
A-A1f1 495 FUI)MEATIL STUDIES OF BETA PHASE DECOMPOSITION MODES L/IIN TITANIUM ALLOYS.. (U) CANEGIE MELLON UNIl PITTSIM
P* DEPT OF METALLURGICAL ElI.. H I AARONSON ET AL.

mhmhhmmmhl-;
Hg."momoa



1.*0 ___ =
- IE IL

- 3, -

ilI125 111111-4 B1-6

.. ..........

- 1111



(
.5o~R.T .- o8.' 0Q21 "

Interim Technical Report

from

10 Department of Metallurgical Engineering ,-
0)} and Materials Science

Carnegie Mellon University

0 to

Air Force Office of Scientific Research
Electronic and Solid State Sciences

Boiling Air Force Base S
Washington, DC 20332

on

Fundamental Studies of Beta Phase Decomposition Modes
in Titanium Alloys

by

H. I. Aaronson, Principal Investigator
A. M. Dailey, Graduate Student*

T. Furuhara, Graduate Student
Y. Mou, Graduate Student

for the period I.!,

1 October 1986 - 30 September 1987 -,DTI'C
31 January 1988 ETE

FEB 2 5 1988 I :'5

H0
.

.144

Now with Energy Technology Consultants. Inc.. Monroevlle. PA

D13TIB.I ON ST .
- - -- - - fr ---- .-- - . .*\*.



SeCURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE
la. REPO 1 t lb RESTRICTIVE MARKINGS

2a. SECURI kKV?* fIeIN Ln TY 3 DISTRIBUTION/ AVAILABILITY OF REPORT
Approved for public releasg,

2b. DECLASSIFICATION / DOWNGRADING SCHEDULE distri bution 'l imi ted

4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)
AFO6R.t1. 88- 0021

6a. NAME OF PERFORMING ORGANIZATION 16b. OFFICE SYMBOL 7a NAME OF MONITORING ORGANIZATION
(if applicable)

Carnegie-Mellon Univ AFOSR/NE

6c. ADDRESS (City, State, and ZIPCode) 7b ADDRESS (City, State, and ZIP Code)

Dept of Metallurgical Eng & Matls Science BLDG 410
Pittsburgh, PA 15253 Bolling AFB, DC 20332-6448

Ba. NAME OF FUNDING/SPONSORING l8b OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)

Same As 7a AFOSR-84-0303

8c. ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT

Same as 7b ELEMENT NO NO NO. ACCESSION NO

________________________________ 61102F 2306 Al
11. TITLE (Include Security Classification) -

FUNDAMENTAL STUDIES OF BETA PHASE DECOMPOSITION MODES ,1 J1-rq .o , lro,-)s
12. PERSONAL AUTHOR(S)

Professor Aaronson
13a. TYPE OF REPORT 13b. TIME COVERED 14 DATE .LREPORTiYear, Month, Day) 15 PAGE COUNT

Annual Report FROIOI/IO_/86 TO30/09/8'

16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18 SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB-GROUP

19ABSTRACT (Continue on reverse if necessary and identify by block number)
An investigation of the interphase boundary structure of grain boundary alpha
allotriomorphs in a Ti-7.15 W/O Cr alloy now in progess has established that complex,
multiple sets of ledges are present at the interphase boundaries of allotriomorphs between
not only the B grain with respect to which the allotriomorphs is Burgers oriented
but also with respect to the adjacent B grain, with which the allotriomorph
necessarily has a non-Burgers orientation relationship. Questions are arrising, however,
as to whether certain systems of ledges are (immobile) structural and growth ledges.
Resolution of the misfit dislocations which must be present on the terrances of both
types of ledges and distinguishing between misfit dislocations andledges with short
risers are important problems which have arisen in TEM studies of these interphase

boundaries.

20. DISTRIBUTION/AVAILABILITY OF ABSTRACT 21 ABSTRJl WSU UW-LASSIFICAMN
[-UNCLASSIFIED/UNLIMITED 0] SAME AS RPT C1 DTIC USERSI

22p. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Include Area Code) i 22c OFFICE SYMBOL

ROSENSTEIN I (202) 767-4933 NE

All other editions are obsolete. SS AG

L 70010RM471 

841IAR 3 AR edtionmaybe 
ued utilexhaste



1

TABLE OF CONTENTS

ABSTRACT

1. INTRODUCTION

2. CRYSTALLOGRAPHY, INTERFACIAL STRUCTURE AND GROWTH KINETICS OF

GRAIN BOUNDARY ALPHA ALLOTRIOMORPHS IN A Ti-7.15 W/O Cr ALLOY

2.1 Introduction
2.2 Experimental Procedures
2.3 Results
2.4 Discussion
2.5 Future Plans

3. MASSIVE TRANSFORMATION IN A Ag-26 A/O At ALLOY

3.1 Introduction; Research Plan
3.2 Alloy Preparation
3.3 Experimental Procadures

4. PUBLICATIONS, HONORS AND AWARDS

REFERENCES

FIGURE CAPTIONS

c'rc

copy
INspicrEfn

Accesstn For

N71 ', "I

r I: t

-tii



2

Fundamental Studies of Beta Phase Decomposition Modes in
Titanium Alloys

H. I. Aaronson, A. M. Dailey, T. Furuhara and Y. Mou

ABSTRACT

An investigation of the interphase boundary structure of grain boundary alpha 0

allotriomorphs in a Ti-7.15 WIO Cr alloy now in progress has established that

complex, multiple sets of ledges are present at the interphase boundaries of

allotriomorphs between not only the ,8 grain with respect to which the allotriomorph

is Burgers oriented but also with respect to the adjacent ,8 grain, with which the

allotriomorph necessarily has a non-Burgers orientation relationship. Questions are

arising, however, as to whether certain systems of ledges are (immobile) structural

ledges rather than (mobile) growth ledges. A tentative mechanism for the thickening

of alpha allotriomorphs has been devised based upon interaction between structural

and growth ledges. Resolution of the misfit dislocations which must be present on

the terraces of both types of ledges and distinguishing between misfit dislocations L

and ledges with short risers are important problems which have arisen in TEM studies
'

of these interphase boundaries. These problems are now being examined in detail.

A comprehensive plan has been developed for the investigation of the massive

transformation, (bcc)/ --) (hcp)'m in a Ag-26 A/O Al alloy. This transformation, which

is serving as a "stand in" for the crystallographically equivalent massive

transformation previously discovered in several Ti-X systems with the support of this

grant, is being utilized to make the first investigation of the interphase boundary

structure associated with a massive transformation in an,, alloy system. Unlike Ti-X

alloys. Ag-26 AiO Al permits retention of the matrix phase upon quenching to room

temperature. The growth kinetics of the transformation in this alloy will be

correlated with the interphase boundary structure in the context of the ledge

mechanism. During this report period, the alloy was prepared and fabricated (by

ALCOA) and the electropolishing procedure required for TEM studies was established.

m
~A....
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1. INTRODUCTION

This program is an interlocking series of fundamental studies on the

crystallography, morphology and kinetics of the proeutectoid alpha, the massive alpha

and the bainite reactions in Ti-X alloys. Because that portion of the beta matrix

which is not transformed to massive alpha is converted to martensite during

quenching to room temperature in the Ti-X systems in which the 84am reaction has

been observed (1), however, the crystallographically equivalent massive transformation

in a Ag-26 A/O Al alloy has been (2) and is currently being employed as a surrograte

model massive transformation.

At least for the purposes of this program, studies of plate-shaped proeutectoid

alpha crystals have been completed and the crystallography and interfacial structure

of grain boundary allotriomorphs of proeutectoid alpha are now being intensively

studied in a Ti-7.15 W/O Cr alloy as the Ph.D. thesis research of Mr. Tadashi

Furuhara. The results of this work will be utilized to examine further the growth

kinetics measurements of alpha allotriomorphs previously made during the Ph.D.

thesis research of E. S. K. Menon (3). A counterpart study--also on bcc:hcp

interfaces--is to be undertaken by Mr. Yiwen Mou on the Ag-26 A/O Al alloy as his

Ph.D. thesis research. A similar correlation between interfacial structure and growth

kinetics is to be made, in part by utilizing kinetic data previously reported on an

alloy of nearly the same composition by Perepezko and Massalski (4).

During this report year, Miss Amber Daley completed her M.S. research on the

iterfacial structure of grain boundary alpha allotriornorphs and departed for a

position with Energy Technology Consultants in Monroeville, PA. Mr. Furuhara has

pressed on with this research and their first paper, reporting initial results from this

program, is now being readied for submission to Scripta Metallurgica. Progress on
.%^

the massive transformation studies has been considerably slower because Mr. Mou

has been intensively engaged in completing most of his remaining coursework

requirements and in preparing for his Ph.D. Qualifying Examination. He will be
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taking this examination immediately after this report is submitted. Upon completion

of the examination, he will devote most of his efforts to his research program. He

will be making a substantial effort to complete his Ph.D. thesis by the time the

present grant expires. It is hoped that Mr. Furuhara's work on the interfacial

structure of grain boundary alpha allotriomorphs will be completed at the same time.

During the latter portion of Mr. Furuhara's research, this program will re-enter

bainite studies as he examines the precipitation of TiCr 2 crystals at the interphase

boundaries of proeutectoid alpha allotriomorphs in an effort to understand the

crystallography, and by implication the interfacial energetics of the catalysis of TiCr 2

nucleation by the alpha allotriomorphs. Meanwhile, this grant is helping to support

the P.l.'s accelerating paperwriting activities on the bainite reaction in steel. This
,#

ferrous-oriented effort is being actively aided by the results obtained on the bainite '

reaction in several Ti-X systems during the Ph.D. thesis research of Dr. Hwack Joo

Lee and by the generalized understanding of the bainite reaction achieved during his

studies. Four papers resulting from Dr. Lee's work will shortly appear in Acta

Metallurgica and a fifth will be published in the Journal of Materials Science: page

proofs for all five of these papers have been returned to the publishers. Our

position in a major international symposium on the bainite reaction, to be held during

the ASM International's World Metallurgical Congress in Chicago during the Fall of

1988, under the leadership of Prof. Morris Cohen of M.I.T.. will be considerably

strengthened a, a resulit of the contributions to understanding the ftindamf'n. a,

mechanisms of the bainite reaction made during Dr. Lee's thesis research.

2. CRYSTALLOGRAPHY. INTERFACIAL STRUCTURE AND GROWTH KINETICS OF

GRAIN BOUNDARY ALPHA ALLOTRIOMORPHS IN A Ti-7.15 W/O Cr ALLOY

2.1 Introduction

Studies of the nucleation kinetics of grain boundary allotriomorphs

of proeutectoid ferrite during the proeutectoid ferrite reaction in Fe-C (5) and in Fe-C-
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X (6) alloys and during the proeutectoid alpha reaction in Ti-X alloys (3) have

provided indirect but nonetheless rather convincing evidence that grain boundary

allotriomorphs ought to be as coherent as possible during their nucleation stage. On J.

the considerations of van der Merwe (7), during the early stages of growth most

coherent interfaces--unless the misfit across them is very small indeed and/or

mechanisms for acquisition of misfit dislocations are scarce or operating very

slowly--should become partially coherent (8). This view contravenes earlier wisdom

on grain boundary nucleated precipitates (9,10), according to which the

allotriomorph:matrix interface is likely to be partially coherent with respect to only

one of the matrix grains forming a grain face. A disordered structure is likely to

form the interface between the allotriomorph and the adjacent matrix grain, since the

orientation relationship between the allotriomorph and the latter grain was presumed .

to be irrational and thus incapable of supporting a partial coherent interfacial p

structure. However, measurements of the thickening kinetics of ferrite allotriomorphs

in Fe-C alloys, wherein the collector/rejector plate mechanism (11 is unlikely to

interfere, yielded rates somewhat less than those allowed by volume diffusion p
lp

control (12). suggesting that partial coherency might reign on both broad faces of

grain boundary allotriomorphs. Although experimental observations indicate that

ferrite allotriomorphs have a rational orientation relationship with respect to only one

austenite grain (13), facets are readily observed on both the interface of the

allotriomorph with this austenite grain as well as the interface with the austenite

grain to which the allotriomorphs are irrationally oriented. A sinilar obser ,atiorl V was

later made on grain boundary allotriomorphs of fm formed during the F/-. mas.,e

transformation in a Ag-26 A/O Al alloy (2). Hence the available indirect evidel'ce of)

both nucleation and growth suggests that allotriomorphs are probably partially

coherent with respect to both matrix grains forming grain faces. At the present

time, however, no direct evidence is available in the literature on interfacial structure

of grain boundary allotriomorphs. The present investigation was undertaken to fill

this important gap in our knowledge and will serve as the Ph.D. thesis of Mr. Tadashi

Furuhar a.

_ :. -, %... %, - % % "
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Although it might have been preferable to have conducted this investigation on

the proeutectoid ferrite reaction, since this is by far the most widely known and

studied one in solid metallic alloys, conversion of effectively all of the austenite

untransformed during isothermal reaction to martensite during quenching to room

temperature make observation of the interphase boundary structure of ferrite

allotriomorphs in hypoeutectoid steels impossible with room temperature techniques.

(Use of hot-stage TEM could circumvent this problem, but the loss of resolution P

attending observations made at elevated temperatures would have even more serious

consequences for ferrite allotriomorphs than for alpha allotriomorphs because of the

larger misfits between the bcc and fcc than between the bcc and hcp lattices. It will

shortly be seen that even with alpha allotriomorphs resolution of all of the interfacial

structure present is posing serious problems.) On the other hand, in numerous

hypoeutectoid Ti-X alloy systems it is possible to retain all of the beta matrix upon

quenching to room temperature, even in thin foils, once a critical composition is

exceeded. We chose a hypoeutectoid Ti-7.15 W/O Cr alloy for the present study

because we have used the same alloy in several previous investigations and have

found it quite satisfactory for the purposes of the present study. Some very small

precipitates of the transitional omega phase do form during quenching to room

temperature, but they do not seriously interfere with TEM observations.

2.2. Experimental Procedures

This alloy was ohtained from Titanium Metals Corporation of

America, Henderson, NV. It was homogenized for 3 days at 1000 "C. Th;,

homogenized alloy was then hot rolled by TIMET and the product was (liven the

same homogenization treatment. It was immediately recognized that the coarse beta

grain size characteristic of this alloy (and most other Ti-X alloys capable of being

converted 100% to the beta phase) would make a TEM study of grain boundary alpha

allotriomorphs infeasible. Dr. Donald Kroger of the Oak Ridge National Laboratory

solved this problem for us by rapidly solidifying small portions of the homogenized

%-"%
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alloy by means of the hammer and anvil technique. This yielded a beta grain size a

few tens of microns in diameter and ensured that most thin areas, prepared for TEM,

would contain portions of at least a few beta grain boundaries. Specimens cut from

the rapidly quenched material were wrapped in Ta foil and encapsulated in Vycor

under a vacuum <10 . 5 torr. They were transformed by upquenching directly to the

intended isothermal reaction temperature. During this process, the omega phase

precipitates must have dissolved prior to allotriomorph nucleation and growth, since

it is a long familiar observation that in the presence of omega the alpha phase

nucleates preferentially at omega:beta interfaces, yielding an ultra-fine dispersion of

minute alpha crystals. To date, nearly all studies have been performed at a reaction

temperature of 700 0 C. TEM specimens were prepared by means of ion milling, since %

electropolishing has been convincingly shown to produce the "interface phase" (14),

which grows allotriomorphically along alpha:beta boundaries and hence would entirely

prevent this investigation from being conducted. The orientation relationships

between alpha allotriomorphs and their bounding beta grains were determined by

analyzing the Kikuchi pattern obtained from each phase. At least two different tilting

conditions were used for a given phase. The error associated with this procedure

was less than 10.

2.3. Results

Grain boundary allottiomorphs were found to have an orientation

relationship which is either exactly or very close to the Burgers orientation-

relatlionship with only one bounding heta mati 2r- -

10 01)0/1(0- 1)/i [112 0] .1/[111 The orientation relationships with respec c, th-"-"

adjacent beta grain was generally irrational.

Fig. la shows a typical grain boundary alpha allotriomorph (labelled a, in this

Figure). In Fig. lb, the major poles of both bounding beta grains are plotted on a

standard hcp stereographic projection, i.e., in terms of the lattice of the alpha

allotriomorph. a1 is related to the left-hand beta grain, ,', .  with the Burgers

., -. % S..S~ ~ ',~, * 5' *5I
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orientation relationship, as indicated in Fig. lb. However, the orientation relationship

with respect to the right hand beta grain, ,eNB' iS seen to be nearly 200 away in

terms of parallel directions and 30 away in terms of parallel planes from the Burgers

relationship (and hence is called "non-Burgers (NB) oriented"); this is thus a fairly

irrational orientation relationship.

The interphase boundary between a1 and its ,3 grain is shown in Figures 2a

and b. Fig. 2a illustrates a set of high ledges, irregular in both spacing and path.

Fig. 2b, taken of the same area but employing a different diffraction vector shows

that the terraces of the ledges in Fig. 2a contain another set of much smaller ledges.

These ledges are much more closely and uniformly spaced and lie in a well defined

direction. The arrows in Figs. 2a and b point out the same area within these Figures;

the same high ledge is visible in both, but the smaller ledges can be seen onlv in

Fig. 2b. While some of the higher ledges are roughly orthogonal to the smaller

ledges, other high ledges, Fig. 2b indicates, share the same habit plane as the smaller

ledges. Because of their small and regular spacing and approximately linear paths,

the possibility may be suggested that the smaller family of ledges may be of the

structural (5) rather than the growth type. exisiting to improve misfit compensation

across the interphase boundary but immobile with respect to growth. %

F ig. 3 shows the interfacial structure between the same gra, t) Ootndar V

allotriomorph and the beta grain wi t h respect to which it has a rnon-Burgers

orientation relationship. The same area is shown in dark-field (Fig. 3ai anr in bri fit- -1,

field (Fiq. 3t). Note that widely spaced ledges in Fig. 3a. whose height i,. e tmated

from ar equation due to Gleiter (16) as 4 nm., are succeeded by paraHte Il'dges which

are much more closely spaced as a change occurs in the orientation of the alpha:beta

boundary. Both Figs. 3a and b show that at least one other set of ledges, much

more widely and irregularly spaced, is also present. In the vicinity of the single

arrowhead in Fig. 3a, the closely spaced ledges are seen to be abruptly shifted when

crossed by the more widely spaced ones. The kinks thus formed support the view

, , .'
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that the irregularly spaced features are indeed ledges. The region on the left-hand

side of Fig. 3b provides clear indications, particularly from extinction contour

displacements, that the widely spaced "'vertical'" features are also ledges; hence their

parallel, much more closely spaced counterparts should also be ledges. L.

Fig. 4 shows another grain boundary allotriomorph, labelled a2 . Orientation

relationships with respect to the two bounding beta grains are indicated on the

stereographic triangle included in this Figure. The orientation relationship with

respect to the lower beta grain is seen to be exactly of the Burgers type whereas

th3t with respect to the upper beta grain in the micrograph is about 10' away from

the Burgers relat.onship in both planes and directions. However, closely spaced

ledges are visible around almost all of that portion of the perimeter of the

allotriomorph which is contact with the beta matrix. With suitable tilting, ledge

structures are disclosed at the remaining orientations of the interphase boundary.

Fig. 5 is a dark-field view at higher magnification of a portion of the a 2:,B interface

shown in Fig. 4. Two sets of ledges, labelled A and B, non-uniformly spaced and

irregularly aligned, are clearly shown in this micrograph. From application of the .',,

Gleiter equation, both sets of ledges were found to be approximately 7 nm. high. h,

Closer observation of this interfacial structure discloses a third set of defects, V

marked C. Where these defects intersect the ledges of sets A and E. kinks are

formed with the same spacing, c. 4 nm., as the inter-defect spacing of seL C. , ,

analysis was conducted upon the defects of set C, with results as siirnnz.

T ab le I. A ssum ing that the criterio n fo r invisibility is so lely .b = 0 add tha: : ",, . -

defects are perfect dislocations, these defects are seen to co1rr):.' ,d iC 5'"

a,2[ 7 71. Although this vector could lie either within or at an an'qle 1() the tm ,

unknown) terrace planes of ledge sets A and B, the aforementioned kinks suggest

that defects are in fact ledges with very low risers.

I
The interface between a2  and the beta grain with respect to which it is not

Burgers related, '8 NO' is shown in dark-field and at higher magnification in Fig. 6. .,

I

* - , * * .* * S * ~ ~ -~, 4S~, 'p~'..5 ~ ~., .r,.,
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Two arrays of defects, whose direction and average spacing are indicated by

appropriately oriented pairs of arrows, are displayed. Extinction contour .

displacements indicate that both sets are probably ledges. The spacing between

parallel ledges in both set is c. 5nm.

2.4. Discussion

The principal microstructural feature requiring discussion is the

one which did not appear, namely misfit dislocations. TEM investigations of

interphase boundary structure in many alloy systems have shown that misfit

dislocations are invariably present on the terraces of ledges (17,18). By their nature,

the terraces of ledges must be regions in which matching between the crystal lattices -

is exceptionally good. However, only rarely is the lattice matching across terraces

so exact that the terraces are fully coherent. Hence at least one and usually two

arrays of misfit dislocations should appear on the terraces. Presumably the primary

reason why misfit dislocations have not so far been observed with certainty in the

present study is that they are obscured by the contrast between (often) closely

spaced ledges. In order to detect (and quantitatively identify) the misfit dislocation

structure on the terraces of ledges. it will be necessary to use the weak-beam, dark-

field technique 119) and to employ diffraction vectors, probably in the alpha phase,

which vteld maximtm visibility of misfit dislocations whose Burgers vect -' n'

the plane of the terraces.

Another problem of a fundamental nature which this study brin s, i . t ,a f n.

structural ledte" . These were first predicted to develop at ( 1, I_ 1 ,101

interfaces because the periodic insertion of a one-, two- or three-plane hign ledge ,

will cause regions of optimum matching to repeat, laterally displaced, on the terrace

of the ledge thereby introduced (15,20). A consequence of the introduction of

structural ledges is that the density of misfit dislocations required is reduced. The_

trn-atomic version of the predicted structural ledges have been found and

unequivocally identified on the broad faces of ferrite plates in an Fe-C-Si alloy (21).

%.4.

-' . .. . - _ ... _ _ _ _ _ - .. .* , *



However, an equally careful study of facets on Cr-rich precipitates in a dilute Cu-Cr

alloy yielded two sets of misfit dislocations without any structural ledges at all but

perhaps one of the facets closely examined (22). A much less well documented

claim that structural ledges are absent has also been made at fcc:bcc boundaries in a

complex duplex stainless steel (23). Recently, Hackney and Shiflet (24) have reported

structural ledges on facets upon 9 precipitates in an AI-4% Cu alloy; identification as P

structural ledges was evidently based upon immobility at temperature when observed

with hot-stage TEM. During an on-going study, structural ledges have also been

suspected of being present at the broad faces of cementite plates in an Fe-C-Mn

alloy (25). The evidence for the latter deduction is essentially circumstantial:

closely and uniformly spaced and reasonably linear ledges. Because the precipitate

lattices involved in both the AI-Cu and the Fe-C-Mn alloys are exceedingly complex,

a crystallographic investigation of the structural ledge problem in them may not be

particularly rewarding. In the present situation, however, the lattices of both phases

are simple. Hence, we have begun to repeat the original studies of Hall et al (15) on

bcc:fcc interfaces upon bcc:hcp interfaces, initially assuming the Burgers orientation

relationship. Our initial objective will be to ascertain whether or not the areas of

optimum matching will repeat when one-, two- and three-atom plane high ledges are

introduced at the Burgers interface. We also plan to attempt some experiments

designed to ascertain whether or not the ledges in question are mobile. Because of

the extreme reactivity of Ti alloys, hot-stage TEM will not be employed. Instead,

thin fouils .vill be. car ufLi I y re-encapsUiated in internally gettered V,.'cor , al.- .. ,

then held for brief periods of time at the same reaction temperature as that mnittally

employed. Provided that areas previously photographed can again be located, even

small amounts of motion should be readily detectable. Particularly since numerous

ledges which are obviously of the growth type (characterized on the basis of their

resemblance to growth ledges in other alloy systems) are present, the motion of

such ledges will serve to calibrate the mobility or immobility of the sets of ledges

suspected of being of the structural type.

* A

11 . ,**~~~ ~ *\ta ~ ~ ~ t...,
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On the basis of observations so far made upon the ledge structure on the

broad faces of alpha allotriomorphs, the schematic drawing of such a structure,

shown as Fig. 7, was constructed. The bases for this model are: at least two sets ,

of growth ledges are present; and, since the risers of growth ledges are often

parallel to those of (suspected) structural ledges, these risers are immobile. Hence

migration of the risers of growth ledges must be accomplished by means of kinks

F.on the risers. Intersection of systems of ledges is one possible source of kinks;

others may also be operative. Note that this model implies that there will be

minimal interference between the diffusion fields of adjacent ledges in the same or

in different systems of ledges because atomic attachment sites are confined to

small-area kinks.

2.5. Future Plans

For sometime to come, TEM will be emphasized, with efforts

increasingly focused upon detecting and quantitatively characterizing misfit dislocation PL

arrays on the terraces of growth ledges. Efforts will also be made to describe more

quantitatively the growth ledges now being observed. Modeling studies are also

being initiated at this time, however, in order to examine the concept of structural

ledges in the context of bcc:hcp interfaces, initially assuming that the Burgers
,%

orirentation relationship is operative. :.

Once ve begin to observe repeatedlv the misfi!t dislocalti Str(IctWtr( ',, C

owght to be present on the terraces of ledges, we plan to perform O-lattice modelin.

-f tin, (tlIr)catior Structure of bcc:hcp interphase boundaries. We plan to conduct.

SUCh studies at a wide range of boundary orientations, assu ling the Burgers lattice

orientation relationships, and to attempt correlations between the misfit dislocation

structures observed and those predicted. In order to make these comparisons, >1
'%,W

however, it will be necessary not only to detect and characterize the misfit

dislocation sturctures but also to ascertain the conjugate habit planes of the terraces

at which they appear.

I

~: q 4



13

In later studies, the 0-lattice modeling will be conducted on the basis of

experimentally observed non-Burgers orientation relationships. Non-Burgers interfaces I

which we are able to characterize accurately will then be analyzed on this basis. -

At the present time, there is very little predictive capability available, for any

pair of crystal structures, on the formation frequency of growth ledges (though not

of structural ledges). However, since the present investigation will permit
k"

examination of an unusually large number of boundary orientations, we shall "keep an

eye open" for possibilities of correlating inter-ledge spacing with boundary
'p

orientation.

3. MASSIVE TRANSFORMATION IN A A9-26 A/O Al ALLOY

3.1 Introduction; Research Plan

This investigation will comprise the Ph.D. thesis of Mr. Yiwen

Mou, who is a faculty member on leave from Chongqing University in the PRC. This

rtudy will presumably be the first in which our view (26) that the interphase

boundaries of crystals produced during a massive transformation are frequently

partially coherent, rather than disordered as originally predicted by Massalsk, (27).

The alloy composition we are utilizing for this investigation, Ag-26 A/0 Al, has been

previously studied by Plichta and Aaronson (2). who succeeded only in ascertaining J

orientation relationships of 1m crystals with respect to their matrix 1Y Grains . usIg

the selected area electron channeling technique. Among the 47 ,,, crystals examnined

in thi. maniner tall of which nucleated at /J grain faces or ed(ies, 46 were f'o r-.i

have Zi B0urgers orientation relationships with respect to at least one of the ;i gram,

with which they were in contact. Irrational orientation relationships were again found

in many instances with respect to the other /i grain(s), but the observation that

facets appeared even on the non-Burgers interfaces strongly suggested to us that

these interfaces were also likely to be partially coherent. Our attempts to observe

interphase boundary structure were frustrated, however, by an unfavorable texture of

V-. -- .- - .. 7 .K Of- -e • -. . -
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the foils prepared (which caused too many interphase boundaries examined to lie

nearly parallel to the electron beam, where their structure could not be observed)

and, above all, by the precipitation, at room temperature, of the q phase, evidently

by means of another massive transformation. We plan to circumvent this problem in

the present investigation by the use of a cold stage attachment available for our

Philips 420 TEM.

.=~

Since it is our belief that the massive transformation is as governed by the

considerations of Gibbs and successors, particularly with regard to the role of

crystallography in nucleation kinetics, as is precipitation from solid solution, we are

anticipating that the interphase boundary structures observed on em crystals will be

closely similar to those which Mr. Furuhara has been finding on the broad faces of

grain boundary alpha allotriomorphs in Ti-7.15% Cr. Inasmuch as essentially all of

the 4m crystals of interest during this investigation will be grain boundary nucleated,

the research plan developed for the Ti-Cr alloy will also be utilized for the ,84,)m

transformation in Ag-26 A/O Al.

3.2 Alloy Preparation

An ingot of Ag-24.4 AfO Al was prepared for us by the ALCOA

Research Laboratories in ALCOA Center, PA. However, this alloy proved to he too

brittle to roll, quite possibly because of rapid precipitation of the p phase. The

ingot was then remelted as a Ag-26 A'O Al alloy, comparable to the o p&r [evinosl,,

emploved. Little difficulty was now encountered in rolling out sheets )f allov 0.3

mim. tnick. VVe would have preferred the 24.4 A!'O Al compositiorn because this one

lies exactly at the congruent composition in this system and thus there could be no

complaint about possible transformation with the fcc + hcp region; howe,'qr, this

proved impracticable--and we do not think that such complaints will be serious.

% %
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3.3 Experimental Procedures

All necessary heat treatment procedures for this study have been

previously reported (2). It remained to develop a suitable procedure for the

preparation of thin foil specimens for TEM. An ethanol solution containing from 5

to 15% perchloric acid was found to be satisfactory. In order to avoid the

martensitic transformation--which occurs at temperature below that of the ? phase

transformation--temperatures in the vicinity of 0 0 C were employed. Good results

were obtained at a voltage of 15 - 25 V and a current of 8 - 20 mA.

Mr. Mou is now studying for his Ph.D. Qualifying Examination. When this

obstacle has been surmounted, he will be ready to begin immediately the heat

treatment of his specimens and their TEM examination to ascertain the interphase

boundary structures operative.

PUBLICATIONS, HONORS AND AWARDS

During this report year, the following papers, based upon research supported

entirely or in part by our AFOSR grant, have been published or accepted for

publication (and are thus "in press").

1. E.S.K. Menon and H.I. Aaronson, "Morphology, Crystallography and Kinetics
of Sympathetic Nucleation", Acta Met.. 35, 549 (1987).

2. E.S.K. Menon and H.1. Aaronson, "Nucleation, Growth and Overall
Transformation Kinet ics of Grain Boundar/ AIIotriomort h. o r -'0 ~ f

Alpha in Ti-3.2 at% Co and Ti-6.6 at% Cr Alloys", Met. Trans.. 1-7A4. 1703
(1986).

3. E.S.K. Mrnnon and H.I. Aaronson, "'Black Plaie' Formation in Ti-X AH>o s
Acta Met., 34, 1963 1986).

4. E.S.K. Menon and H.I. Aaronson, "Interfacial Structure of Widmanstatten
Plates in a Ti-Cr Alloy", Acta Met., 34, 1975 (1986).

5. H.I. Aaronson, J.M. Rigsbee and R.K. Trivedi, "Comments on an Overview

of the Bainite Reaction", Scripta Met., 20, 1299 (1986).

6. H.I. Aaronson, "Bainite Reaction", Encyclopedia of Materials Science and
Engineering, Pergamon Press, p. 263 (1986).
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7. H. Tsubakino and H. I. Aaronson, "Ferrite and Carbide Morphologies in and

Below the 'Bay Region' of an Fe-0.19% C-2.30% Mo Alloy", Met. Trans.,
18A, 2047 (1987).

8. E. S. K. Menon, M. R. Plichta and H. I. Aaronson, "Some Aspects of the
Massive Transformation", Acta Met., 36, 321 (1988).

9. H. I. Aaronson and W. T. Reynolds, Jr., "Reply to a Discussion by
J. W. Christian and D. V. Edmonds of Papers by Aaronson and Co-Workers
on the Proeutectoid Ferrite and Bainite Reactions", Scripta Met., in press.

10. H. I. Aaronson and W. T. Reynolds, Jr., "Discussion to 'Diffusional
Formation of Ferrite in Iron and its Alloys', Progress in Materials Science,
29, 321-286 (1985), by H. K. D. H. Bhadeshia", Scripta Met., 21, 1599 (1987).

11. H. J. Lee and H. I. Aaronson, "Eutectoid Decomposition Mechanisms in
Hypoeutectoid Ti-X Alloys", Jnl. Materials Science, in press.

12. H. I. Aaronson and H. J. Lee, "Another Visit to the Three Definitions of
Bainite", Scripta Met., 21, 1011 (1987).

13. H. I. Aaronson, D. Eylon and F. H. Froes, "Observations of Superledges
Formed on Sideplates during Precipitation of : from /Y Ti-6°- AI-4&- V-,

Scripta Met., 21, 1241 (1987).

14. H. I. Aaronson and T. Furuhara, "Fundamentals of First Order Diffusional
Phase Transformations: a Physical Metallurgical Viewpoint", 'Proceedings
of a Symposium on Phase Transformations', Analytical Electron
Microscopy Workshop, San Francisco Press, San Francisco, CA, in press.

15. H. I. Aaronson and R. V. Ramanujan, "Some Problems for Physicists in
First Order Diffusional Phase Transformations in Crystalline Solids", P
Proceedings of a Workshop on Competing Interactions and MicrostrUcture.:
Statics and Dynamics", in press.

,..

16. M. Enonioto, H. I. Aaronson and W. T. Reynolds, Jr., "Influence of Afl,) ,i

Element DistribuLton Within and Very Near a:, Boundaries upon Frr,, 
Bainite Growth Kinetics in Fe-C-X Alloys", 'Proceedings of a S, m;',,.','
on Phase Transformations', Analytical Electron Microscopv Workshop, San
Franci5sco Press, San Francisco, CA, in press.

17. H. 1. Aaronson and W. T. Reynolds, Jr., "The Bairnit, React on '),!-
Trans:fw iations '87 Inst. of Metals, London, c) jru's, "

18. W. T. Reynolds. Jr., H. I. Aaronson, F. Z. Li, G, J. Shiflt amn; C ,;
"Formation of Granular Bainite in Fe-C-Mo Alloys , 'Phase Transformatiors
"87', Inst. of Metals, London, in press.

_,I

19. H. I. Aaronson and W. T. Reynolds, Jr., "Rejoinder to Comments by %
Christian and Edmonds", Scripta Met., in press.

20. H. I. Aaronson and W. T. Reynolds, Jr. "Further Discussion to 'Diffusional
Formation of Ferrite in Iron and its Alloys' by H. K. D. H. Bhadeshia".
Scripta Met., 21, 1611 (1987).
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21. J. M. Howe, T. Abinandanan, C. S. Chiang, T. Furuhara, N. Prabhu and
H. I. Aaronson, "On the Fate of Misfit Dislocations Overrun by Growth
Ledges", Scripta Met., 21, 1639 (1987).

22. H. J. Lee and H. I. Aaronson, "Surface Relief Effects Associated with
Proeutectoid Alpha Plates in Ti-7.15 W/O Cr Alloy". Acta Met., in press.

23. H. J. Lee, G. Spanos, G. J. Shiflet and H. I. Aaronson, "Mechanisms of the
Bainite (Non-Lamellar Eutectoid) Reaction and a Fundamental Distinction
between the Bainite and Pearlite (Lamellar Eutectoid) Reactions", Acta Met.,
in press.

24. H. J. Lee and H. I. Aaronson, "Morphology, Crystallography, Growth
Kinetics and Mechanism of Bainite Nodules in a Hypereutectoid Ti-25 W/O
Cr Alloy", Acta Met., in press.

25. H. J. Lee and H. I. Aaronson, "Re-examination of a Critical Experiment on
Conditions for Formation of Bainite and Pearlite", Acta Met., in press.

At the Fall 1987 ASM Awards Banquet, held during ASM's Fall Meeting in

Cincinnat . OH. the P.?. was presented with the Albert Sauveur Achievement Avward.

Research on the bainite reaction was emphasized in the citation for this award.

The P.1. presented an invited paper on the fundamentals of diffusional

nucleation and growth at a Workshop on "Competing Interactions and Microstructures:

Statics and Dynamics", held at the Los Alamos National Laboratory in May, 1987, a

keynote paper on "The Bainite Reaction" at the International Phase Transformations

Conference held at Cambridge University in July, 1987, the opening paper at a Phase

Transformation,. Conference held in conjunction with an Analytical Electron

Microscopy Meeting which took place immediately afterwards in Kona, Hawai (this

paper attempted to cover the entire field of diffusional phase transformations, within

the compass of a 30 min. presentationl, an invited )ap cr on the t V, ti' £t()it irit{'

reaction in Fe-C and Fe-C-X alloys at a symposium in honor of Prof. J. S. rkaldv at

McMaster University and an after-dinner address at the Cahn Materials Science

Symposium held at the National Bureau of Standards, Gaithersbur 9 , MD in January,
Z:

1988, in honor of Dr. Cahn's 60th birthday. AFOSR support was acknowledged in all

of these presentations and papers. In addition, the P.I. was the technical speaker at

meetings of the Detroit Chapter of TMS and the Pittsburgh Chapter of TMS; both
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talks dealt with the proeutectoid alpha and the eutectoid reactions (mainly bainite) in

Ti-X alloys.
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Table 1: Results of q-b Experiments on Defect Set C

in a2 :,8 B Interface (Fig. 5)

Observed 5- for .

p

bcContrast T e

oT i strong 2

701 weak 2

110 none 0
a,

-a.

T 12 strong -4

%.

p.

'.
a-

'.'

.5

a-

?-

. . . .. . . ..



FIGURE CAPTIONS p

Fig. 1. An allotriomorph (a) formed at a ft grain face in Ti-7.15 w/o Cr.

reacted for 20 min. at 700 0 C.

a) Bright-field TEM micrograph.

b) (0001) hcp stereographic projection of the allotriomorph a 1

showing orientations of the adjacent f8 grains relative to (0001),.

,8,--Burgers related ,8 grain. sNB -- non-Burgers related ft grain.

Fig. ?. TEM micrographs showing the interfacial structure of the

allotriomorph a1 with the ft6  grain.

a) dark-field 9" i101]

b) weak-beam, dark-field g C 0002] a

Fig. 3. TEM micrographs showing the interfacial structure of the

allotriomorph a, with the ,NB grain.

a) weak-beam dark-field "9 = [ ioT

b) bright-field in the two beam condition: g = [ 0 0 0 2 1 ,a

Fig. 4. An example of allotriomorphs (a 2 ) formed at another f8 grain

boundary in Ti-7.15 w/o Cr reacted for 20 min at 700 0 C. %
p.

a) Bright-field TEM micrograph.

b) (0001) hcp stereographic projection of the allotriomorph a 2

showing orientations of adjacent f8 grains relative to (0001). '

,E -- Burgers-related f8 grain .

bNB -- non-Burgers-related /Y grain

Fig. 5- Dark-field micrograph showing the interfacial structure of

allotriomorph a2 with the 1Y., grain (" [0T ]fl). and a schematic

drawing indicating orientations of the defects at the interface.

Fig. 6. Bright-field micrograph showing the interfacial structure of the

allotriomorph a 2 with the ,NB grain, in the two-beam condition: 9f

[10T 11

Fig. 7. Schematic diagram illustrating a growth ledge/structural ledge

configuration for two sets of non-parallel growth ledges.
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