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STRUCTURE AND BEHAVIQUR OF GRAIN AND PIASE BOUNDARIES

DAERO-78-(:-001

Final Report April 1980

P.J. GOOIMEW AND Z.H. LUKLINSKA

ABSTRACT

Thin film bicrystals have been created using gold, silver, palladium and

platimm epitaxially grown single crystals. Low angle twist baundaries in
all systems consisted of orthogonal sets of lattice dislocations, whose
character is in agreament with the O-lattice theory and earlier less general
predictions. High angle boundaries in the Au-Pt system were seen to relax
into dislocation networks at temperatures in excess of 600°C. However the
dislocation directions and spacings could not be interpreted in temms of

CSL or NCSL relaxations.

All the experiments were rendered more diffianlt than anticipated because of
the difficulties of making the continuous flat single crystals. A critique of
the general method of thin film welding for the study of grain baundaries is
included.
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STRUCIURE  AND BEHAVIOUR OF GRAIN AND PHASE BOUNDARIES

DAERO-78-(-001

Final Report April 1980

P.J. GOODHEW AND Z.il. LUKLINSKA

1. Introduction

The major objective of this programme was to study the effect of a mismatch
between the lattice parameters of two grains on the structure of the interface
between them. In order to study this in a controlled way the phase boundary
was to be created by extending the thin film welding technique, hitherto only
used for gold, to the welding of dissimilar crystals. In order to simplify
both the crystallography and the experimental technique it was decided to use
the f.c.c. noble metals; gold, silver, platinum and palladium. Different

pairs of these crystals give a range of lattice parameter mismatch fram zero
to abaut 5%.

The success of the programme depernded on four consecutive stages of development;
the preparation of thin single crystals, welding pairs of these to create the
phase baundary, imaging the baundary microstructure in the electron microscope
and finally the interpretation of the observations in tems of models of baundary
structure. Our achievements under each of these four headings are considered
below, followed by an overall critique of the usefulness and potential of this

general approach to the study of phase baundarics.

2. Preparation of single crystals

The technique for the preparation of thin (v~ 25mm) single crystals of gold
was well established before the start of this work. The conventional technique
consists of vapour deposition of the gold onto a relatively thick (~lum)

interlayer of silver, itself epitaxially deposited onto a single crystal substrate




of sodium chloride. This technique is cleariy not suitable for the
deposition of thin films ol silver or palladium, nor is it cven appropriate
for gold films if they are subscquently to be welded to silver films, since
the acid needec to dissolve the silver interlayer would also ramove the other

half of the bicrystal.

We therefore developed techniques for growing single crystal thin {ilms of

gold, silver and palladium directly onto alkali halide substrates. We were

not successful in growing platinum in this way so we could not investigate

the silver/platinum bicrystal system. The successful methods involved alternative
alkali halide substrates and in same cases required a surface trcatment of

the substrate prior to deposition using either water vapoir or electron

banbardmnent. The full experimental details are given in Appendix 1.

We used (100) oriented single crystals in this work, so the substrates were in
all cases cleaved to expose this face. It is important for later stages of the
work that the single crystal [ilms are thin enough for the bicrystal to be

electron transparent yet they must be absolutely contimuous since any holes

will open up during the welding process or later anncals. In addition the

surfaces of the films should be as flat as possible and the density of growth
defects (twins and stacking faults) should be low. It is easy to grow

gold films in the conventional manner on a silver interlayer so that they meet
all the above criteria. llowever it was not possible to achieve such all round

success with the films needed for this project. Althaugh the major criteria

(thin and contimuous) were met using the techniques detailcd in Anpendix 1
even the best resultant films were not ideally flat or defect-frec. The

characteristics of the best films obtained in this work are summarized in the

table.
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Ag Interlayer Surface Flatness Defect Density
Au Yes Good Low
A No Good Med iwn
Ag No Good High
Pd No Fair High
Pt Yes Poor Low

Examples of single crystal films were shown in the first interim report

(November 1978).

3. Welding Single Crystals to Create Phase Baundaries

For many of the bicrystals made during this programme the conventional welding
technique was used: pairs of films, still on their substrates, were clamped
together face-to-face at the desired misorientation angle. The clamped

pair of crystals was then placed in an oven for a short time (e.g. 4 mins

at 450°C for gold/gold bicrystals). The conditions necessary to achieve

such a weld in the variaus bicrystal systems used here is detailed in Appendix

2.

However during the caurse of this work evidence became available that pressure

is not necessary to create a weld (1,2) and subsequently we created several
crystals which were simply laid on top of each other and then heated in the
electron microscope using a hot stage. The disadvantage of this technique is the

inacauracy of predetemining the misorientation between the crystals.

Examples of welded interfaces prepared by the conventional technique were
presented in the first annual report (April 1979) and baundaries produced in
the hot-stage were shown in the second interim report (October 1979). The
major difficulties associated with the welding process are caused by the surface
roughness of platimm and palladiun films and by the possibility of alloy
campaund formation at the 1nterface. The former problem restricts the areas

of contact between the crystals and hence limits the size of the baundary

regions which are created.




This can only he overcane by improvaments to the thin (ilm preparation
technique : We were cventually successful in obtaining Flat enough single

crystals to create 100mm sizod interface regions, althaugh this is still

far below the size of thc boundary regions attaimuble in gold bicrystals.

The problem of interdiffusion and compound formmation during the welding
process is difficult to assess because of the lack of data concerning either

the diffusion coefficients of each species in the others or the phase diagram

(R R

of each system.at relatively low temperatures. However the diffraction
evidence presented in the second interim report (Oct. 79) strongly suggests
that an intemetallic campound is formed in the Au/Pt system and we have seen

! similar effects in the Ag/Pd systan. Qur conclusions aboaut the nature of these

St B i i it

canpounds are discussed in the next sections.

4. Observations of [nterfacial Microstructure

We have observed orthogonal sets of dislocations in low angle boundaries

in all the systems which we have welded. Examples from the gold-silver

RIS VI ST

system were presented in the first interim report (Nov. 78), fram platinum-
platinm in the first anmial report (April 79) and from gold-platimm in all
three reports on this contract (Nov. 78, April 79 and Oct. 79). Further work

has shown that low angle boundaries in silver-palladium and gold-palladium

also contain very similar microstructures (e.g. Figure 1). The precise

interpretation of these observations is made difficult by two factors : The
first is the buckling of the thin films which leads to rapid changes in
diffraction conditions across the field of view and hence many extinction
contours. The second is the presence in the image of many moiré fringes i
because of the presence of many close pairs of diffraction spots in reciprocal 3
space, Although in principle the presence of moiré fringes could be an
advantage, enabling the exuct miserientation to be calculated, in practice
the presence of so many diffraction spots makes the assigment of any sets of

fringes to a partiaular pair of spots rather diffiazlt.




The difficulty of perfoming quantitative image contrast experiments means
that it is not possible to deduce the Burgers vectors of the dislocations
precisely. However it is possible to measure the dislocation line direction
more accurately and this purameter has been uscd in the interpretation of the

images (see Second Interim Report, Oct. 79, and section 5 below).

For the study of high angle baundaries the gold~platinum system was chosen
for detailed examination because of the magnitude of the lattice parameter
misfit and the apparent lack of mutual solubility. As was reported in the
second interim report (Oct. 79) no interfacial dislocation structure was
seen until hot stage in-situ experiments were carried out at 650°C or above.
Figure 2 gives a further example of the small islands of dislocation arrays

which are formed as the baundary relaxes.

5. Interpretation of the Observations

5.1 Low angle baundaries

In all the systems which we studied low angle boundaries could be created

at a lower temperature or shorter welding time than higher angle baundaries.

e S RN

This is presumably because of the lower energy of a low angle baundary which

ensures that the driving force for welding is greater. In the first two

reports on this work (Nov. 78 and April 79) we demonstrated that the low

angle (001) twist boundary in the Pt-Pt and Au-Ag systems is accammodated

by the same sets of screw lattice dislocations that have been reported in the

MA-Ay interface (3). We cauld deduce fram these observations that the

platinum and silver films are flat enough to weld over an appreciable area.

Since the lattice parameter mismatch between gold and. silver is orﬁy of the

order of 0.3% a very small anount of either interdiffusion or elastic strain

near the interface will be sufficient to eliminate the mismatch in the boundary ,

plane and hence we should expect' the sets of dislocations which accanmodate




the misorientation, as observed.

Having established the feasibility of the techniques we next studied the

Ai-Pt system, since the initial lattice parameter mismatch is abaut
4%. An additional potential advantage of this system is that the reported
lattice parameter mismatch between the gold-rich and platimum-rich temminal

solid solution is still in the region of 4% (4).

The microstructure observed in low angle Au-Pt interfaces has been reported

in all three of the earlier reports on this contract (Nov. 78, APril 79, Oct 79)
and discrete dislocation networks have been observed up to misorientation
angles of 10°. The misfit between the two crystals which was measured fram

the electron diffraction patterns was always less than that expected fram the
reported bulk lattice parameter values (4). This might reflect the presence

of same elastic strain in the thin crystals or could be the result of
modification of the lattice parameter by interdiffusion (althaugh the published
phase diagrams would not predict a significant effect). It is interesting

to note that other workers have found differences in lattice parameter between
bulk specimens and deposited thin films of the same material, which was attributed

to the high defect density of the thin films (5).

The dislocation arrays in the low angle bicrystals showed a decrease in

spacing with increasing twist angle and a deviation of the line direction fram
the average [11C] of the two crystals. This is qualitatively what would

be expected of networks which accommodate both misorientation and misfit.
Jesser and Kuhlmann-Wilsdorf (6) developed quantitatiive equations for
dislocation spacing and line direction for the partiaular case of a low angle
twist boundary between two crystals of the same structure but dif\ferent lattice
parameter. It is not difficult to show that the identical cquations arise fram

the more general O-lattice theory developed by Bollman (7).




The quantitative agreement between the measured dislocation spacings and

line directions and the pralictions of either ol the above theorics is only

fair (2nd interim report, Oct. 79). The reason for this is probably associated
f- with the surface roughness of the initial platiium films: The extent of
interdiffusion, and hence variation in lattice parameter, will vary very
locally depending on the areas of contact of the two original films. However
the values of misfit detemined for the diffraction pattern are derived fram
a region of the bicrystal which is extensive (lum diameter) campared to the
regions of dislocation (+100mn) and are also representative of the average
lattice parameter over the whole thickness of each crystal. Cleary local
modifications arising fram short range diffusion at the interface will not
be detected. Because of the essential inhamogenerenty of the interface
parameters we can expect no better agreement between theory and experiment

4 than we have found. It seems clear that relaxations at the interface follow

. ‘;wm,mwvwmtﬁ<(fv_.< R

the predictions of the O-lattice model and its more restricted precursor the

Jesser and Kuhlmann-Wilsdorf analysis.

5.2 High angle boundaries

e P il 4T

i' . Althaugh it was possible to make the two single crystals adhere at temperatures

y as low as 450°C no dislocation structure caild be resolved in Au-Pt high
angle bicrystals until they had been heated to at least 650°C. It is clear
that there must be significant bonding across the interface before the atams
close to the baundary relax into a dislocation array. We presented micrographs
in aur second interim report (Oct. 79, Figs 5, 6, and 8) which illustrate
the absence of resolvable structure in a boundary which relaxed intg a dislocation
network at a higher temperature. Erlings and Schapink (8) have recently

reported a similar lack of resolvable structure in apparently welded bicrystals

(their fig. 6b).

Annealing of the high angle Au-Pt bicrystals in the hot stage of the electron

microscope frequently caused a dislocation structure to became visible after




heat treatment at 650°C to 9007, Figure 2 of this report is an example

f‘ Coob a 17 twist bamdary after in-situ heut treatment to 900°C. Untortunately
althaigh the dislocation networks and several sets ol moi ré lringes are
clearly visible the interpretation is not straight-forward because of the

canplexity of the diffraction pattern.

We reported in October 79 that at 650°C the spots arising fram the platinum
crystal split in a way which indicated the nucleation of a third phase,

of larger parameter than platinum, epitaxially on the platinum crystal. We
have indicated this as phase X in Figure 3 (b). Rurther heating to 900°C
results in a fourth phase appearing, apparently growing epitaxially on the
gold crystal but with a lattice parameter closc to platimum. We have called

this phase Y in figure 3 (<).

It appears fram this analysis of the diffraction patterns that whereas when

creating low angle boundaries relatively little interdiffusion or campound

. T

formation ocaurred, when high angle baundaries are formed higher temperatures

e

‘ are required and fresh phuses are mucleated as indicated in Fig. 3. Thus

insiead of a single interface being fomed in the plane of the specimen

R et
{ aaigt

we have two or three parallel interfaces. We will first consider the

N

possible nature of the phasesX and Y and then assess what interfacial

microstructure appears in the clectran micrographs.

There are brief reports in the literature of the existence of transitory,
possible ordered, phases Pt:Au, PtAu and AuSPt (4,9). The only reported
lattice parameter measurament indicated that Au;Pt has a very similar
parameter to platimm (4). If one of the other campounds (AuPt or PtSM)
has a lattice parameter nearer to that of gold then we could interpret the

sequence of events in the following way:




i. In the temperature range 450°C to 650C the gold and
platinum (ilms weld withaut visible relaxation into dislocation

networks.

ii. At about 650°C the phase X, possibly AuPt or Pt;Au, grows
epitaxially on the platimm crystal. There are thus two
parallel interfaces : Au/X with a higher angle but only abaut
1% misfit and : X/Pt with a zero angle but about 3% misfit

(see table in second interim report, Oct. 79).

iii. At about 900°C the phase Y, probably AusPt, grows at the
Au/X interface, foming epitaxially on the gold crystals. We
now have threc parallel interfaces : Au/Y with zero misorientation
and 3% misfit ; Y/X with negligible misfit but high angle

misorientation and : X/Pt as before.

This data is summarized in Figure 3., In order to interpret our micrographs
we must establish the various interface structures which could potentially
arise. Unfortunately we cannot perfomm rigorous image contrast analyses

on the specimens because of thier buckled nature and because of the
multiplicity of double diffraction possibilities fram a tricrystal. However
if all the high angle boundary observations reported in this report and the
last (Oct. 79) arise fram triple or quadruple crystals (Fig. 3b or ¢) then

we could expect:

a. Edge dislocation arrays and moiré fringes fram epitaxial interfaces

with misfit but no misorientation (X/Pt or Au/Y).

b. Networks of primary near-screw dislocations.and moiré fr\inges fram
the medium to high angle interfaces (e.g. Au/X with abaut 1% misfit
and X/Y with near-zero misfit).

c. Networks of | secondary l‘)SC dislocations arising fram relaxations

of high angle boundaries to CSL'n (b.g. X/Y, oF with same strain
a/X).

REAUr - asreng v
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or d. Networks of sccondary DSC dislocations arising fram
relaxation to two-dimensional near-coincidence site lattices
(NCSLs) (e.g. Au/X). 'The methodsof calailating the propertics

of these DSC dislocations are treated in the next section.

The table campares the measured properties of the dislocations with the

expected behaviour according to the four models a, b, ¢ and d.

Bicrystal : Au-Pt 13.5° twist

Measured a b c d
— - = 112.68% 14.25° | 13.57°
Dislocation Spacing (AO) 40 95 12 32 20 172
Line direction (°) 18 7 7| 38 38 32

(fram [110] Pt)

Bicrystal : Au-Pt 17° twi

Vi
~t

16.26° | 17.74°
Spacing 25 95 10 47 33

Direction 20 8 8 53 34

Bicrystal : Au-Pt 20°%twist

‘ 22.62° | 20.22°
Spacing | 25 95 8 15 36

Direction 31 10 10 56 18

Bicrystal : Au-Pt 30° twist

' (o]
30.51 | 29.74°

Spacing 25 95 5 41 69
Direction 44 15 15 30 0
TABLE 1

It can be seen that there is no satisfactory agreement between_the observed
dislocation networks and the predicted interfaces. liowever, in support
of the interpretation of the diffraction patterns in tems of three or four

crystals we can invoke the meire contrast in Fig. 2. : There are clearly

e

i
;;-!




very widely spaced fringes arising fram an interluace ol small misfit

or misorientation together with much finer fringes which mast arise fram

a high angle interfuce. Any further interpretation is rendered virtually
impossible in these specimens becsuse of the camplexity of the interference

effects between three or faur buckled ¢rystuls,

6. The near-coincidence site lattice model

e
There are very few (if any) truc coincidence site lattices between

two crystals with the sume structure but different lattice parameters.
However there will in general be many two-dimensional coincidence site
lattices which can be created on partiaular boundary planes by applying
a gnall strain to one crystal. These we have temed near-coincidence
site lattice (NCSLs) : They are true CSLs once a unifom strain has been
applied to one lattice. ‘The concept of a plinar two-dimensional NCSL
has been recognised by a number of workers (10,11,12,13) but no direct
evidence for the relaxation of atams at a boundary to an NCSL by means
of arrays of DSC dislocations has been obtained. [t was one of the major
objectives of this work to look for such evidence and we chose to study
planar (100) interfaces in order to maximise the chance of finding such

a boundary.

We devised a simple canputer programme to search for NCSLs between
crystals of specified lattice parameters. The multiplicity of possibilities
is illustrated by the single page of cutput shown in Fig. 4. We can

define many baundary parameters which are analogous to those in caommon use

with conventional CSLs. Thus we refer to ?2:, the two-dimensional reciprocal
density of coincident sites, and to the two-dimensional DSC lattice which

defines the Burgers vectors of perfect interfacial dislocations.

Once the strain indicated in the last column of Fig. 4 is applied then a
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true two-dimensional CSl. exists and we can therefore deline a DSC lattice
us indicated by Bollmamn (7). ‘The casiest way to do this in practice

is to use Grimmer's theorums (14) : #is states that the ISC lattice

is the reciprocal of thc CSL of the two reciprocal lattices of the
crystals. For two cubic crystals this is very easy to calaulate and
hence the basic DSC vectors can be faund. These were used to canpute the
data in Table 1. An example of one of the NCSLs referred to in the

table is plotted in Fig. 5.

7. A Critique of the Welded Thin Film Phase Boundary Approach

As is evident fran much of this report the experimental approach

employing the welding ol two thin film single crystal of different materials
has not proved as fruitful for the study of phase boundaries as had been
hoped. It remains, in principle, one of the few ways in which the interface
parameters can be controlled to pemit a systematic study of interface

baundaries. However the mcthod encaunters three types of problem:

i. Production of specimens : It is not always possible to make
single crystal films which are thin, contimuaus and flat

enough on a sub-lum scale to be welded successfully.

ii. Many experimentally suitable alloy systems (e.g. Au-Ag) are
ruled out metallurgically because of the camplete solubility
shown by their phase diagrams. In addition, as we found for

A1-Pt, the heat treatment requirements needed to create a boundary

may pemit the nucleation of a third phase at the designed

-~

interface.

iii. Even the best specimens (fram the point of viewof i and ii above)
are extremely huckled and hence the control of diffraction conditions
in the electron microscope is very diffiault. The successful

interpretation of the sort of structural information found in this
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project cannot he achieved under such imprecisely known

crystullographic and electron diffraction conditions,

The pre-requisites for any future study hased on this cxperimentual approach

are therefore:

al

Co

ii.

iii.

iv.

vi.

The production of thin, contimuous, flat (on both fine and coarse
sc1les) single crystals of the intended materials

Electron microscopy using microdiffraction fram very small

areas of the specimen

The choice of an alloy system without undesirable campounds.

Nonetheless, as we emphasised above, the approach is still one of the
only ways by which we will learn more abaut how the structure of interphase

boundaries depends on the properties and orientations of the two lattices.

8. Conclusions

Contimuaus thin single crystals of platimum, palladium and silver can

be grown in a similar manner to that used for gold.

Low angle twist grain boundaries in platinum bicrystals relax into

the same dislocation networks as have been observed in gold.

Low angle (001) twist boundaries between dissimilar fcc metals
appear to relax into networks of dislocations whose pronerties are
predicted by the O-lattice model or by the theory of Jesser and
Kuhlmann-Wilsdorf.

At least two compounds of Au and Pt fom betweer 650°C and 900°C.

There is still no direct evidence for the relaxation of a phase

baundary to a nearby NCSL.

It is easily possible to construct two-dimensional DSC networks for

NCSL interfaces.




Appendix |

Preparation of thin single crystals

RO ————

Al]l materials were vapour deposited in a vacuum bell jar at a pressure of

~ 10'5 torr onto a substrate at 300°C. The details arc as follows:

Material livaporation System Substrate Substrate
Treatment
A KBr Electro
Bambardment*
Ag Mo Boat NaCl Water \rapo.xr+
Pd KBr Water vapmr+
Pt W wire Ag/NaCl -
and Ag/KBr

* Electron banbardment was achieved by exposing the substrate surface for

at least 6 haurs to a 20 millicurie saurce of

9()Sr.

+ . .
The water vapour treatment is achieved by covering the substrate and a

few drops of water with a Petri dish cover for a few mimutes.

Appendix 2

Welding of bicrystals

The conditions needed to create a weld by clamping the two crystals together

were:

Au/Au
Au/Ag
Au/Pd
Ag/Pd
Au/Pt
Pt/Pt

Time
5—;;15
8-10 mins
8-10 mins
8-10 mins
8-10 mins

7 mins

Temggrature
400°C

450°C
500°C
500°C

450°C (Low angle)

650°C

For systems containing Pt or Pd higher temperatures werc generally needed to

create high angle boaundaries.




Appendix 3

Staff working on the project:

Dr. Z. H. luklinska March 1978 - March 1980
Associate student (not paid by the contract)

P. Maheswaran.

Appendix 4
Publications arising fram this work.
One written publication based on this work is in press and two further papers
are in preparation.
i. 'The relationship between structure and energy in grain baundaries'®

P.J. Goodhew. ASM Seminar on 'Grain Boundaries'. Milwaikee 1979.

ii. 'Phase baundarics in welded bicrystals'. Z.H. luklinska, P. Maheswaran

and P. J. Goodhew.

iii. 'The NCSL and its application' P.J. Goodhew and R.F. Scott.

Verbal accounts of parts of the work have been presented at:

iv. ‘'Interfaces' symposium. MICRO 78, London July 1978.
v. 'Modern Metallography' conference, Metals Socicty, September 1979,
vi. 'Is the CSL model still useful?' Research Colloquium at Carnegie-Mellon

University, Pittsburgh, September 1979.

REFERENCES

1. J.G. Erlings and F.W. Schapink J.Mat.Sci. In press

2. M. Hwang, D.E. Laughlin and I.M. Bernstein. Acta. Met. In press

3. T. Schober and R.W. Balluffi. Phil. Mag. 20 511 -(1969) )

4, F.A. Shunk., Constitution of Binary Alloys, Second Supp. McGraw-Hill, 1969.
5. S. Sen, S.K. Halder and S.P. $en Gupta, J. Phys. D., 6 1978 (1973)




12.
13.

14.

¥
¢
¢

-16-

W.A. Jesser and D. Kuhlimann-Wilsdorf. Phys. Stat. Sol. 21 533 (1967)
W. Bollmann 'Crystal dcfects and crystalline interfaces' Springer
Verlag 1970

J.G. Erlings and F.W. Schapink. Phys stat. sol (a) 52 529 (1979)
M. Hansen. Constitution of Binary Alloys McGraw-Hill 1958

R.W. R~1luffi and T.Y. Tan Scripta Met 6 1033 (1972)

R.W. Balluffi, P.J. Goodhew, T.Y. Tan and W.R. Wagner J.de Phys. C4,
17 (1975)

R. Bonnet and E. Ccusineau Acta Cryst A 33 850 (1977)

V.M. levlev, A.V. Bugakov and V.A. Ammer phys stat sol. (a) 49 413
(1978)

H. Grimmer Scripta Met 8 1221 (1974)




e i LRSS, §

3

ﬂ Dislocation arrays in a low angle (001) twist baindary between silver and
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Dislocation arrays in a high angle (179) (001) twist baundary between gold
and platinm, y)e dislocations were Not evident until the specimen had been
heated ¢ above 650° in the
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clectron m icroscope,
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Figure 3

The probable sequence of phase fommation in the thin film specimens. The original

two crystals are shown in (a). Subsequent heat treatment causes the growth of

phase X epitaxially on the platinum, followed by the nucleation of phase Y on

the gold.
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A small section of the output of the camputer programme which searches for
3 CSL and NCSL boundaries. Where a zero misfit is shown a CSL is gencrated.

A non-zero misfit indicates the difference in lattice parameter preded to

create the listed two-dimensiona! NCSL.
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The unrelaxed atam positions in

a 17.74° €, 52/53) NCSL.







