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Quarterly Technical Report 

During this period we have spent considerable amount of effort to 

study th*; laser induced damage in single crystal which was initiated a few 

months  ago.    We shall concentrate our technical report Tor this quarter 

on this subject.    The investigation was motivated by the frequent damage 

produced in the GaAs sample during the course of study on the two-photon 

photoconductivity effect.    For a more comprehensive understanding of the 

damage process in material under laser radiation, we have chosen to 

collaborate with the material engineering group of the Engineering College 

»t 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 

threshold energy which caused melting, possible vaporization and appreciable 

plastic deformation of the matrix material by deformation twinning, non- 

basal slip and micro-kinking.    The preliminary result of this study is 

included in a paper entitled "Berg-Barrett X-ray Observation of A.aiealing 

and Laser Induced Damage in Zinc" which has been accepted for publication 

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

duction of the paper cited.     —  • 
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Berg-Barrett X-ray Observation of Annealing and Laser  Induced Damage in Zinc 

Carl Cm. v/u 

Engineering Materials Group and Department of Mechanical  Engineering 

university of Maryland 

Chi H. Lee 

Department of Electrical  Engineering, University of Maryland 

and 
• * ■ 

Ronald W. Armstrong 

Engineering Materials Group 9nd Department of Mechanical  Engineering 

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 

and, also to make observations on the annealing characteristics of the 

dislocation substructure before and after the laser treatment.    Annealing 

caused individual dislocations to become segmented with various sections 

of their line lengths beconing parallel  to<loTo>.    This preference for 

a crystal lographic 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 boundaries of {loloj and 

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

which caused melting, possible vaporization and appreciable plastic de- 

formation of the matrix material  by deformationtwinning,  non-basal  slip 

and micro-kinki'ng.    By comparison with.the structural   rearrangement observed 

In the pre-annealed specimen,  the laser damage zone showed only very retarded 

changes. 
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* i I. Introd uct ion 

.?■.• 

■■-rr.v. 
12 The Berg-Barrett x-ray diffraction contrast technique '    is established 

^.r;-  to be a particularly useful method for revealing directly individual dis- 

3-8 .;.,;i:.. locations and the dislocation substructure in zinc crystals      .    Previous 

observations have shown that dislocations in zinc move easily at roon 

^'/'temperature by climb and glide processes, partly because this temperature is 

:   . '-; a relatively high temperature,  i.e. approximately 43% of the absolute 

-Vy.;;'.melting temperature, and because zinc is relatively soft; the resolved 
<•»•-.■ 4 

^,>; ..•*:: shear stress for basal slip being approximately 25 grams/mm 

^■^v :;   The forgoing considerations led us to investigate whether the annealing 

•:'->.:• process could be studied or any influence on the dislocation substructure 

• ■y*:/ ; could be produced by bombarding a specimen with a regulated pulse from a 

■^V-■'■•;_laser beam. The laser experiment offers the possibility of obtaining a 

.:v ,•- controlled energy dissipation within a specific region of. a crystal. Ex- 

.':,■;. ceptional temperatures and pressures might be generated under appropriate 

:.*;':, :. conditions. The following is an account of our results. 

*"    II» Experimental Procedure           . . ••''    .;■...!     • .:.,. 
•,^,^i—*   ■   ii»    ii      ■*■«_■ ■■\-. ',•- ■ *■ -■        

jf...   ' The specimen studied was a section of an [0001J oriented zinc single 

;-.■ crystal rod previously grown from the melt by the Bridgman technique, as 
-■•:'•■■"  ,' ■■•;' ■ ii ,•:;.-: -..,■■.■■■■ 
A. reported elsewhere    .   A tetragonal section of about 0.5 cm height was cleaved 

.parallel to ^0001] from a bar of square cros> section,  1.0 cm , at liquid 

'•:'■_'. nitrogen temperature. r\     .   •   ;• .',; 

Cobalt KQf radiation from a Norelco sealed tube or a Jarrell-ash micro- 
,":,;::;*-"::7.:.'- ■      •     ■ 
*.;  focus unit was used to obtain {10T3J Bragg reflections through    the {'OOOlj 

•    ' • • • ■ ' ■ , 

■ 'Surface.  The di ffraction-^pots-^ of ~slze nearly equal to the total surface 

. .area of the crystal, were recorded on Ilford 10 microns L-4 Nuclear plate or 

Kodak High Resolution plates. The. tube was operated at 25KV and 15 ma for 

■^ 
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the Norelco unit and 22 KV and k ma for the Jarrell-Ash unit,   A .layer of 

Iron-oxide of 0.0025  inches thickness was placed between the plate and speci- 

men surfaces.    Exposure times ranged from 0.5 hour to 2k hours depending 

Hjainly on the sensitivity of each type of fi Im (emulsion). 

The laser was a Korad R-l Nd:    glass system passively    (i- switched by 

a Kodak 9860 dy«? solution.    The laser' was used to bombard the specimen at a 

predetermined area with  laser puJses of different energies, after which 

-^ x-ray micrographs were obtained and examined.    The size of the impacted 
2 

.area was approximately 5,0 mm .    The maximum output of the laser pulse was 

- about 0.2 joules in 60 nano-seconds.    To deliver energies smaller than the 

* full output of the system,  neutral density filters were placed in the beam 

path.   The laser pulse was monitored and its pulse width measured.    Its 

V. wavelength is centered at  1.06 microns.    The energy of the beam was measured 

■■ by a thermopile. .    ■ v,  . ■ "1"■'./-•''""":"■•"Ä  ...>•■■ .":'   . v      . •   *.• •• 
-  Ill    Experimental  Results 

The dislocation structure observed within the subgrains of the freshly 

.cleaved specimen is shown in Figure I.    The individual dark dislocation lines 

•within the polygonal area KPGFA are revealed because of the enhanced x-ray 

■'■ intensity diffracted from their  local  vicinity.    The sub-boundary structure 

outlining the individual  subgrains  is mainly revealed as a network of wide 

.black or white bands,  such as at KL and CA,  respectively.    Thli   iontrast 

.Is only an apparently increased or decreased x-ray intensity diffracted 

from the crystal, because it   is actually caused by displacement of the 

♦diffracted intensity from either sfde"of'a boundary due to the relative 

misorientation of the subgrain volumes.    The extinction contrast whereby 

individual dislocations are black and, separately, extinction plus misorienta- 

tion contrast whereby subgrain boundaries are seen as black or white bands • 

with occasional  black edges has been previously .d_escxibed'. 

.*: 
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The majority of the long dislocation lines in Figure | are aligned 

nearly parallel to rT2ToJ. This was both the direction of cleavage for 

; -.  this crystal and also the trace of the diffracting plane in the cleavage 

surface. Both factors have been shown to be associated with,the enhanced 

3 8 
observation of these particular dislocation lines  '   . However, the 

^principal crystllographic feature to be noted in Figure 1  is that a number 

' of the dislocation subg-rain boundaries are also parallel over appreciable 

portions of their lenghts to specific crystal directions. For example, the 

boundary AE Is parallel to fOlToJ, KC is parallel  to C2TToJand AD is parallel 

■   .to t^oOj • Kinks appear along the length of certain boundaries , such. 

as at LMj ON and E, and even they appear to foljow specific crystallographic 
■ -   •• . . «. • 

'    directions.    In certain places, such as at J, the dislocation density is 

sufficiently great that  individual dislocations are not revealed but a 

-.■   general area of greatly enhanced intensity Is observed. ,1 

Since annealing occurs easily at room temperature, the specimen shown 

In Figure I was set aside for a period of two weeks and then examined again. 

:   The result Is shown for this Identical region In Figure 2. The arrangement 

'•of individual dislocations Is seen to be changed.   A large number of the 

dislocations have become segmented with line lengths parallel to <I010>. 

r: Note also the Improved resolution.    This was obtained  largely b/ reducing 

the specimen-fi'm distance, as can be surmised from the reduced width of 

:    'the dislocation subboundaries, e.g. subboundary CA Is approximately 50% 

narrower in. Figure 2 than in Figure I, and this means that the specimen-film 

distance has also been halved  (to a value of 1.0 mm). ■       ■     .•. ■ 
•■ •■'•■ .t     ■     • ■ '■■•'■'••■* 

• ^ '.'•■'■ ■ • 

■    .The influence of an impinging  laser beam on the destruction of the 

.crystalline perfection of the region shown In Figures I and 2 is shown In 

;   Figure 3»    The Incident  laser pulse contained the maximum energy of 0.2 Joules. 

„.- -ii*,i.;t,ijj,mt*.*•*•'iirMlli«»l>.rilill-'-*'--": 
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In some local regions of the area shown in Figure 3, the crystalline per- 

fection is so distorted that the Bragg diffraction condition is no longer 

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

• 
• the crystal when viewed in the optical microscope, as shown in Figure k. 

• It Is evident from Figure k and from an even more'detailed study of the 

- surface that the crystal has been partially melted and the molten metal 

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

- . «long<21To> with parallel accommodation boundaries are recognizable in 

Figure 4 and are also detected by the absence of their Bragg reflection 

In Figure 3* Finer details are also revealed in Figure J,    Non-basal 

Slip bands are observed In considerable amount though in diffuse con- 

trast along <10I0> , such as at SQ* Also, a large amount of very localized 

black-white contrast effects are observed along <loTo>, such as at K and 

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

latter deformation markings frequently form angular patterns In the x-ray 

micrographs. They are also detected with less obviousness in the optical 

«Icroscope, as shown In Figure k. 

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- 

«lent. Some annealing has occurred. Within the laser impacted area KPGFA, 

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

appears to be diffracting x-rays again. However, In .the vicinity of the 

•rea AEDB more significant rearrangement of the dislocation substructure is 

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

because of the diffuse enhanced intensity. It now can be seen that heavy band« 

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

reasonably parallel to <loTo> , which is similar to those lines observed in, 

• rea KPGFA of Figure 2. 

.K\. 

■ ■ 
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IV.    Discussion; 
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■'■■■■"•■•■    It seems quite interesting that the crystal  subboundaries have been 

■;;..   observed to be  largely composed of straight segments which produce traces 

•j In the (OOOl)that are parallel  to specific crystallographic directions, 

. r «»g« of type <10T0> ,^1120>, and other higher  index types.    This observation 

\        Vhas not been previously reported.    Since the crystal  has been solidified 

.  • .        atong the 10001J  ,  it follows that the subboundaries forma  lireage structure    . 

v     ,        Thus, the boundaries contain the crystal  growth direction, and,  therefore, an 

. " V • '*  (OlTo) boundary trace corresponds to a ( 2TTo)subboundary orientation.    The 

:•;: vertical white boundary AF in Figure 1  has this orientation and, because of 

;:   ■     ' the  (under lapping) constant subboundary width along its length, the indica- 

r-'-vLr-W^tion is that the boundary must be a pure tilt boundary with rotation around 

v':   ' .   t^noj contributed by dislocations with Burgers vector along [2110;.    The 

'   '      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 overlapping of the individual dislocation strain fields. 

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

.;
r' . .•; 'tion band with the wider ones due to the parallel  individual dislocations 

.V:-;  ^within the subgrain volume. ' -'*._..   ■ 
<•■    ".■**''.*">■, , ■■■■■.■■...'.■■■ '  .     . " ' ■.     " ■    •• 

■■**•   - ,*.  '.'' '■.',.    ■   '   ^    .   "     .  ,' . '^      • ■ ,   ' ■■ '    *■ 

^..y:::::r^^].%:_ ■,. The. kinked segments LMNO along the boundary KP present a special situa- 

;•.  'v . tion. In the first Instance, the boundary width along the segment KP is not 

__:;; «early so different between Figures I and 2 as applies for AF and, therefore, 

^. .' It might be imagined that the misorientation or extinction contrast of KP is 

;,;. V. "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—dtrect+y—connecting-L0.-The absence of any boundary 

:;:.!;'   contrast  In the x-ray micrographs strongly  implies that  the misorientation 

"~- •'»■   ■ .•.■•.'." • .     •        •.' ■.■ '..''■.■..'■.••-■ ..• ..■■,. 

..•'••■■ r-..  ■•■..   ^.      '".■.'.)''.'■■■■.' ] ',    ' .   . ■   ' ' . .    ■ 
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associated with LO must be due to a rotation.about  the normal  to  (I0T3} — 

the diffracting plane - and/or that the dislocation Burgers vectors 

..associated with  the actual    rotation should be contained within the diffract- 

ing plane.    The nearly equal  extinction and misorientation contrast associated 

with the kink segment NO  in Figure 2 could be explained by a tilt boundary 

rotation about CTlOOj due to [1120] Burgers vector dislocations.    This  latter 

misorientation and extinction contrast appears consistent, alsolwith the 

.. contrast appearance of the remaining segments of the total boundary running 

* along KLMN and OP, whereby the extinction contrast merely outweighs the 
'.-■"' • • ,       ..'.■. ■■.■■■■ '•'■■-    • 

A misorientation contrast. :  ';:   ' '■.-•■■''-.> fv   •■'.     ■ 

■'.,.•    The individual dislocation lines within the subgrains of the freshly 

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

■ *■ • 8 ' 
• .reported previously . Due to normal room temperature annealing of the 

. . cleaved crystal surface, these dislocation lines moved about and 'straightened 

'themselves. The annealed structure is composed of segmented dislocation 

^lengths lying along <loTo> directions and is In fact similar to the structures 

observed by Hichell and Ogilvie  in vapor condensed specimens, even though 

the dislocations observed by Hichell and Ogilvie were freshly nucleated 

within the crystal after the specimen was exposed to room temperature 

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

: observed In Figure 2 are considered to be a rearrangement of either some 

" of those dislocations Introduced during cleaving or those originally present 
" .   ' • .     ,   ■ # . 

■ in tiie.specimen. 
,.'"■.♦'■■.■ ■•■■'' •   "      • 

..; 7-  'The generally small amount of dislocation rearrangement due to annealing 

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". 

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

■MHMaMIMaMMMMMMBMM 
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polycrystalline material which might act to retard changes in the defect 

structure. The rearrangement of the dislocations which has occurred does 

seem to follow the pre-annealed pattern of changes, i.e. the dislocations 

r move about to align themselves approximately parallel to ^loTo> . No 

doiibt, the preference of individual dislocations to be along <loTo> carries 

. over to explain the similar preference for the principal subboundaries to 

also lie ?long these directions. 

At this point it should be pointed out that the bombardment of this 
". '  '  ' '        • -k     ' 

"specimen with laser pulses of gradually increasing energy through 10 , 
• # 

10     and 2 x 10     Joules prior to the 0.2 joule impacting-did not cause 
'•.■•'■.'....■■ ■ ■ t 

any observable change in the crystal, as measured with the optical micro- 

• scope or by x-ray diffraction micrographs.    In this regard,  the  incident 
■•.■■.•■■•■■ ■       ' ■ ' - 

. energy of 0.2 joules which, say, might potentially be dissipated within 
2-3 -~ • ' 

a volume of area 5*0 mm by 10  mm depth gives, an energy density of 
« 

■■   11      2 'k x 10 dynes/cm . This energy density, which obviously exceeded ^ny 

..threshold value for damage of the zinc (OOOl) surface layer may be com- 

pared with various energy density or stress values given for melting, 

• vaporization., twinning, slip, kinking or forming new surface area in zinc, 

as specified in Table 1 .From the Table It may be seen that the Impacting energy 

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

vaporize zinc atoms. However the energy density present within «..Te 2 x 10 

Joule beam should have been sufficient to melt the crystal also, but this 

did not occur, so that only on the order of 10% or so of the incident 

energy must have been absorbed in that impacting process.' On this basis 

without allowing for any non-linear absorption effects. It may be estimated 

that anjibsorbed energy density equal to or less than ^ x 10  dynes/cm 

is required to cause damage In zinc. This energy density exceeds by far 

\v-- 
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the elastic stress values, and accompanying far lesser strain energy values, 

• associated with the various deformation mechanisms snown in Table 1. Con- 

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

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

• b&ing produced by the the»mal stresses accompanying the very rapid process 

;.7Ci melting and even superheating, an amount of liquid zinc at the crystal 

. surface. This concern for the importance of thermal stresses in evaluating 

• the performance of laser materials themselves has been recently emphasized . 

■.. V» $ummary '.■*.• 

Specific characteristics of individual dislocations, dislocation sub- 

boundaries, and  laser induced damage in a cleaved zinc specimen have been 

revealed by the Berg-Barrett x-ray diffraction micrographic method: 

1.    The dislocations  in the freshly cleaved specimen appeared as  long 

lines roughly aligned parallel  to the cleavage direction and  then, 

following  room temperature annealing, they became .segmented and aligned 

themselves more sharply parallel  to <10"OX 

2«    The dislocation subboundaries, which were present within the crystal 

as the lineage structurejwere also observed to be aligned parallel  to 

low Index directions,  e.g. several of the subboundaries were observed 

to be pure tilt boundaries contained within floTol and   {llSoj. 

3«    The laser induced damage seemed to have required a threshold 

energy which caused melting, possible vaporization, deformation 

twinning,  slip, and micro-kinking, all of which appeared  to have ccm- 

'. . bined to produce a damage zone that showed very retarded changes' by 

annealing   (in comparison with  the structural   rearrangements observed 

.      ".    In the pre-annealcd specimen). ." _   . . _ - 

•':'■''r'\''-7 :■■'*.,.■■.;•.. •.;   ■■■-■->.■        ■   :,~*-'::■'■ i"-y\,   -.rtc   ;V" •■-";"-v*"-:'*■..-"--a. <•*.' .  ;>':■■■.■:•-.■ 

-■ — 



■^^ 

9. 

An assessment of the energy density in several laser impacts gave, in com- 

, .parison with tabulated values of energy densities and stresses for structural - 

changes in zinc, 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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Table 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 X  10    dynes/cm Hdbk. Chem. Phys.   (1970) 

Heat of vaporization 
per unit volume 1.3 X  lO11 dynes/cm2 Hdbk. Chem. Phys.   (1970) 

Resolved shear stress 
>or {l0T2J<10Tl>twin- 
nino 

• 

3.2 X  108 dynes/cm2 Bell "and Cahn  (1957)lZf 

Resolved shear stress 
for {1122]<1123> slip 

1.3 X  I08 dynes/cm2 Bell and Cahn  (1957)^ 

Compressive stresss 
for   jl0T0l<ll20> kink 

• 

1.7 X  10    dynes/cm Gllman (1955)15 

Resolved shear stress 
for {000lJ<n20> slip 

• 

1.8 X-lof   .        ,2 
3.4 x ,o6dynes/cm 

Jlllson (1950)9          10 
Harper and Cottrel 1 (1950) 

Surface energy per 
atomic  (c) distance 

2.3 X  10]0 dynes/cm2 
Miller, Carpenter and 

Chadwick (1969)16 
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Figure Captions 

Figure 1.    X-ray micrograph of ^0001)  surface of an as cleaved zinc single 

crystal;   (I0T3)  reflection, Co-KOf radiation.    Dislocations 

•      (black wavy  lines along tT2ToJ ) and dislocation subboundaries 

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

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 <loToX    65X 

Figure 3«    Same area as Figures  1 and 2, after specimen was damaged by an 

impinging  laser'beam.    Twins  ( such as at TV and IN )  slip bands 

L   (such as SQ), and micro-kinking   ( such as at V and 2 ) have 

• occurred. , * ':..'* 

Figure h.    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. 

Figure 5»    Same area as Figures  I, 2 and 3* after eight months since damage 

: -pccurred.    Only retarded annealing  is observed in the damage area. 

•..'*.".,..:, Rearrangement of non-basal  slip dislocations  is observed. 
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Figure 1.   X-ray micrograph of (0001) surface of an as cleaved zinc single 

crystal; (1013) reflection,  Co-Ka radiation.    Dislocations 

(black wavy lines along ['l210] ) and dislocation subboundaries 

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

Rearrangement of non-basal slip dislocations is observed. 
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