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Quarterly Technical Report

During this period we have spent considerable amount of effort to

study t}.u; laser induced damage in single crystal which was initiated a few
: -

;nbpths ago. We shall concentrate our technical report ior this quarter
on this subject. The investigati.on was. motivated by the frequent damage
produced in the GaAs sample during the course of study on the two-photon
photoconciuctivity effect. lor a mohre compr;hensive understanding of the
damage process in material unde-r laser radiatioh, we have chosen to
collaborate with the material engipeering group of the Engineering College
at the University of Maryland. "The Berg-Barrett x- ray diffraction contrast
technique has been utilized to study the process of'laser induced damage
in a zinc crystal. It was found that the laser induced damage. required a
thresh<'>1d ene réy which caused melting, bos sible vaporization and aépreciable
plastic defo;mation of the matrix material by defcrmation twinning, non- |
basal slip and micro-kinking. The preliminary result of this study is |
included in a paper entitled “Bérg- Barrett X-ray Obs'ervation of A“nealix.m-g
aﬂd Laser Induced Damage in Zinc'' which has been acceptéd fo; publication

in the Journal of Applied Physics. The text of this report is just the repro-

ductibn of the paper cited. ___‘_‘______._-_,, sm © 0moBE0 G mm @ B0
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Berg-Barrett X-ray Observation of Annealing and Laser lnduced Damage in Zinc

.
—

' Carl Cm. wu
Engineering Materials Group and Department of Mechanical Engineering
University of Maryland

Chi H. Lee
Department of Electrical Engineering, University of Maryland

pnd

"Ronald W. Armstrong _
Engineering Materials Group and Department of Mechanical Engineering
. : : University of Maryland

~ The Berg-Barrett x-ray diffraction con;rast tecﬁnxq#é has been
utilized to study the process of laser induced damage in a zinc crystal
and, also to make observations on the annealing characteristxcs of the
dislocation substructure before and after the laser treatment. Annealing

caused individual dislocations to beccme §egmented with various sections

.of their line lengths becomihg parallel to<1010>. This Preference for

8 crystallographic orientation of the dislocations seemed related to the

equally important observation that the subboundary "lineage' structure of

the crystals was also largely composed of tilt boundarxes .of {IOIOi and

' {1120} surfaces.. The laser induced damage requxred a threshold energy

:uhich caused melting, possible vaporization and appreciable plastic de-
_ ¥ormation of the matrix material by deformation twinning, non-basal slip’

and micro-kinking. By comparison with.the structural rearrangement observed

in the pre-anncaled specimen, the laser damage zone showed only very retarded

- changes. S _ - o .
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The Berg-Barrett x- ray diffraction contrast techmque"2 is'established

Tté to be a particularly useful method for revealing directly individual dis-
3-8

inif. !ocations and the dislocation substructure in zinc crystals® =, Previous

observations have shown that dislocations in zinc move easily at roon

i?f;i' .melting temperature, ‘and because zinc is relatively soft, the resolved | o
;fnfj;, if:shear stress for basal slip being approximately 25 grams/hm 9-‘0. | tiu.-'
! ' The forgoxng considerations led us to investigate whether the annealing
E; process could be studied or any influence on the dislocation substructure
";”?5#.could be produced by bombarding a specimen with a regulated pulse from a
{}.laser beam. The laser experiment offers the possibility of obtalning a p

}i'controllcd energy dissipation within a specific regionzof a crystal. Ex-

f{ ceptional temperatures and pressures might be generated under appropriate

conditions. The following is an account of our results. s f';ﬂpidg g

Oy O oo [ .-.\..-...',

,.,.. o .'uerimenta! Procedure N S e

The specimen studied was a section of an [000l] oriented zinc single

reported elsewhere'g. A tetragonal sertion of about 0 S cm height was cleaved

parallel to {OOOI} from a bar of square cross section, l 0 cmz, at liquid

nitrogen temperature. ' “ Ef'.f',;' bi?¥;:;;;:fj;lgr-e | . - .:::
ﬁi CObalt Kax radiation from a Norelco sealed tube or a Jarrell-ash micro-
....... "( -

focus unit was used to obtain {lOIB] Bragg reflections through the {OOOlf
- chfQ;¢; surface.- The diffractionmspots,.ofmsize,nearly,equal to the total surface

}}j?fl';area of the crystal were recorded on Ilford 10 microns L-% Nuclear plate or

4“5.Kpdak High Resolution plates. The. tube was operated at ZSKV and 15 ma f°r
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| the Norelco unit and 22 KV and h ma for the Jarrell-Ash unit. A layer of

 men surfaces.‘ Exposure times ranged from 0 5 hour to 24 hours dependxng

- mainly on the sensitivity of each type of filnl@mulszon)

"ﬂ;full output of the system, neutral density filters were placed in the beam ;

":Q-III Experimental Results 'f ' 'ﬂ' S ":'?':" i

-:!ron-oxxde of 0.0025 inches thickness was placed between the plate and speci-

PR

The laser was a Korad k-l Nd: glass system passively Qr switched by
'a Kodak 9860 dye solution. The lasev was used to bombard the specimen at a"'

-predetermined area with laser pulses of different energies, after whxch

: x-ray mxcrographs were obtaxned and examxned. The size of the 1mpacted
f“area was approxxmately 5.0 mmz. The maxxmum output of the laser pulse was

:}?-f about 0.2 Joules in 60 nano-seconds. To del1ver energies smaller than the

c{fﬁh;path. The laser pulse was monxto*ed and its pulse width measured. Its
.ﬁg_wavelength is centered at 1. 06 microns. The energy of the beam was measured

s by a thermOPile. _.;,:' .’a3ﬂ?, ;_;fg , g 1 s . Ffiﬁf;" e

e R

.,‘,_'
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" The dislocat:on structure observed withxn the subgrains of the freshly |

::[r;cleaved specimen is shown In Figure 1. The ind:vxdual dark dzslocataon lxnes |
ii ;within the polygonal area KPGFA are revealed because of the enhanced x-ray -
z?ﬁf'intensity dxffracted from tbeir local vxcxnxty. The sub boundary structure.
"lffoutlining the individual subgraxns is maxnly revealed as a network of w1de
'ZZiblack or whxte bands, such as at KL and (A, respectively Thx;.;ontrast

f:fyis only an apparently increased or decreased x=ray intensity diffracted

'from the crystal, because it is actually caused by dxsplacement of the '_ | '7T

: _.diffracted xntensxty from either“side of a boundary due to the relatxve

'1_'misorientatxon of the subgrain volumes. The extinction contrast whereby

N indxvidual dislocations are black and, separately,extxnction plus mxsorienta-

itxon contrast whereby s subgrain beundaries are seen as black or whxte bands -

) with occasional black edges has been previous]y descrxbed3

. -
c e



' The majority of the long dislocation lxnes in Figure | are aligned

nearly parallel to [1270). This was both the direction of cleavage for
. ?ﬁ[ this crystal and also the trace of the diffracting plane in the cleavage

. "u; surface. Both factors have been shown to be assoczated with the enhanced

3,8

:'ﬂ observation of these partxcular dislocation lines . However, the

B

principal crystllographic feature to be noted in Figure l is that a number'

. F of the dislocation subgrain boundaries are also parallel over appreciable

. portions of their lenghts to specific crystal directions. For example, the
\.2J;.boundary'AE is parallel to.rOlTOJ, Kc.is'parallel to [2170)and AD is parallel ”
1'.;:fo [hl§0] Kinks appear along the length of certain boundaries , surh.
es at LM, ON and E, and even they appear to follow specific crystallographic
directions. In certain places, such as at J, the dislocation density is .
:"' sufficiently great that individual dislocations are not revealed but a . .%

?.7j general area of greatly enhanced intensxty is observed. . - R ;ﬂ

Since annealing occurs easily at room temperature, the specimen shown

in Figure 1 was set aside for a period of two weeks and then examined again.

The result is shown for this identxcal region in Fxgure 2. The arrangement

"..J
f

-?’?' 2 of individual dislocations is seen to be changed. A large number of the

dislocations have become segmented with line lengths parallel to <l0l0>

Note also the inproved resolution. This was obtaxned largely b{ reducxng

“M1¥.the specimen-film distance, as can be surmised from the reduced width of

l::jli—. the dislocation subboundaries, e. g. subboundary CA is approxxmately 50%
.:j;}n;; narrower in Figure 2 than in Figure 1, and this means that the specimen ~film

. .-. _' - :
_ distance has also been halved (to a value of 1.0 mm) . -{.']f.--;;

~

The influence of an impinging laser beam on the destruction of the
; ﬁ':', crystalline perfection of the region shown in Figures 1 and 2 is shown in
Figure 3 The incident laser pulse contained the maximum energy of 0 2 joules.u

- s

. ‘e g% g b o . . . . . . -
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In some local regions of the area shown in Figure 3, the crystallxne per-
'fectzon Is so distorted that ‘the Bragg dxffraction condition is no longer

satisfied. This was fndicated, also, by the appearance of the surface of

© the crystal when viewed in the optical microscope, as shown in Figure 4

C It s evident from Figure 4 and from an even more detailed study of the

:';'along'(leO> with parailel accommodation boundarxes are recognizable 1n.

 surface that the crystal has been partxally melted and the molten metal

has been sprayed from the impact area. Several large deformation twins

Figure b and are also detected by the absence of their Bragg reflection
An Figure 3 Finer details are also revealed in Figure 3. Non-basal |
'slip bands are observed in considerable amount though in diffuse con-

“trast along <1070) » such as at sQ. Also, a large amount of very localized

,'fblack-whxte contrast effects are observed along (lOlO) such as at K and

. Ve These effects are probably due to micro- kinking of the material These

Com

._tlatter deformation markings frequently form angular patterns in the x=ray

micrographs. They are also detected with les obvxousness in the optical
.nicroscope, as shown in Figure 4. L]
: The influence of an annealing treatment on the damaged area is shown

in Figure 5 which was taken eight months after the laser bombardment experi-

'ment. Some annealing has occurred. Wi bin the laser impacted area KPGFA

N it appears that less distortion is present because more of the impacted area

~ @rea KPGFA of Figure 2.

XA

appears to be dxffracting x-rays again. However, in the vicinxty of the

.'ilarea AEDB more 51gnifxcant rearrangement of the dislocation substructure is

observed. Vhile in Figure 3, this area appears to be generally distorted
#

. of dislocation lines have appeared. Furthermore, they are also aligned

. Feasonably parallel to <1070 , which is similar to those lines observed in

- N P T e

C .,

-~

. because of the diffuse enhanced intensity, it now can be seen that heavy bands
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~ IV. Discussion:

“EeT It seems quite interesting that the crystal subboundaries have been

‘ observed to be largely composed of straight s=gments which produce traces
%52;55;:}. An the (OOOIlthat are parallel to specific crystallographic directions, | . :
e’ .g. of type (lOIO) (ll20> and other higher index types. This observation
. has not been prevxously reported. Since the crystal has been solidified
along the [OOOl] » it follows that the subboundaries form a lireage structure'zu }

Thus, the boundaries Contaln the crystal growth direction, and, therefore, an

[0ll0] boundary trace corresponds to a (leolsubboundary orientation. The

éfVertical white boundary AF in Figure l has this orientation and, because of
?‘the (under lappxng) constant subboundary width along its length, the indica-
2 ?¢f7tion is that the boundary must be a pure tilt boundary with rotation around:
[OllOJ contributed by dislocations with Burgers vector along [2!!0] The
i:i narrow black extinction band observed at certain positions on either side of
. AF is attributed to the very locallized nature of the boundary strains due |
to the compensatory.dverlapping of the individual dislocation strain fields.

This explanation is seen to be correct by comparison of this narrow extinc-

i~tion band with the wider ones due to the parallel individual dislocations :

. within the subgrain volume. - ..flz.i,ﬁb”?fg;fugjﬁ;f_;;j;f f:'.
The kinked segments LMNO along the boundary KP present a special situa-

intion. ln the first instance, the boundary width along the segment KP is not

?iﬂearly so different between Figures ! and 2 as applies for AF and, therefore,'

’Wlfit might be imagined that the misorientation or extinction contrast of KP fs

not very simple. In fact, the kink boundary segment along KP was observed
‘ in the optical microscope to exhibit due to slightly varying surface tilts a
””---straight boundary—segment—directly—eonnect}ng—10. —The absence of any boundary

) contrast in the x-ray micrographs strongly implies that the misornentation |

a e,
e femt —o : TRTRE T Ve
. .

ce ot

e ke m -




- “}J:GSSOCiated with LO must be due to a rotation.about the normal to (1073).1
"f'fh,the.diffracting plane - and/or that the dislocation Burgers vectors | -
.hiwiassociated with the actual rotation should be contained within the diffract-
-%iing plane. The nearly equal extinction and misorientation contrast associated
with the kink 'segment NO in Figure 2 could be axplained by a tilt boundary
.‘ -flfﬁ? rotation about (1100] due to [llZﬂ] Burgers vector dislocatfons. This latter .

’.'5; misorientatxon and extinction contrast appears consistent, also,thh the

l; contrast appearance of the remaining segments of the total boundary running

along KLMN and 0P, whereby the extinction contrast merely outweighs the

ﬁ) misorientatxon contrast. - ifhfﬁul:f{_ff _?:3 bu;fﬁz.; '-__;5 S

3

Fﬁ;f“wj%;;; . The individual d1slocation lines within the subgrains of the freshly
‘ :

b

cleaved crystal are long and aligned parallel to the cleavage dxrection as

ﬁﬁirsf?_- reported preV1ously8. Due to normal room temperature annealing of the

S et

cleaved crystal surface, these dislocation lines moved about and stra1ghtened ) ';
i :uihi- =*themselves. The annealed structure is composed of segmented dislocatxon
lengths ly1ng along €¢1010> directions and is in fact similar to the structures

-

observed by Michell and OgilV1e 3 in vapor condensed specimens, even though

the dislocations observed by Michell and Ogilvie were freshly nucleated

Eﬂfffzif;., within the crystal after the specimen was exposed to room temperature 'I“'

"un(annealing) for a lengthy time period. Nevertheless, the dislocations

'l observed in Figure 2 are considered to be a rearrangement of either some

ﬁil;;?ﬁJll of thosc dislocations introduced during cleaving or those originally present
?f“ ::;j .; fn tne specimen. . . . B
..;hﬁlti-;ﬁ-}... ‘The generally small amount.of dislocation rearrangement due to annealing-
,iﬁﬁ;;.fﬂ:” of the laser impacted specimen after even eight months at room temperature .

leads us to look for some reason for the deformation state to be '"locked=-in''.

b _q
et

| For example, the damaged area might be covered by a thin film of fine grained

L S T P 5% § o . foo . - o ©




polycrystalline material which might act to retard changes in the defect
~ Structure. The rearrangement of the dislocations which has occurred does
* f{ 2o seem to follow the pre-annealed pattern of changes, i.e. the dislocations

. move-about to align themselves approximately parallel to {1010> . No

%1-¥5fjal.doubt, the preference of individual dislocations to be along <lOlO) carries

""wsiover to explain the similar preference for the principal subboundaries to

-~

.fffalso lie elong these dlrections.

“At this point it should be pointed out that the bombardment of this
*specimen w1th laser pulses of gradually 1ncreasxng energy through 107

'::IO 3 and 2 X lO joules prior to the 0.2~ Joule impacting did not cause
_’any observable change in the crystal, as measured with the optical micro=-
h:'z;;li.scope or by x-ray diffraction micrographs. In this regard, the incident ;_z
| o 'energy of O 2 Joules which, say, might potentially be d1s51pated Nlthln ‘
. : :5h;t};fa volume of area 5 0 mm? | by 10 "3 mm depth gives an energy density of .

: f'fsdh X, lO']dynes/cm .. This energy density, which obv1ously exceeded an, -
.'Agthrcshold value for damage of the zinc (0001) surface layer may be com=
‘.i pared with various energy density or stress values given for melting, '.
‘;ﬁiﬂfftitvaporizationq thnning, slip, kinking or forming new surface area in zinc,
P as sp°cif1ed in Table I From the Table it ~may be seen that the impacting energy‘.

; density exceeds but is comparable to, the total energy density required to

iﬁ;ﬂf:fﬁ'vaporize zinc atoms. However the energy density present within ore 2 x 1072

'f;EEL‘ﬂfjoule beam should have been sufficient to melt the crystal also, but this

J

{ . nt:ffdid not occur, so that only on the order of 10% or so of the incident

| A 3 e e

”energy must have been 36sorbed Tn that 1mpact1ng process. 66 this basis

.-... -

x'without allowing for any non-linear absorption effects, it may be estimated

i 'yfsﬁﬁ;'that an absorbed energy density equal to or less than b x lO'o dynes/cm

e —

.-
e —— ——— - =

is requ1red to cause damage in zinc. This energy density exceeds by ‘far

= 09 e — e e g — o

= = o GO0 - =T e
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the elastic stress values, and accompanying far lesser strain energy values, -

- 8ssociated with the various deformation mechanisms snowr in Table 1. (Con-

sequently, it may be imagined that the deformation which has occurred in

the damage Jrocess represents a minor part of the total damage itself say, by

being produced by the theimal stresses accompanying the very rapxd process

Jed melting and even superheating. an amount of liquid zinc at the crystal

'ﬂasurface. This concern for the importance of thermal stresses in evaluating

17

the performance of laser materials themselves has been recently emphasxzed
‘ Specific characteristics of individual.dislocations,.dislocation-sub:
- boundaries, and laser 1nduced damage in a cleaved zinc specimen have been
_ revealed by the Berg Barrett x-ray d1ffract1on mxcrographxc method :
1. The d1slocat1ons in the freshly cleaved specimen appeared as lonp
“Vnes roughly aligned parallel to the cleavage direction and then, |
: following room temperature annealing, they became segmented and alxgned
themselves more sharply parallel to <lOln> - . ,..ﬁ. “.'”ﬂﬂ'zu .
2. The dislocation subboundaries, which were present within the crystal '
as the lineage structure, were also observedqto be aligned parallel to
low index directxons, e.g. several of the subboundaries were observed
::, to be pure tilt boundaries contained thhln {lOlOi and {llZOl |
3 . The laser induced damage seemed to have required a threshold
energy which caused meltxng, possxble vaporlzatlon, dcformatnon | :
twinning, slip, and micro~-kinking, all of which appeared to have com:
:ﬁfbined to produce a damage zone that showed very retarded changes by
annealing (in comparlson with the structural rearrangolents observed

e e - w= -~

" §n the pre-annealed specimen). . ;.. T2 e e, .

- - et - mewma ¢ wm
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..; An assessment of the energy density in several laser impacts gave, in com- |

‘-f:h_parison'with tabulated values of energy &ensi{ies and stresses for structural -
' ;hangeé in 2inc, an indication that all of the features of the damage zone

; _. .,%followed on from the melting and, at least, superheating of a liquid film

* . on the specimen surface.
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Yable 1. Energy Densities and Stresses for Laser Induced Damage in Zinc '

Material Property

Energy density or

Stress Value

. Reference

Heat of fusion per
unit volume

7.3 % 10° dynes/cm?

Hdbk. Chem. Phys. (1970)

‘Heat of vaporization
per unit volume

‘1.3 10

".dynes/cm2

Hdbk. Chem. Phys. (1970)

Resolved shear stress
for {1012}<10112twin-
ning

3.2 X 10° dynes/’cm2

° =

Bell and Cahn (1957)‘h

Resolved shear stress
for {1122}<1123> slip

1.3 X 108 dynes/cm2

Bell and Cahn (1957)‘b

Compressive stresss

Gilman (1955)‘S

s t 8 2

“for {10101<11207 kink | '+7 X 107 dynes/en” -

Resolved shear stress 1.8 X-10. . nes/cmz Jillson (1950) 10
for { 0001} <1120 slip 3.4 x 100 ¢ Harper and Cottrell(1950)
Surface.energy per " 10 , 2 Miller, Carpenter and
atomic (c) distance 2.3x 10 dynes,cm. Chadwick (|959)'6
A .
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. .Figure Captions o | -
: figure 1. X:ray micrograph of (OOOf) surface of an as cleaved zinc'single
. crystal;_(lOTB) refléction, Co-Kx radiation. Dislocations
(biack wavy lines along [1270] ) and dislocation subboundaries
- "; (AB; AC, AF, etc.) are seen. 65X .. -
' =.Figur§ 2. Same area as Figure 1, after the specimen was énnealéd at room.

.-temperature for two weeks. The dislocation arfangement has

'"chahged from that shown in Figure | due to the annealing process.

) | ;.: The dislocations have become segmented aloﬁg £1010). 65X
;a:u:Fiéﬁré 3. Same area as Figurés 1 and 2, after specimen was damaged by an
£e | _ - - ~." impinging laser beam. Twins ( such as at TW aﬁd Iﬁ ) slip bands
! ét;Jiﬂjﬂ;gﬂi;.ff:;t(such as SQ), and m}cro-kinking ( such as at Vand Z ) have
| Lo L occurred. - | ., o R ' '2;~. g

". . Figure 4. Optical micrograph of the damaged area shown in Figure 3. The' -
h . ':J"’j?_  'Vi-f, damage area has been melted by the ﬂnpact and molten metal has
'1'been sprayed from the area.

.k:f;;:'Eigure 5. _éame area as Figures 1, 2 and 3, after eight months since damage

: " :Yoccurred. Only retarded annealing is observed in the damage area.
”:“;EZFITLi-wj%'Rearrangement of non-basal slip dislocations is observed.
I PN : .
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Figure 1. X-ray micrograph of (0001) surface of an as cleaved zinc single

crystal; (10f3) reflection, Co-Ko radiation. Dislocations

(black wavy lines along [1210]) and dislocation subboundaries

(AB, AC, AF, etc.) are seen. 65X,

4




Figure 2. Same area as Figure 1, after the specimen was annealed at room
temperature for two weeks. The dislocation arrangement has
Changed from that shown in Figure 1 due to the annealing process.

The dislocations have become segmented along < 1010> . 65X

/5~




F Figure 3. Same area as Figures 1 and 2, after specimen was damaged by an
impinging laser beam. Twins (such as at TW and IN) slip bands

(such as SQ), and micro-kinking (such as at V and Z) have

occurred.

/¢




Figure 4. Optical micrograph of the damaged area shown in Figure 3. The
damage area has been melted by the impact and molten metal has

been sprayed from the area.
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Figure 5. Same area as Figures 1, 2 and 3, after eight months since damage
occurred. Only retarded annealing is observed in the damage area,

ement of non-basal slip dislocations is observed.

Rearrang
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