techniqJUe or, noise r ed~iiC on and image contr ast in vi oeo image

pr ~ ~ ,- rir-, n t ben f U.11yLt ili zed in construction of the sof tware for-
determining the locozition5 of elec,.-:tron di-ffr-action si:pots on photogr-aphic:
negqativyes, of c ec~trocn diffr-act.ion patter-ns.

The' vte can help reduce the mpasur-ement. time to one thir-d when
compared wi th conventional manual methods and less- oper-ator ft ie
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Effects of Hot, Dense Gases on the Structure
and Composition of Materials

1. DASH, MI. I'AKtLL, A. R. QYNKA, .J. M R.OU)SH, A. M,. KASA.\AIAN,
F:. B. BRA(,]ý•l, 11. rI1AKFO(, Ind,+ P', C. WA K:V ,I!

Department ol I'hysc t..
Portland State University
Portland, Oregon 97207

Spartment of Phyvsics
State University of New York at Albany
Albany, New York 12222

A frue-piston tyjpe ballistic compressor capabZe of producing gases at
temperatures as high ýy 600 K and pre.sures as high as 3000 atmospheres
for about half a millisecond has been used to study effects on materials.
The effects of the hot, dense gases were observed with a scanning electron
microscope, an energy disperrsive spectrometer, and a transmission electron
microscope, The typica7 results are changs of alpha quartz to beta-
crystobalite or melanophlogite, depending on impurities, on exposure to
hot, dense argon. When stainless steel was exposed to the gas, the Cr/I:
ratio changed by about 30% on the exposed surface. On the other hand,
when iron was exposed to a hot, dense hydrogen-argon mixture, it was sub-
jected to changed in d spacings, typical of uniayially ordered crystal
structure.

I. INTRODUCTION

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

If the temperature and pressure 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 elevated temp-

erattores may he retained at ambient . If hydrogen molecules are present,

they may easily diffuse into the materials and modify the physical

properties.

A ballistic compressor is a nai que apparatus to produce hot, dense

gases. The peak density can he comparable to that of a liquid. It

allows observations 'of chemical reactions, which occur at high temperatures

and pressures. and microstructure changes in materials exposed to hot,

dense gases. The exposure is very short, but can be easily repeated on

the samr sample at the same conditions, and the cooling rate is as fast

as about i)';C/sec

When material s are mounted on the pistop of the compressor, they will

be exposed to hot, d c'•se gases, aind therr transferred to various testing

arnd examining apparatus. 'The ippaJratus involved in this report includes

a scanning electron microscope (SIEM), an energy dispersive X-ray spect-

rometer (FDS), and a transmission electron microscope (TEM) For

observation of hydrogen conterit, the nuclear reaction analysis technique

is used F1]. Since some unusual conditions of high gas density, high gas

t emper; ttire, and high coolinig rate ;irk- expected with a ballistic compres-

sor', some new observat ions may he pussible, though the identif ication is

ustia lv not easy.

l1iris paper is int ended to int rodicU recent rsesults obtained with our

ballistic compressor or) effects on materials exposed to hot, dense gases,

Materials involved were quartz, stainless steel, an amorphous iron alloy,

anrd pure iron. The emphasis of the analysis was on changes in crystal

structure, microstruct ire, and chem ical composition. The choice of

quartz has implicarions of geological appl ications of a hal list ic

compressor. The type of gas used is argon, since it is a typical inert

gas which hardly reacts with materials under the conditions obttainable

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.

II. DESCRIPTION AND OPERATION 01: TIlE PSU BALLISTIC COMPRESSOR

The ballistic compressor at Portland State University is a modification

of the original structure, which has already been fully described else-

where [21. The following is therefore limited to a brief description of

the present device.
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Fig. -d

E

FIG. I Diagrams of PSU ballistic compiussor and the piston.

As shown in Fig. I, the compressor consists of a horizontally-mounted

2.90m long, 5.72cm inner diameter tuhe (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 reservoir 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-h) is made from ARMCO 17-4 PH stain-
less steel 25 cm in outside diameter, which is able to withstand a vas
pressure of 6000 atmospheres. The driving ga.; reservoir (Fig. 1-c)

contains the piston holding and release mechanism. In the prefiring
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. l-d. The piston head (F) has a diameter
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 a screwed clamp at one end to hold a specimen, is attached
to the front of the piston head.
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FIG. 2 Mechanism for measuring the minimum volume of the compressed

gas, which is positioned at Fig. 1-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

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

outside. The mcchansm 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 fol!ows.

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 10;A 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 RIM35A) with

a polaroid camera. The peak pressure at each firing can thus be easily

read on the oscillogram, but the gas temperature is found by using a

computer program as described in detail elsewhere [2,31. The program is

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-

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 mad.e by observing the

pressure profile at the instant of maximum radiation intensity from the

compressed gas [41. The leakage rate of the test gas ir, the compressor

may be as large as 10 moles/see near the peak pressure. If the piston gap

is made small in order to reduce the leakage, the mechanical friction

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 I List of symbols used in Section II.

a: van der Waal's "a" constant, T-dependent
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
nr: the total number of moles of the driving (reservoir) gas
P,Pr: pressure of the compressed, driving gas, respectively
q: heat flow to the compressed gas in dt
,ýqQ: heat flow to the leaking gas in dt
R: gas constant
ro: radius of the cylinder bore
rp: radius of the piston
T: absolute temperature
t: time
UUr: internal energy of the compressed, driving gas,

respectively
Ut: internal energy carried by the leaking gas from the

compressed to the driving gas
Urý! internal energy carried by the leaking gas from the

driving to the compressed gas
V, Vr: volume of the compressed, driving gas, respectively
v: velocity of the piston
x: position of the piston measured from the prefiring

position
ri: 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. Then the frictional force is given by

F = ,ro(r -r )/(P-P )+2,ivLr /(ro-rp). (1)

(Symbols are explained in Table 1.)

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 temperature attained in the ballistic compressor, the major-

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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(l'+/V' ' (V-b) R n.R F I2)

for the gas systems, where constants a and h depend on temperature 1'.

The equation of motion for the piston is conveniently written in the

form of an energy equation. For a time interval dt, the piston makes a

displacemlelnt of ,.Ix. Then, the energy changes satisfy

mvdv = ýq+÷(q ,-dtl-dU -Fdx, (3)
r

where dU is the internal energy change of the test gas during dt dtie to

a heat flow ".q into the gas, due to the work on the piston and doe to work

PVn-ldn which causes dn moles of leaking gas to flow, and due to gas

leakage which carries iway a part of the internal energy, d[J,. From the

first law of thevmodynamics,

dli1 *q- PdVX- 'Vl 1 d n-d!J , (4)

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

assumed,

d(it -1P dV +1P V n Ildn+dil r; (5)r r r mrrr

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

by

dln ,, a -l 1 -'-)r
(In (m r, ( r r (r(- r +v]. (6)

The gas leaks from the reservoir to the test gas system at the beginning

of the first stroke, hut the direction is reversed in the course of

compression, tEquation (0)I may be tested by finding the time lag between

the pressure peak and the light output peak of.the compressed gas 141.
The heat flow ',q into the test gas is obtained by solving the well-

known equation of thermal conduction applied to the compressor walls, by

assuming that the gas systems are uniformly at their respective temper-

atures, and that the heat flow at the boundary is propertional to the

difference of the temperattures 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 measured by the mechanism Fig. 2.

By assigning various values to the two adjustable parameters, the computer

program is run until the computed minimum volume and peak pressure agree

with observed ones. Then, the gas temperai.-re profile as a function of

time and the density in the test gas system are found. Usually a few

trial runs on the computer are good enough to uniquely determine the

thermodynamic conditions of the gas systems.

A test of the accuracy 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, UF6 . The results of measurements of van der

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 K in order to avoid losing samples by melting or evaporation.

I11. EXPERIMENTAL PROCEDURE

Samples are mounted on the piston head by means of a pin with a screwed

slot (Fig. l-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

(ISISS40), and/or an EDS (EDAX). Sample thickness was limited to about

0,2•m for the 125 kV TEM, but thicknesses of several im 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 crystals before mounting in the ballistic compressor. Thin

areas near the fractured edges were sufficiently thin for TEM 3tudy. On

the other hand, the stainless steel (FelR%Cr12%Ni) used was prepared by

rolling to about 30pm thickenss and annealing in a vacuum 1 hour at
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1200"C. Aft er thi s it was thinned elIect rolIyt ica IIy to produice regions

as th ini a s 0. 1 jin for TFEM study . This mat erial is the saime one ats used

by one of the present authors inii west igat ions of the martensit ic t runs-

format ion 061. Thle amorphous iron (F07 8B1 31Si(MiO~lM thick) was suplPP Cd

by Son>,. Senda i Japan. Iron (Sihim thi ck) , which was of MARZ grade

suppliled by Material Research Corporation, was also used. It was reduced

to about 1,in thickness by alternate rolling and alnnealinlg. The annealIing

was done inl Va1cuum 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 molybdenum grid Was usedI to hol1d the Il[m Sample in

posit ion.

The type ofl gas used in this report is argon, pure or mixed with a

known amount of hydrogen. The mixing was dlone in the test gas chamber in

front of the piston in the firing Position JUSt lbefore firing. The

driving gas was always pure argon. Before the final process of firinlg.

the bal list ic compressor was flushed three or four times with argon to

avoid any cont am inat ion of air, and in the finnl process enough t ime Wa:is

given for the filIled gas to reach room temperadtulre

1I'. REiSULlTS, ANDI DISCUISS ION

Observations have been made onl quartz st ain less steel, amorphoucs i roln,

and puire iron with our hal list ic compre ssor us inrg a.rgon gas, somet imes

mixed with hydrogen. Quartz was chosen as ain example of geological

appl icat ions in observations of effects onl rocks, because quarlt:! has

various modl i fi cat ionis of crys;tal striictuire, which may change from one0 to

anot her under the t hermodynami cal cond it ionrs at taiinab Ie with the ballist ic

Compressor!. H yd rogen gas i s adided] for the purp'lose of' observat ion of

hyd rogen behavi or in met 1 s , which migiht he related to hyd rogen embe itt Ie-

ment.

Wi th the aid of electron diffraction analysis, thle crystal structure

of the cont rol quartz was found to be that of alpha-quart:, (fig, ;a), onl

exposuire to argon gas ;It 7il0 tilospheres5 arnd '8001 K, thle qua rtz changed

to beta-crystoha lite (Fig. .3b). Ibis chaiige Was observed at places Of the

exposed qua~rtzr, where the sample was thin eniougih for electro 1.11i ffract ion

arnalysi s under a TFM (Pitachi 1-S XI). Sruch locat ions wer~e folind only~ at

iapered edges of the exposed crystal,

Depending on impuirrties, quartz has Va1riouls modificat ions, in crystal

st ruicrire. if the impurrities are (carbon + h1d rogen 4 sublfuir), the

rrodificaitiori hlas a structure cal led malanophlungit eoi Whenl a1 quart:



FIGI. 3 Flectron diffract ion paitterns of quartz. (RiMIS alrtŽ !wv to I
re'ference 'jojd foilI ) (a) lUnexposed eControl ) , (14 Exjused to il,4013 jas
a~t 790 atmosphvres anti 28001 K (beta-cristobal ito), ( c) Fx;p.so1 to amoC-n
gas at 830 a tmospher~s and 22100 K (mto) anoph oq ito,)
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C

[I:C. 3 Continued.

c rystal, whose control was again alpha-quartz, was exposed to a hot, dense

argon (8s30 atmosphere, 2200 K) , it turned to a melanophlogite structure

(Pig. 3(. taken by a 1.5 MV Berkeley TFM)J. rhe impurities for the

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

the vacuum pump attached to our ballistic compressor. Melanuphlogite is

known to he unstable at high temperatures of around 100(Y'C and ahove, and

breaks down invariably to cristobalite after a few days at this temp-

erature. Therefore, if the argon gas temperature was higher in our

observation, the end product may have been beta-,ýi!itobalitv.

If hydrogen is mixed with argon in the ballistic 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 w'ere 510 atmospheres and 2000 K.

The quartz exposed to this gas was observed for hydrogen concentration

a: a function of depth by means of the nuclear reaction analysis tech-

nique (Fig. 1). This figure hows a near surface hydrogen concentr'ition

corresponding to SiOll with a typical diffusion profile,

Hlydrogen concentration A(I- e dli), (7)
0
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S1(;. Pdroqon difrusion in quartz during exposure to argon-hydrogen

mryture at 510 atmospheres and 2000 K. Black -ircles correspond to
experim ental observations. OPen ciroles are calculated by using Eq. (7).

where x is the depth from the quartz surface, 1) the liffusion coefficient

which is assume.! to be a constant, and t is a typical lime for diffusion.

In order for the concentration to behave as in Fig. 1, hydrogen must be

frozen in the quartz in typical time t, and the frozen state is stable at

temperatures lower than the temperature at t. Therefore, we may' have a

model for the hydrogen behavior as follows. Hydrogen diffuses into qluartz,

more or less freely during exposure to the hot, dense gas. in the form of

11, and i.s trapped on cooling as SiOll, the concentration of which is near])

proportional to hydrogen concentration (more exactly with Langmuir's

isotherm dependenc) and which is stable at lower temperatures, tIntrapped

hydrogen will diffuse out as time goes on. From Fig. 4, if we choose t

as about 1 millisecond, then D = 10 x 10-9 cm2/sec. This value of the

diffusion coefficient is comparable to that of 19 x 10- cm2/sec for

molecular t1, in a fused silica at 1000C [F].
An interesting observation with quartz exposed to a hot, dense

hydrogen-urgon mixture is that it initially glowed an orange color on

bombardment with 6.S Niev nitrogen ions, but with increasing time of
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[IA G 5 Tn.st,,bii zit ot m (-rc)struc-tur-e atid cre,'stal structure of iron expose;,d
to arcjon-ho1dr-eq(en mi xtur, a1 233 atinospheres and 1SO00 K. (a) and (h)
ElectrToo 01croqraph and elect ron diffraction Pattern, -oe3pcct ivcl y,
immediatc-ij af ter e'xposure, (u) and (,?) After exposuro to a' .05A/m

2

olectron beam in the 125 kV TE) t-or 7 minutes, (e) and (f) one. hour after
the elec~tron beam was turned? off.

homhardment , it began to tourn the- mov"e typi cal blut, color of qllart z. The

ion beam might havc released the trappud hNk rogcn

Onl the other hand, hyd rogen is known not to he trapped with a iýoorl

stahilIitv in ir-On or its alloys. Ani amorphous iron (~e, 11 1 S i i s

another example, for whi ch hyd rogen so) obi it i is snall I, and dIid not show

ally interestinlg nuclear reactionl anll vs is 7-CS1I t.-, 111t it seem11s to cheti11-

ical Ic react wi.'th hc~droefe at h ighier t' jea rsand o)'e2SSon'eS. ildrOgeii

di lbs L's inlto th' SaMI) IC aiid naY t'1'1 1ii a.;eOýIý iscoiiipoood1s witilh OrOn andi

s ilIicoln of thet ai loY [9] , thols decstroYing die ii1,tci'ial . lIn fact , the 1oa;tc-

-iZLI Wasa i11iore easily' lost (Po0ss 11)'V Vap)O!' L'd Co 011)1Let cl'I.V in theC ball lis:t

compressor if the gas couita ins hYd rogen.

Ilignur .7 illustrates the instabiIi tY of' mliCi'oSt iiUCttiir and crest ii

StI'rIct Ure of' i ron exposed to hlydrogen-argýon i itni'\uc. i giies5 a and 1) are

an elect roni mi crog raplh and all clec~troil dif[fract ion pattern of i ron satly ;Ic

ill1MCdiateLI aftr iUXp)osii rC to a hot, dense 241: miixtulre at 23atmiiosphere's

and 180o K. Theec changed to those slioi'.ii be Id gs . 5C anld Li aft en this

sampleC wasexse to the electI'I ro hb.aiii (cIrreiit deIIS it c . (I'\/' cC~ ill the
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FIG. 6 (a) Electron micro-craph of him 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. h'llis illustrated in Figs. oa and h,

which were taken by using the 1.5 MV Berkeley TIM. The sample is a rolled

and annealed iron foil (about 1 ýim thick) in a folded molybdenum grid.

Itrst it was exposed to a 19,, hydrogen-argon at So atmosphe res and i50o) K.
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C

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 Walla,:c's result [10]. The large change in d-spacing

for plane (310) suggests from Wallace's result that (110) and (220) may

also !)e associatcd with largc strain. Such low svmmetry of distortion is
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Comupared to hYdrogen behavior7, ar-gon seems to) behave much mnore s-implY.

I iglrl shows, x-i-i\ le'f~at il patternsi, of amorpihous iron. F iguire 71)

Shlows the pat tern of the material exposed to a rgonl at 3115 atmosphecres and

20001 K, whilie I' i g. 7a CO riespollds to tihat hecated inl argon at I atniosphere

')111d Ob K c di fference ill tile di flract 10)1 alugie (20) (of difttract ion

peaks luindcat e time diftferenmce ill time latt ice par'ameters by abou~t I"..

Argon seemis to diffuse5 inmto tile material to expanmd tile C vestal , hut thle

dct 01 1s Ore llot Cilear.
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FIG. 7 X raoi diffraction patterns of amoi-phoos izton all10t;. (a) lloated

in a!-qor, (b) Expos,,e~d to arqoni in the ballistic compressor.
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ao

FIG. 8 Electron diffraction patterns and micrograph of stainless :tLoej

exposed to arqon at 30(0 atmospheres and IROO K. i'a) and (b) Diffraction
patterns from particles at the corresponding symbols, a and 1), in
microqraph (c).
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0.01 PM

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 (Fel8Crl2Ni)

are respectively about 0.65, 0.23 and 0.11 after exposure 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 FelSCrl2Ni alloy by cooling to liquid nitrogen temperature r6l.

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.i9A [11].
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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 manual methods and produces results with better accuracy
and less operator fatigue.

INTRODUCTION format specifies a complete image to be made up of two

groups of 240 horizontal scan lines interlaced with each oth-
Much work has been done on various image processing de- er and each group of 240 scan lines to be completed inr s.
vices, and the technique on noise reduction and image con- So one complete video image (or frame) of 480 scan lines is
trast has been well developed. " This paper reports the con- dispIayed on a video monitor or collected by a video camera
struction of a new device that can make the analysis of in s. The RS-170 video signal prpduced by the camera is
electron diffraction patterns easier and more accurate. The an analog electrical signal whose amplitude determines the
conventional method of analyzing electron diffraction pat- electron beam current in the video monitor. The RS- 170 vid-
terns with a micrometer positioned microscope or with di- eo signal also contains some important syncronizing pulses
vider and scale is very tedious and time consuming. It is also to allow housekeeping tasks such as electron beam blanking
a possible source of human bias. Yet it provides poor preci- and retrace. W! sample the amplitude of the RS- 170 video
sion. In general, x-ray diffraction equipment gives more pre- signal and convert it to digital form by a high-speed 8.-bit
cise crystallographic data than electron diffraction equip- analog-to-digital converter as it comes from the camera and
ment. However, the equipment requires a large sample size write the digital information to an array of random access
since the x-ray beam cannot be made very small. Our studies memory called the ffame memory. We can sample and digi-
involve small precipitates whose linear size is of the order of tize the RS- 170 video signal either continuously frame after
1000 A. Electron diffraction equipment allows us to locate a frame with continuous rewriting ofthe digital information to
precipitate and then collect an electron diffraction pattern the frame memory, or we can sample, digitize, and write one
from the precipitate. video frame of 480 horizontal scan lines to the frame rneen-

ory, and then stop further sampling, eigitizing, and writing
to the frame memory until more data are desired. The sam-

I. DETAILS OF CONSTRUCTION ple and digitizing rate is 512 times per horizontal scan line.

In order to measure electron diffraction patterns with The frame memory is organized as a two-dimensional array
this system we need to recognize the diffraction spots as re- of memory cells with each cell containing the digital value
gionsof maximum photographic density on the film negative written to it as the RS-170 video signal was sampled and
of the electron diffraction pattern. We collect a video image digitized. The digital values contained in the frame memory
of the electron diffraction film negative using an RS-170 are positive integers and are commonly called "pixels" or

standard video camera 7 and a light table. The RS 170 video PICture ELements. The frame memory is large enough to
standard defines the format in which the information mak- store one complee video f. ame as 512 pixels horizontally by
ing up video images are transmitted to the video display de- 480 pixels vertically. The pixels are continuously read from
vice such as a video monitcr. The video monitor is simply a the frame memory to a digital-to-analog converter and after
phosphor screen which is scanned by an electron beam. The the necessary syncroi;zing pulses are added to meet the re-
ele'-tron beam current determines the displayed image quirements of the RV -170 format the contents of the frame
brightness. The video camera is essentially the reverse ofthe memory are displa:'ed on the video monitor. The frame
monitor where the phosphor screen is replaced by a light- memory can be reaf I'rom or written to by a microcomputer,
sensitive screen and an electron beam scans the light-sensi- and thus image ;roc.ssing operations can be performed on
tive screen. The electron beam current in the camera is de- the image. A blo,4 dwagram of our system is given in Fig L.
pendent on the point-to-point intensity of a focused optical We prefer to work with a positive image displayed on
image on the light-sensitive screen. Essentially the RS-170 the video monitor rather than thc negative film image be-



cause with a positive image the electron diffraction spots can then transferred to the frame memory. In our testing we
then be recognized as groups of pixels whose values 4re found that vidicon tube cameras generate greater image
greater than the background pixels. Since we can read from noise than charge-coupled device (CCD) video cameras.
and write to any of the frame memory locations with the We will discuss the differences in video camera performance
microcomputer, we can invert the complete image by logi- later.
cally inverting ( 1000 1101 binary is changed to 0111 0010 To make accurate measurements of the image, we must

binary) every pixel in the frame memory. The inversion pro- correct for the rectilinear distortion introduced by the video
cess results in the frame memory being filled with positive camera and lens system. We correct for rectilinear distortion
digital representation of the electron diffraction pattern and and make the conversion from frame memory pixel coordi-
a positive image of the electron diffraction film negative dis- nates to real-space coordinates by comparing the digitized
played on a video monitor. The electron diffraction spots are electron diffraction film negative image with the digitized
now represented as groups of pixels whose digital values are image of a specially made calibration standard. The calibra-

tion standard is an accurately formed square array of dots
E. ,* j.,;V located 0.500 cm apart on a plane surface slightly larger than

* Nthe 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
V deo d " i -z are changed and we are then able to refer to this table of data

F a when we wish to convert frame memory pixel coordinates to
R/D ri.' real-space coordinates. Two-dimensional linear interpola-
I . .tion is performed when the frame memory pixel coordinates

4 jwe wish to convert to real-space coordinates are not found
S . -directly in the table. The microcomputer is programmed to

do the messy work of creating the table of data from ther _o v M ...... calibration standard image and the conversion of the frame
memory pixel coordinates to real-space coordinates.

r _ - We determine the frame memory pixel coordinates of an
- .. electron diffraction spot by first defining, by means of an

operator-positionable cursor, an area within the displayed
IFjG. I. Block diagram of image procesing system. image which contains a single electron diffraction spot of

interest. Defining an area within the image serves five pur-
poses: ( 1 ) The operator is able to measure only those spots of

greater than the surrounding pixels. Since we can read from interest. (2) The defined area contains only one electron
the frame memory with the microcomputer, we can search diffraction spot, so there will be only one group of pixels in
the frame memory for the greatest value pixels As we per- the defined area which are greater than all others within the
form this search we know the location in the frame memory defined area. (3) Defining an area within the displayed im-
of each pixel we are examining. If we convert the frame age specifies the portion of the frame memory that contains
memory locations of the greatet value pixels to real loca- the digital data for the defined area. (4) If the area defined is
tions on the negative, then we will have determined the loca- made as small as possible, processing time will be reduced.
tions of the electron diffraction spots and "measured" the (5) The defined area helps the opt-rator keep track of which
electron diffraction pattern, electron diffraction spots have been processed.

The video camera used to collect the electron diffraction After defining an area containing one electron diffrac-
image should produce an image as noise free as possible since tion spot we apply a low-pass spatial filter to the defined area
after sampling and digitization, any noise peaks in the frame to "smooth" the portion of the image within the defined
memory will be interpreted as false electron diffraction area. This low-pass spatial filter process is essentially a two-
spots. The main source of noise is the photosensitive element dimensional moving average. The low-pass spatial filter will
of the video camera where thermal noise is generated. Since tend to remove isolated single-pixel peak values from the
the thermal noise is random we can reduce this noise by defined area by averaging groups of nine pixels to find the
averaging many images which differ only in random noise. average pixel value for each group. We use a group size of
By averaging images we mean adding together the digital nine pixels (the rixel to be processed and its eight nearest
values at each pjl location for all images then dividing ev- neighbors) with every pixel in the group equally weighted.
cry pixel value in the resultant image by the number of imn- The low-pass spatial filter is a software process implemented
ages summed. The summing of images is a process carried by the microcomputer and applied toall thepixels within the
out by the microcomputer. The resulting average image is operator-defined area. The low-pass spatial filter will re-



move some of the random noise generated by the video cam- only in random noise content. For each of the five compiled
era, but we choose to pirform the image averaging and scal., images, 15 distances were measured using this system and
ing of the whole image, saving the low-pass spatial filter step the standard deviation for each distance calculated. The
for the operator-defined areas, since the low-pass spatial fi- standard deviation is corrected for the small sample size of
ter is a computationally intense process and is comparatively five by use of the "Student's t" for 99% confidence limits,
slow when applied to large image areas. Following the low- thus giving the 15 measurements with their uncertainties at
pass filtering, the microcomputer examines the digital values the 99% confidence limit. The uncertainties for the 15 mea-
of all the pixels within the defined region of frame memory surements are then averaged and listed under the appropri-
for the maximum value pixels and then averages the frame ate heading for the camera type ( 16 images summed, uncer-
memory coordinates of these maximum value pixels to find a tainty of 0.009 cm for the CCD camera, uncertainty of 0.026
single pair of frame memory coordinates that most probably cm for the tube camera). It is interesting to note that with
describe the location of the electron diffraction spot. Next increasing quantities of images averaged to form the com-
the microcomputer pqrforms the frame memory pixel coor- piled image the uncertainty decreases and reaches a mini-
dinate to real-space coordinate conversion and allows the
operator to write the data to a disk file for storage and later
processing. 11.11-

II. EXPERIMENTAL RESULTS -. of.mges TsUa

-1.13 Vs
We chose a typical electron diffraction film negative and

measured it repeatedly with our system using both a vidicon ,4 o,
S CCD CArIERA

TA6BLE I. Uncertainty in results obtained after summing various numbers of 1.I
images.

Uncertainty L i 1 64 I,?

(cm) Humtr of l 0oges

Images FiaG. 2. Plot of data contained in Table I.
summed CCD Tube

1 0,016 0.053
4 0.011 0049 mum at near 16 images but is then found to increase again.

16 0.009 0.026 This increase in the uncertainty is thought to be due to cam-
64 0.016 0.040 era vibration.

125 0.012 0040 Figure 3 is an electron diffraction pattern of BCC iron
and Table 11 is a compilation of the data output from this

system after processing this electron diffraction pattern. The

tube video camera and a CCD video camera. Using our tube spot numbers in Table 11 correspond to the numbered spots
video camera we were able to take spatial measurements of in Fig. 3. The large percent error in distance (greater than
the electron diffraction spots containing an uncertahlty of about 1%) associated with spot numbers two and six rela-
± 0.0052 times the image width with 99% confidence limits tive to predicted values can be explained as these spots are
(after summing 16 images to reduce random noise). The actually double spots of similar photographic density (re-
CCD video camera allows us to take the same measurements veiled by careful examination of the negative) caused by
but with an uncertainty of + 0.0018 times the image width some defect in the crystal structure of the iron sample. These
with 99% confidence limits (after summing 16 images to double spots are too close together to be measured as individ-
reduce random noise). The CCD video camera produces ual spots when the rAegative is imaged at suitable magnifica-
results with an uncertainty near one third that of the tube tion to include all the remaining spots of interest.
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 III. EQUIPMENT
images are summed to reduce the random noise and Fig. 2 is The video camera we use is a model WV-CD50 manu-
a plot of this data. The following procedure was used to de- factured by Panasonic Industrial Company. This is a CCD-
termine the listed uncertainty. Take row three of Table I as type video camera incorporating a silicon detector contain-
an example: Five different images of the same diffraction ing 510 light-sensitive cells horizontally and 492
pattern were compiled, each of the five images being the light- ensitive cells vertically. The % ideo digitizer we use is a
average of 16 previously collected images which differed PCVI• 'ON FRAME GRABBER manufactured by hmag-



could be measured with an accuracy of 1%. This system can
take measurements containing an uncertainty of' ± 0.0018
times the image width with 99% cor1ce or as in the
above example: S.4-.-en, 4-± 0.001 X8= '•W92 cm at the
99% confidence level or about l%'"The dynamic range is

3 .actually 7 bits per pixel since we use I bit of the eight as an
overlay 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 by averaging images
"requires that the microcomputer containS,640 kbytes of ran-
dom access memory. The Zenith model 158 includes a 20-
Mbyte hard-disk drive which is very useful when saving im-
ages since a single image will take about 256 kbytes of disk

1 1 2 - space. Two video monitors display information in our sys-
1U tern. The microcomputer monitor displays only text, while

the second monitor is a small monochrome one that displaysFiG. 3. Electron diffraction pattern of BCC iron. (1001] zone axis.) 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-
TABLE ll. Data after processing of the electron diffraction pattern pictures tion pattern imposes some contrast limitat:ons on the entire
in Fig. 3. electron diffraction pattern because of the narrow exposure

latitude of the photographic film. If the video camera were
Distjn:e Angle installed to view the electron diffraction pattern through anSpot (cm) (deg) electron-optical coupler in the electron microscope, the pre-cision could possibly be improved because of inc,eased dy-I 110 1.195 1.195 00 00 0.0 0.0 namic range in image intensity and because the diffraction2 200 I 640 1.690 2 43 45 0 45.0 0.0 spots could each be adjusted for their best sharpness so long

3 110 1202 1.195 0.58 903 90.0 0.3
4 02i0 1.702 1 690 0 71 134 7 1350 03 as the size and orientation of the pattern does not change.5 I10 1.201 1.195 0 SO 1797 180.0 03 Alternatively, some form of an electron imaging device
6 200 1.658 1.690 189 2"25 1 2250 0 1 could prove useful since the electron-optical coupling could7 110 1.203 1. 195 0.67 270 1 270.0 01 then be eliminated. The use of a film negative, however, pro-8 020 1.710 1.690 1.18 315 I 315.0 0.19 220 1.710 2.390 071 3159 3100 0. vides a stable record of the electron diffraction pattern and9 11.0 2,371 2.3903 0 7Q 359,1 3t>00 0,9

10 330 3.552 3.586 0 O' 359 3 360.0 07 the opportunity to use film negatives from other electronII 130 2.684 2673 0.41 333 3 3334 01 mircoscopes.
12 240 3 780 3780 00 341 1 341.6 05
13 220 2.389 2.390 004 270.5 2700 05
14 i30 2690 2 673 064 296.7 296.6 0 3 ACKNOWLEDGMENTS
15 040 3418 3.381 1.09 3150 3150 00
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bits per pixel. The spatial resolution of 512 ,,,480 pixels 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 it, cost. We felt that 1% accuracy was a 'John F Asmus, Hyrt, 12, 151 (1987)
reasonable goal when planning this system. The size of the kGtrgury A Basex, Diglial Image Prcewng (Prentce-Hiall. Englewoi)1
diffraction pattcrn on our negatives Is typically 5 x 5 cm and Cliffs, NJ, 1984)'Benlamin M Oawvmn byte. MI. 19086)to make the math simple, lets say 5 12 x,. 4.8 cm. Ifthis region 'Brnjarnin hi Dayson, Byte, 12, 169 )

is sampled and digitized with a spatial resolution of 'Charles McMAnts, B)te, Vol 12., 141 1 1,47)

5 12 >, 480 pixels then each pixel is 0.01 cin on its side, thus 'Ken Shridon, B1te. 12. 14") 1 987)
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