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THESIS -

EHASE TRANSFORMATIONS IN TITANTUM-RICH ALLOYS
WITH IRON AND NICKEL

Phase transformations héve been studied in titanium-
rich binary alloys with iron and nickel. Particular
attention has been given to the formation and decompos=
ition of metastable phases in powder specimens. All
alloys were prepared by a levitation melting technique
and precautions were taken throughout the experimental
work to minimize contamination.

In the Ti=-Fe system martensitic &' is produced when
powder specimens containing up to 12% iron are quenched
from 1000°C. The hardness of hypoeutectold spec¢imens
increases with iron content to a maximum at 12% Fe.

The eutectoid temperature for the system has been re-
assessed at 625 t 10°C. .During tempering the decompos-
ition rates of retained § phase are slow but the appear-
ance of FeTi is accompanied by an increase in slope of
the @ /log time curve. The hardness of tempered alloys



increases as the FeTi content ihcreases. Contrary to
the results of other investigators -TisFe has been found
to exist in sensibly oxygen-free alloys. This phase
forms at 1000°C in-erushed .powder specimens but decomp-
gses below the eutectoid temperature.

In the Ti=Ni system fhe.donstitution'pf'quenched alloys -
is fourmd to depend on bothﬁhcmpcsitinn'and ccoling rate
firom the P range. An ‘inverse stabilization' of the §
phase has been observed and the 100% @ phase exhibits two
types of sub-structures which have.been attributed to
polygonization and stacking faulis. The hardness of
qguenched alloys is higher for higher nickel contents and
for faster cooling rates. Orientation relatlonships
were observed between B and a® and a shear mechanism
suggested by Burgers for-Zr is proposed. for this system.

Decomposition studies have shown'thatwafbreaks down by
a growthdoontrolled process similar to that deseribed by
Johnson -and-Mehl. “Ah activation energy of 84000 cal/mole
has been determined &nd a model has been propcsed which
invalves pilaner interfaces of TigNi advancing into ¢
regions to produce & W1dmanstatten=type microstructure.
The self-diffusion of titanium is believed %o be the
grOWth controlling factor. Hardness values decrease with
longer tempering times and higher tempering temperature.

Retained B deeomposes on tempering by a two stage
process?

B—a"—a  + TioNi

X-ray ditfraction data indicate that a® has the same
dryctdl structure & a ‘. The. & " reaction appears to
Be a-diffusion process although reaction curves are similar
to those-observed for isothermal martensite formation. in
steels, During the first stage of the reaction ( g—a* )
the hardnesses-and x-ray diffraction line breadths.initi-
ially show 2 sharp increase, probably due to coherence
between Band o ,- The reaction a® —a + TigNi proceeds
in a similar way to the decomposition of & 3. but with a
shorter induction period for TioNi i’ormatwon° " Further,
the ae¢tivation energy for the a' —a + Ti-Ni growth
proeess (71000 célfmole) is lower than that for a'
decomposition. These -observations suggest that Ni-rich
regions exist in the &’ phase and accelerate the
nucleation and growth processes. - :
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THESIS

PHASE TRANSFORMATIONS IN TITANIUM-RICH ALLOYS
WITH IRON AND NICKEL by D.H.Polonis

vits

' ABSTRACT

Phase transformations.have been. studied in titgnium-rich
binary alloys with.irénﬁaﬂdhnickel. Particular attention h;s-been-given
to the formation'and'deeomposifionaof.metastable phases in-powder specim-
ens. All alloys were -prepared-by-a.levitatlon melting technique and
precautions were taken-throughout the..experimental work-to minimize
contamination.

. In the Ti=Fe s&stem.martensitic o' 1sﬂprod;éed when
powder speéimens containing up-+to.12% iron are quenched-from 1000°C.. The
hardness of Hypoeutectoid 'specimens inereases with iron.conteqt to a max-
imum at 12% Fe. The eutectoid temperature. for the. system has. been re-
aséessed.at 625 + 10°C. During.tempering the .decomposition rates of
retained'/6 phase -are-slow-but the-appearance-0f FeTi is-accompanied“
by an increase"in'slope'of“the../é?/log time curve. - The hardness of
tempered alloys “increases.as the FeTi.eontent :increases. Gontrary to
- the results. of bthef“investigators.TigFeuhas beenﬁfound-tO’ékist in
sensibly oxygen-free alloys. -This.phase forms.at.l1000°C in erushed
powder specimens but decomposes-bediow .the.euteetoid temperature.

In the Ti-N1i system the.constitution of quenched alloys 1s
found “to depend-oﬁ‘both*bbmpositionmandmaooling“nate”from the /é? range.
Aﬁ ‘1nverse stabilizationl”ofifhe /6L¢phasewhasabeenmébsergea and the
100$-/A?'phase exhibits two-types -of. sub=structures which have been
attributed to polygonization and stacking faults. The hardness of
queﬁched alloys is higher -for higher.nickel .contents..and for. faster

cooling fates. Orientatioq relationships were observed between /Ag and



ABSTRACT

Phase transﬁOrmétionsxhaveabeen.studied-in'titqnium-rich
binary alloys with irdn.and.nickel. Particular attgnticn has been given
to the formation and decomposition..of. metastable phases Iin-powder specim=
ens. All alloys were -prepared -by-a.levitation melting technique and
precautions were taken -throughout the.experimental work-to minimize
contafiination.

. In -the Ti=Fe system.martensitic o' is~prodﬁced when
poWder.speéimens containing up-to-.12% iron are quenched-from 1000°C.. The
hardness of hypoeutectold ‘specimens inereases with ironsconteqt to a max-
imum at 12% Fe. The -eutectoid temperature. for fhe system hés. been re-
aééesSed at 625'1 10°C. During tempering the -decomposition rates of
retained'/5 phase “areslow-but the-appearance-of FeTi 1s accompanied
by -an increase'in'slope'of“theu./é?/log time curve. - ‘The hardness of
tempered allbyS”tncreases-as the FeTi.aontent .increases. CGontrary to
the results of other~-investigators TizFe has beennfound-ﬁO'ékist in
sensibly oxygeh-free_alloys. -This.phase forms:..at.1000°C in'ﬁrushed
powder specimens but decomposes-bedow.the . eutectoid temperature. -

. In the Ti-Ni system the.constitution of quenched alloys is
found to depend: on both composition.and.cogling rate..from the /é? range.
An ‘'inverse stabilization® of the /géﬁphasewhas¢begnvébseryed and the
100$’/A? phasé exhibits two-types-of.sub=structures which have been
attributéd to polygonization and stacking faults. The hardness of
queﬁched alloys is higher -for higher.nickel .contents.and for faster

cooling rates. Orientation relationships were observed between /5 and
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cﬁ"and-a shear-mechanism'suggested:by Burgers' for Zr ‘is-proposed for
this system.
Decomposition studies have shown that )’ breaks down by a
growth-éontrolled'process similar to that described by Johnson-an@'Mehl.
¢
An activationfeneréydof 8L000 cal/hole has been determined and a-model has
been"proposed“whiéh"1nv61ves planar Interfaces of TioNi1 advanéing into
oK regions'tO“produce-a-Widmanstgttenﬂtype'microstructure.- The self=-
diffusion-of titanium 1s believed to be the growth controlling factor.
Hardness values :decrease with longer tempering times and higher tempering
" temperature.
. Retained'/ﬁf decomposes.on tempering by a two stage process:
B o+ o’ o ot + TiNE
X~=ray diffraction data indicate that " has the same
crystal structure as o' . The /5 - o’ peaction appearé'ﬁb be a
diffusion process -although reaction curves are similar to those;obsérved
for isothermal martensite formation in steels.. During the first stage of
the reaction ( /A? - o’ ) the hardnesses and X=ray.diffraction line
breadths initially-show~a sharp increase, probably due to coherence between
/3 and of" . The reaction o’ = of + T1Ni proceeds in a simi]{ar way
to the decomposit}onsof ot 3 but with a shorter induction peridd!for
TioNi formation.. Further, the activation-energy for the -Gf.fﬁ+ o(-+ TioN1
-gfowth brocess (71000 cal/hole) is lower than that for a(' décoﬁposition.
- These observatilons ‘suggest that Nl=-rich regions exiSt in.the. c(' phase

. and acce%eraté the'nucléation and ‘growth- processes.
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FOREWORD

Many recent studies have been carried out on the constitution
of binary alloys -of titanium with the transition metals.. Phase -diagrams
for these systems are still subject to revislon since slow diffusion rates
are involved in most cases-and it is therefore uncertain whether eﬁuilibriuﬁ
has been-achieved.. Some isothermal decomposition curves have*beenideveloped
for selected commercial titanium alloys of doubtful purity and complex
composition. However;“mostwprevious workers -on titanium sysfems have
devoted little attention. to metastable phases and the mechanism of their
decomposition during tempering.

Non-equilibrium conditions and rate.processes warrant careful |
quantitative study -in titanium alloys since equilibrium conditions are
rarely achieved“in”praciice é?d’ in most cases, are probably not desired.
In previous work*the"in#erpre£ation=of results has been based almost
entirely on optical metéllogféphy with very little X-ray evidence to
support the comeclusions which have been made.. In the presenf work
extensive X-ray diffraction-studies have been made and new techniques
" have been'used for detailed.analysis of transformations in Ti-Fe and
Ti-Ni alloys.. The ‘océurrence of martensitic of' and retained /9'.have
been studied with particulaf empﬁasis on the effects of cooling rate
and composition. . Furthgr, the--decomposition kinetics of these phases
have been studied‘quantitatively:and analysed in terms of current -

" nmucleation and growth theories.

D. H. P.



FHASE TRANSFORMATIONS IN TITANIUM-RICH

BINARY ALLOYS WITH IRON AND NICKEL

- INTRODUCTION

Pure titanium undergoes an allotropic transformation at 882° (1).
- The stable structure above this temperature is body centred cubic ﬁ -and at
lower temperatures hexagonal close-packed <X .. The temperature range over
which each of these strucfures_is stable can be altered by alloy additlons ard
depends on both types and quantity of solute present (2,3). .In addit;en, the
. rate of temperature change produces some interesting variations in. transform-
atibn products. .Three 1hportant types of phase diggrams are encountered in
the study of titanium alloys; these are thé eutectoild, peritectold and beta
isomorphous types.. The eutectoid-type systems offer the most. interesting
properties from the viewpoint of heat treatment and fundamental phase traﬁs-
formation studies; Ti-Fe and Ti-Ni alloys fall into this classification.

.- The transformation of /3 - oK can proceed either by diffusion
or diffusionless means. . If a specimen is cooled quickly enough from the' |
ﬁS range the o(‘pmase may férm from AB by a shear process without observ-
able diffusion; it is therefore considered to be a martensitic transformation.
On the other hand, slower cooling may enable nucleation and growth reactions
to occur in the manner characteristic of diffusion processes.. In the presence
of alloying elements the /6/ It +16 phase boundary may be raised or lowered
- from 880° depending on the added elements; howevér in eutectoid systems the type
sblute always lowers the boundary.. For example, oxygen raises this boundary

whereas iron and nickel lower it.. The presence of these elements has a marked
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effect on the Ms temperature and the critical cooling rate necessary to
effect a marpensite reaction.. In some alloys of titanium the transformed /3
products maé be formed by both shear and diffusion if cooling is not.sqffie-
iently rapid.. T?;s phenomenon is commonly ob;erved in eutectoid systems when
proeutectoid phases tend to form by diffusion on cooling hypo- or hyper-
eutectoid alloys. In some systems (e.g. Ti-fe and Ti-Mn) the fﬁ phase
will tend to be retained on quenching to roam.temperature if sufficient alloy-
ing element is present and if the cooling rate is fast enough. Further, pro=~
'eutectoid products may exist with retained /? if cooiing is not rapid ‘enough.
It is important to note thdt retained /5 s martensitically trans-
formed xg , and proeutectoid constituents}are all non-equilibrium phases at
room temperature. The phase diagram is virtually valueless %n considering
these structures, because it represents oniy the conditions which exist at
equilibrium. Equilibrium can be.achievéd'oply by infinitely slow cooling to
the prescribed temperature or hy prélonged holding at temperatﬁre. "Even
when diffusion reactions appeér to be complete there'may be some concentrat-
ion gradients and structural imperfections stilléexiéting. It is therefore
very:important to use phase diagram.information ﬁith a great deal of caution '
and %o realize thaf 1t cannot tell how quickly or by wha; means equilibriﬁm
" 1is abﬁroached.-
Previous work (2,5) has shown %hat phase transformations 1in the
vgriOUS eutectoid~type titanium systems bear many similaritieé to one another.
© Some significant observainns are SummarizLd as %ollpws:
; ‘(l) With increasing amounts of alloying elément thgre is an-iécreasing
tegdency for /3 to ée retained at least pa;ﬁially on r#pid cooling from thg
/8 range. At low soldte contents the /6 may transform compietely to «’

(hexagonal-close-packed) by shear.
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(2) Definite orientation relationships have been obéerved between o<’
and retained /3"in"several systems.

(3) - The eutectoid reaction in most systems 1s very sluggish, presum=
ably due to the slow diffusion rates and large composition changes involved.
"~ In some cases, notably the Ti<Mn system (2), the intermetallic phase nearest
the Ti end of the diagram does not form even after prolonged heat treatment
.at teﬁperatures only slightly below the eutgctoid.

'(h): At cooling rates slower than critical diffusion processes may occur
which will result in formation of proeutectoid constituents.

(5). The eutectoid composition and temperature vary considerably, depend=
ing on the alloy system; for example, in Ti-Fe alloys the. eutectold Is at
625°C and 16% Fe, whereas in Ti-Ni alloys it is at 770°C and 5% Ni (2).

(6) “Both the ' and retained Iﬂg phases are metastable and decompose
on tempering to approach the constitution indicated by the: phase diagram
for the particular tempering temperature. The mechanisms of these. processes
have not been previously studied in titanium alloys. Most of the previous
work in_kinetics-has involved quenching specimens. from the'/g range to a
lower. temperature, holding at this temperature for various times, and exam-
ining the resulting structures at room temperature. In the previous work
phase ratios were estimated from metéllographic observations and, in some

~ cases, qualitative X-ray checks were also made.



PART I

TITANTUM-TRON SYSTEM



GENERAL

The titanium-iron system was selected for an initial study in
oréer to test newly developed experimental techniques (Appendices I-IV)Eandv
to examine the suitability of the system for a detalled kinetic analysié.
Early phase diaéram work on this system was:done by Wallbaum‘and assoclates
(ﬁ,5,6) who used relatively impure titanium and encountered considerable con-
tamination. Subsequent work on the heat treatment and constitution of
titanium=-rich alloys was done by Worner (7,8) who uéed Kroll sponge as the
base for his alloys. Van Thyne, Kessler and Hansén (9) studied the phase
diagram by using iodide titanium for alloys up to 30% Fe and Kroll sponge for
_ higher iron alloys; part of their diagram is shown in Figure 1, Other work
on this system has ipcluded Ms temperature determinations on Krpll spoﬁge-
base alloys by Duwez (10) and an investigation of the controversial phase
'TigFé by Rostoker (11).

In the present investigation the constitution of quenched powders
and lumps and the decompoéition'rates of quenched powders (=200 meshﬁ)'were
studied, - Further, some parts of the phase diagram were re-investigated by
using high temperature X-ray diffraction methods (Appendix IV). Most of this
work was pefforméd'on powder specimens obtained by filing alloy ingots since
they are more amenable to X-ray studles and, in addition, diffusioﬁ reactions
are often more rapid in powdered specimens than in lumps. It 1s,reaiihed,
however, that the practice-of relafipg phasq constitutions in powdgrs to the

properties of lump 'specimens 1s questionable.. Powder specimens and 1qmps which

% particles smaller than T4 microns were obtained by using 200 mesh Tyler screens
which have openings of T4 microns. - Tyler standard screens were used through-

out this work for particle sizing.
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have similar -phase constitutions can have quite different appearances under

the microscope (12).

. EXPERIMENTAL

A series of alloys ranging in-composition from 0.2 to h9;6$ﬁ
Fe were prepared by levitation melting of 1odlde titanium and Johnson Matthey
electrolytically prepared vacuum-melted iron. The experimental teéﬁni&ues
including levitation melting,; heat treatment, phase ratio estimation etq. are
discussed in detail. in the Appendices.. Most heat treatments were performed
on =200 mesh powders. X-ray studies of similarly heat treated powders. revealed

no difference in constitution for various particle sizes.

CONSTITUTION, MICROS?RUCTURE AND HARDNESS OF QUENCHED HYPO<EUTECTOID ALLOYS

. .Powder'specimens (-200) of a seriles of hypoeutectoid.alloyé;were
" heated to 1000°C and quenched by a blast of cold argon (Appendix IIY to yield
marténsitic <! and/br retained /5 .. The powders tended to sinter lightly
.at 1000°C and in order to obtain a much faster eoolihg rate the ‘specimens were
agitated during heat -treatment to prevent sintering. There was no difference
in structure between sintered and unsintered quenched specimens and hence
most powders were -quenched :in the sintered form since this technique was

much simpler.. In order to compare the éonstitution of quepched‘pow&éis with
thatléf lump specimens a'series of small alloy lumps was .also .quenched from
.1000‘C-by a blast. of cold gas. |

Pigure 2 shows the representative microstructure of x' ina

0.2% Fe alloy powder'quenéhed from 1000°C. The structure shows a

Widmanstdtten'pattern of strain lines characteristic of martensite observed

o

& Atomic percentages are used throughout unless otherwise stated.



Figure 2. - Photomicrograph showing 100% o(’
(martensite) in a 0.2% Fe alloy powder (=200 mesh)
which was quenched from 1000°C - Mag. 800X.

Figure 3. - Photomicrograph showing representative
martensitic structure of a lump specimen of 0.2%
Fe alloy which was quenched from 1000°C. - A very
slight trace of /9 is also present. - Mag. 800X.

Etchant: Both of the above were etched in 1% HF,
1% HoO02 in Hz0.
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'in_othef titanium systems {13,14).. Figure 3 shows the structure of o<’ in
a-quenched lump speéimen'of 0.2% Fe.content. It 1s evident thaf tﬁe'structures
are quite simllar except that the martensite needles are slightly coarser in
the lump specimen than .in the small particle.

_Quenched powder specimens showed 100% o’ at iron contents less
than -1%; higher alloyé“showed a progressively ‘increasing tendency'fd retaln the
/5 phase, which agrees with general observations in- other eutectold systems
(1). Figure L4 shows the variation of <’ ph;se with iron content for alloy
powders and lumps quenched from 1000°C. - The phase ratios in lump specimens
. had to be visually estimated from X-ray diffraction films and, lence, are only
approximations. . Fairiy reliabLe-valqes were obtained“forlthé constitution
of quenched powders from spectrometer intensity-measurements. Worner, "in
his work on heat treatment of Ti-Fe alloys (8), reported that quenchéd spec-
imens containing more than 4% iron ‘appear to consist.of retainedlég';'.although
they 'may not be strictly unaltered solid solutions' . In addition, he obtain-
ed a maximum hardness at a composition of about h% iron.. The small lump
. specimens (1/8 x 1/8"x-l/éb) which were quenched from 1000°C in the: present
work yielded similar results (see Figure 4) except that a higher maximgm
hardness was obtained‘thén that reported by Worner. Further, o¢’ was
detected .in qdenched alloy powder specimens containing up to 12% iron and
hardness values increased very gradually to a much lower value than:the mﬁx-
imum observed for lump specimens.

. The difference in-hardness between similarly treated powdefs
and lumps aﬁpears to be a characteristic of specimen size. . The effects of
specimen size on phase traﬁsformations are controversial and -it was. felt

that investigations on other systems than titanium alloys would be more
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fruitful; therefore the subject was not pursued in the present work.

CONSTTTUTION OF HYPER-EUFECTOID ALLOYS

several hypereuteétpid alloys were heat treated at 1000°C and
examined by X-ray diffraction~and.microscopic techniques. - Both 20% and
25% alloys showed B + TioFe with larger-smount of TiFe at the higher iron
content. A 50% Fe alloylshowed'FeTi + TizFe. No quantitative estimate could
be made of -the amount of FeTig-because its cémplex structure is not accurately
" known. Due to the controversy over the existence of TizFe in the absence of
interstitials a detaiied iﬁvestigation of this phase was carried out and is
reported later in this.thesis.

Information about the phase FeTi was reported by Worner (7) and
some points are given here merely to supplement his information.. The lattice
parameter was found to be '2.978 K + .001 as compared to Worner's value of
2.97 R.. The density, as determined from the above lattice parameter for a
body-centred cubile structure and Avogadro number . of 6.023 x 1023 , should
be 6.52 gmé/cma-.  The density, as measured by a water displacement method,
is 6.50 gms + .03.l No ordering was observed in FeTi produced. in slowly

cooled powders.

EUTECTOID TEMPERATURE

It is valuable to know the eutectoild temperature with reasonable
‘accuracy since it 1is the maximum temperature at which"quenched structures can
be safely tempered. A 12% as-cast iron alloy containing /3 + o’ was studiled
by high-temperature X-ray methods.. This alloy was selected because 1t was |
near the eutectoid éoﬁpoéifion’and would,therefore, yield sufficient Fer+

for easy détéctiBn by X-ray diffraction,. Réflections-of'FeTi were flrst
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detected at about 500°C on heatihg and subsequent observations were madé by
measuring the intensity of the 110 reflection. The observed amount of FeTi
ihcreased ﬁith a corresponding decrease of intensity of &Xi0; and 110 At
625°C an equilibrium condition was reached whereby the phase quantity did not -
change over a-three hour period. At higher temperature-the FeT1 line began to
disappear.

The transformations of the same alloy were studied on cooling
from-1000°C where the structure is initially 100%/63 « The 6 range over
which the FeTij;ip would be expected was repeatedly scanned. A broad, low
intensity reflection was observed after 20 minutes at 600°C which resolved‘
into a fairly sharp peak after two hours at temperature. It is evident that
600° must bé below the.eutectoid temperature. The slowness of the reaction

is a further indication of the low diffusion rates in the Ti-Fe system.

BECOMPOSITION OF o<’ AND /5
Since diffusion reactions in the Ti-Fe system were found to be
extremely slow, detailed studies of the decomposition of a(' and/é; were
not attempted. Subsequent work on Ti-Ni alloys revealed this system to be
much more satisfactory for kinetic studies. Consequently detailed dlscussion
of the kinetic approéch in studying tempering reactlons is reserved until
later in the report of Ti-Ni work. Some useful information.was obtained for
partial decomposition.of Quencheq Ti~Fe powders and this is presented here.
The quenched powder specimens were tempered at 570°C for various
periods of time in order to study the rate of decompositién of retained /3 .
The $1/6 , % PeTi énd combined % ( o« + ! ) as determined from X-ray
line intensities are shown in Figure 5 for a series of tempered,al‘.lo:)"sg The

reactions involved in tempering are as follows:
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o’ - K+ FeTi
,'g - X + FeTi

The % AL/ at any time could not be estimated since the positions
of lines X 101 and 0<1101 are almost coincident. During the tempering
process the o<llol decreases. in intensity but the 0.<101 increases due
to the decomposition of both oK’ and /5 .

It can be seen from Figure 5 that the slope of the/A? breakdown
curves increases with increasing iron content, which can probably be attrib-
uted to the higher percentage of /6 present in the quenched form. "Alloys
containing below 6% Fe display discontinuities in their /5 decomposition
curves when FeTi is first detected. This is probably due to the incubation
period required for the formation of FeTi nucleii during which the growth
reaction is nét detectable. Subsequently, the growth of these FeTi'nucleii-
proceeds with the accompanying formation of o 5 both of these reaétions
proceed at the expense of the /6 phase which decomposes. Accordin‘glyf the
percent /5 decreases more rapidly with the increase of % o{ and % FeTi.

The ratio .of'Fe'I.‘i: X after 1000 hours tempering is much higher
than would be expected from the 'f)hase diagram. This seems not unreasongble
since the presence of /6 and o(’ means that the system is out of equilibrium
and, hence , further. tempering would favour the formation of OX from these
: n_'le'i:astable forms to produce equilibrium phase ratios.

. Hardness measurements Imade on alloys tempered for 1000 hours
are plotted in Figure 6. Note that the hardness increases quite regularly
with iron content and also increases consistently with % FeTi which is . also

shown on the graph.
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THE PHASE TioFe IN Ti~-Fe ALLOYS

Introduction

Previous work has created some controversy over the existence
of the phase TigFe in- binary Ti-Fe alloys. In:early work, Wallbaum and
co=workers (h,5,6)'repoqted a -phase TisFe which was face-centred-cubic with
96 atoms per unit cell. In later work Duwez and Taylor (15) supported Wall-
baum's results and found the lattice parameter to be 11.305‘635.. Worner (7)
in his investigations failed to produce the -phase TisFe.. It is significant
that gll of these investigations utilized reletively impure titanium. In the
more recent work on thé Ti-Fe system by Van Thyne.et.al (9) both high purity
'iodide titanium and Kroll sponge were used. TioFe was not produced and |
hence, Worner's contention that the phase does not exist was supported.
Rostoker (11) has-reported that the phase TipFe occurs only in the presence of
oxygen and  proposes a composition ranée TigFe20 to TisFeso.

In a preliminary study of hypereutectoid Ti-Fe alloys the present
author observed the phase TioFe by means of X-ray diffraction methods on'heat
treated spécimens. High temperature diffraction studies indicated that the
phase occurs betwgen the eutectbid and eutectic temperatures.. ﬁxamination
of an as=cast 25%.Fe alloy failed to reveal TigFe but the phase did appear in
crushed powders of the same alloy éfterlheat treatment in purifiled argon,
purified helium or in vacuo at 1000°C. Identical heat treatments performed
on pure titanium indiéated insignificant amounts of oxygen contamination.
Rostoker'determined tﬁe 1000°C isothermal section of the Ti-Fe-0 system and
maintains that at least 2% O is ﬁecessary for the co-existence of TigFe with
!9 and. FeTi. This contention led to a detailed study of the characteriétics

of the phase.
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Expenimental

An alloy corresponding to the composition TigFe was prepéred by
levitation melting from pure fodide titanium stock and pure iron.. Powdér
specimens were'preparéd ﬁy crushing and the =200 mesh fractions were used in
subsequent heat treatments. Hegt treated powder specimens were remelted by
supporting the sintered specimen in an induction field on a molybdenum wire.

. The maximum amouﬁt of contamination -due to heat treatment was
established as 0.07% (atomic) oxygen by hardness measurements made on ident-
ically treated Ti-Fe filings. Scratch hardness tests, which were performed
on numerous Specimens, failed to reveal any variatlon of hardness from edge
to centre of particles. Any oxygen-rich surface layers would be -detectable

by this test.

- Discussion. of Results
X-ray diffraction examination of the as-cast alloy (crushed to
-powder) revealed.FéTi aﬁd /5 phases.. In spite of the brittle pature of the
alloy,;diffractionlpeaks.were very broad, implying considerabléfihterﬁal straln
in the powder. M;croscopic examination of the powder showed massive primary
deﬂdritic FeTi and a eutectic of FeTi and 'x? (see Figure 7).. Refe;enée to
Worner's phsase diagram fér the system indiéates that this structure would be
expected in the 33.3 atomich Fe alloy.
. After heat treatment at 1000°C for three hours crushed pbwdefs
.of.thé as=-cast alloy shoﬁeﬁ new X-fay-diffraction lines of TizFe. The phase
ﬁad formed at the expenselof some /é? and FeTi. The quantity=of the hew
phase could not be measured from line intensities.because of its complex
erystal structure..'Microscopic examination revealed a coarse structﬁre

(Figure 8) in which only two phases were discernible. However, much of the
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eutéectic seemed to havendisapﬁeared due £o coagulation and the grain boundaries
of FeTi etched heavily.

It therefore appeared that although TipFe was not produced in
an as-cast structure, it could.be formed by heat treating a crushed powder,
To check this surmise, the heat treated powder specimen (containing TisFe) was
remelted, crusheé and examined. X-ray spectrometef plots showed that the phase
TisFe had almost completely disappeared. As the experimental technlques
merely allowed the material to be brought Jjust to the fusion point.and then
cooled, it is not surprising that a trace of TipFe remained, for thé centre of
the sample may nof have melted. A photogréph of a particle of the remelted
and crushed material 1is shown in Figure 9. -

While heat treated crushed powders (-200 mesh) produced thé phase
TigFe, small lumps broken from the as-cast ingot did not show TipFe diffract-
ion lines after 24 hours annealing at 1000°C. The microstructure,(Figure
10) shows that the eutectic has diéappeared, presumably due to the diffuéion
of FeTi to the dendrites.

It is zbelieved that the difference in behaviour of 1umps énd
pswders can be attributed to~6ne of two reasons:

- (a) The powder is susceﬁtible to oxidatioﬁ and the phasé Ti4Feo0 could
be formed, as suggested by Rostoker (11).. A lump sample héving a smaller
surface-to-voiume ratio may be less likely to react with oxygen so readily.

. (b) The powder 1s stréined and hence is in a more suéceptible condlt-
ion for reaction between FeTi and /5 ». If the driving force 6f'the reaction
FeTi + /6?'-+-T12Fe_is insufficient to surmount the activation'barrier it may

be necessary to induce the reaction by strain. Such a mechanism is belileved

‘ to exist for ekample in the system Fe-N1 where metastable o can only be



Figure 7. = Microstructure of
crushed powder of 33.3% Fe
alloy, as=cast = Mag. 800X

Figure 8. - Microstructure of
crushed 33.3% Fe alloy after
heat treatment for 3 hours at
1000°C - Mag. 800X

Figure 9. = Mierostructure
of 33.3% Fe alloy which was
heat treated at 1000°C,
remelted, and crushed.

- Mag. 800X - Mag. 800X.

Figure 10. - Microstructure
of crushed powder taken from
lump specimen which was heat-
ed 24 hrs. at 1000°C.

Etchant: Etched in 1% HF, 1% Hz0> in H0.
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transformed to the stable ©{ phase by cold work in addition to appropriate
heat treatment. |

The first possibility of oxidation is ruled out on the following
grounds :

(1) Checks made on titanium powder (see section headed 'Contamination’)
showed insignificant oxygen pick-up. Further hardness tests showed that a.
small lump of titanium acquired as much oxygen as the 200 mesh powder.

(2) 1If the heat treated powder samples contained TigFeo0, the oxﬁgen
would remain in the specimen on remelting. This remelted material was heat
treated in lump form at. 1000°C for one day = a treatment which is known to
-produce TigFeo0 if sufficient -oxygen is present. Therefore, if the TigFe
in the orilginal heat treated powder is, in fact, the.oxygen-containing phase
then no less of this phase should appear in the remelted lump, heat treated
at 1000°C.. However, only a small trace of the phase was produced under
these circumstances and this can be attributed to incomplete fusion during
the remelting operation. The cycle of operations including melting,
crushing, heat treating to produce TizFe, remelting, and re-annealing in
lump form was made on several samples with similar results. o

. The second possibility, described in (b) above, was c¢onfirmed
by stresserelieving the as-cast crushed powder Jjust below the eutectoid temp-v
erature for 65 hours.. Even after this period, the structure remained in .
some state of strain, as indicated by broad diffraction peaks. However,
on subsequent heat treatment at 1000°C for three hours the relieved powder
showed considerablf less TigFe than the unrelieved powder which had been .
held at 1000°C for three hours. An approximate estimation indicated that
the amount of TisFe produced in the stress-relieved powder was about one

half that in the unrelieved specimen.



-2] -

Margolin's. Work

Recent work by Margolin (16) on lump specimens has confirmed
the existence of TiéFe-in the ébsence of significant interstitial contaminat-
ipn.. His results offer sufficient agreement with the present work to refute
the conclusions -of previous investigators that TigzFe exists only in the pres-

ence of greater than 2% oxygen at 1000°C.
Ti-Fe SYSTEM, SUMMARY AND CONCLUSIONS

(1) Martensitic o(’ié produced in Ti-Fe alloys containing up to-
12% iron which have been argon-quenched from 1000°C.

(2) Retained /B decomposes very slowly at- 50°C below the eutectpid
but the rate increases with higher iron contents. The slope of -the /6 versus
log time curve increases as the presence of FeTl1 1s detected.

'(3)' The tempering curves at STO'C indicate a very slow rate of format~
ion for FeTi. Hence complete decomposition of /g would involve extremely
long heating times even at the eutectoid température.- for this reason it
was decided not to make a more detailed kinetic analysis on the Ti-Fe alloys.
It has been suggested by Jaffe (17) that the early appearance of FeTi reported
by the present work (18) may explain the brittleness encountered in-commercial
Ti-Fe alloys subJjected to moderately high operating'temperatureé.

‘(h) The hardness of tempered alloys increases with FeTi content.

(5) High temperature X-ray diffraction studies have established
the eutectold temperature at 625° + 10°C.
(6) The density and parameter of FeTi have been.determined to be’

6.50 gms/cm3 + 0.03 and 2.978 K + 0.001. No ordering has been found.
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(7) TigFe is produced in.sensibly -oxygen-free specimens which are coldf
worked and heat.treated.in.themrange between eutegtoidﬁand eutectic temperat-
ures. . Unstrained material .does. not .appear.to-produce TisFe.and this 'is in
accordance with some results -of previous investigators. However, TioFe cannot
be nucleated from the melt.and hence it .appears difficult.to .amend the phase
diagram. It appears that TizFe cannot -be distinguished microscopically from
FeTi and /9 when customary etching reagents are used.

(8) The effect of specimen size on the-martensite.reaction has been
studied.  The hardness of as-quenched alloys appears dependent on particle
size since Worner's results for lump specimens were confirmed. The hardness
maximum of powders and %umps appears at a composition where the formation of
0" has all but ceased. Appearance of the martensitic structure is essential-
ly similar in both powders- and lumps. It is significant that the martensite
structure in Ti-Fe alloys is not a hard phase like the mar£en§1te observed
in steels. The hardness of Ti-Fe quenched structures is-greater when there
is a great deal of internal strain which will be the case when the X’
reaction is on the verge of occurring.. It therefore appears that these

strains are relieved at least partially by the shear transformation.
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TITANIUM-NICKEL SYSTEM
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- GENERAL

In view-of the slow decomposition rates observed -in Ti-Fe alloys
and the similar behaviour-reported for the Ti-Mn system (19) it was dec¢ided
to work on a system with a higher -eutectoid temperéture-and lower euteétqid
composition. . Work by other investigators (1) suégested that metastable ﬁhases
-in such systems experience fairly rapid decomposition in tempering.or
interrupted quenching. The Ti-Ni system was selected for this study since
it has a eutectoid temperature of TT0°C, a eutecfoid composition of 5% Ni,
and, in addition, the phase diagram is known with reasonable certaihﬁ? (1).

Previous inveéfigatiqns.of Ti-Ni alloys were devoted primarily -
to phase diagram studies; reiativeiy 1ittle attention was given to metastable
phases and tempering processes. Early work by Wallbaum (h,5,6) 6n alloys
prepared by powder metallurgical techniques and later efforts by Long et al
(20) who used Krdll sponge titanium resulted in tentative phase diagrams.
Howevef these did not represent true binary conditions since theilr allbys
were contamiqated by oxygen and nitrogen. The most recent diagram,(F%gure
ll) is due to Margolin et al (21) and a slight modification of the X +/5 //3
transus (Shown dotted.in Fig. 11) has been proposed by MeQuillan (22),

| .Mérgolin et al (21) reported the formation of a martensite
phase'(close-packed hexagonal od’ ) in rapidly cooled lump specimens 6f
t?tanium=nicke1 alloys of low nickel content. With increasing nickel content
-an increasing teﬁdency to retain the /9 phase (body-centred cubic) was
observed and at 7% nickel 100% /9 was retained.. McQuillan ¢22) has studied
the effecf of delay time before quenching on the microstrucfure“of a hypo-eutectoid
alloy. This delay time results in slow cooling from the /3 to C‘-ﬁﬁg

zone before rapid quenching to room temperature.. He has included a series
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of micrographs in his paper which show the formation of increasing quantities
of precipitated alpha due to progressively greater delay times before quenching.
MecQuillan also pointed out that the 0‘+/9 //6 transus reported by Margolin
et al is higher than it should be due to the inherent delay involved in the
quenching method qsed in their phase diagram investigation.

. In the present work on Ti=Ni alloys similar techniques to those
used in the Ti-Fe work have been used to study the formation and decomposition

of metastable phases.

. . EXPERIMENTAL

. Alloys ranging from.25% Ni to 18% N1 were prepared by levitation
melting from ifodide titanium and Johnson Matthey spectrographic grade nickel.
Most of the subsequent work was performed on powder specimens-ranging from
*65ﬁ to =200 mesh by using techniques described in the Appendices.. X-ray
diffraction and microscopic studies of screened specimens which received a
commoﬁ heét treatment revealed no difference in constitution for particle
sizes ranging from =48 to =200 mesh.

Specimens of =200 mesh compacted quite readily during heat treat-

ment at 1000°C unless they were continuéusly rotated to inhibit sintering
- (see Appendix.II). Filihgs of +65 mesh did not sinter readily and, conseq-
uently, were quenched more rapidly since individua} particles were contacted
'by the quehchinghgas.. During the coﬁrse of heat treatments on each ailoy
above 2% niékel.it was observed that the constitution of powdens'ngnéhed
in helium differed from that of powders quenched in. argon. This difference
was found to be caused by the .different quenching rates. . Specimens of fEOO

mesh.and +65 mesh were quenched in the sintered and unsintered'ponditipn'by“*“

& +65 mesh powder corresponds to oversize material from 65 mesh screers
(openings of 208 microns).
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both argon and helium. This work revealed that the difference in constitution
is definitely due to .cooling rate and not due to particle size effects. The
different quenching. rates and measurement of relative rates are discussed in

Appendix II.

CONSTITUTION, MICROSTRUCTURE, AND HARDNESS OF QUENCHED ALLOYS

A series of alloy powder specimens in the composition range up
to the solid solubility limit of Ni in: /6 titanium (approximately 11%) 'wer'e
quenched from the /9 range and examined by X-ray diffraction and metallograph-
ic methods. Alloys were heated to 1000°C prior to quenching with the except-
~  1ion of some of the hypereutectoid compositions which required slightly lower
soaking temperatures to avoid incipient melting. No differences were observ=-
ed in the quenched produc¢ts for a given a}loy when the soaking time was
increased from one minuté or when the holding temperature was varied within
the /3 range.

Samples contaiqing less than é% nickel showed a completely hexag-
onal -close=packed tragsformed-/g structure after either argon or helium
quenching.. This structure is believed to be martensitic and is
designated qX' , as in other titanium systems.. Compositions greater than
2% Ni showed différences in constitution with varying quenching rate. Afgon
quenched sintered specimens (i.e. the slowest quenching rate used) produced
100% <’ 1in alloys up to 6% nickel. However, the more rapid helium quench
of sintered and unsintered powders retained increasing amounts of'/g 4n alloys
containing more than 2% nickel.(Fig. 12). 100% /6 could be retained by
helium=-quenching an unsintered specimen con£aining-6$ nickel.

Figure 15 shows a typical Widmanstﬁtten_pattern of stréin.lines
in a structure consisting entirely of o’ . The microstructure

becomes progressiveiy finer with increasing nickel content = an observation
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that has been made in the Ti-Cu system (23).

Investigation of alloys in the vicinity of 11% nickel (the limit
of solubility of nickel in /5 titanium) showed that>T12Ni precipitated in
powders regardless-of the quenching speed from 950°C. . Presumably the
diffusién rates are quite rapid at the temperature of the /6?/kA?' + TisN1
boundary.. High temperature X-ray goniometry studles (Appendix IV) confirmed
. the existence of 100% /4 at 950°C in an 11% nickel alloy. The following
-reactions were observed during heating and holding at 950°C.

A +TioNi - B + TNt ~ B

- 100% /Ag' was produced within a few seconds at 950°C and after
approximately one minute at temperature the base of the /é? peék broadened and
the intensity gradually decreased, suggesting that incipient melting occurred.

. Water quenching a lump of the 11% alloy retained a completely
/é? structure; this suggests that the precipitation of TioNi is more rapid
in powders than iﬁ lumps sinée the gas quenching of powders is considerably
faster than water quenching of lumps.

: Stabilizafion of the ‘/g phase was not observed in either hypo-
eutectoid or hyper-eutectoid alloys when cooling rates slower than the argon -
quench were employed. The retained /é? phase in a 6% Ni alloy remained
untransformed on subsequent cooling to liquid oxygen temperature; hor
could a martensitic transformation be induced by cold working powders at
room temperature prior to sub-zero quenching.

Hardness measurements were made on powder specimens'quenched in
argon aﬁd in helium. ' A Befgsman microhardness tester with io ‘gm. loads
was used. The variation of microhardness with composition for =200 mesh glloy

powders quenched by helium and.argon in the sintered condition 1s shown in
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Figure 13. - Photomicrograph showing 100%
<! structure in a 1% Ni alloy powder which
was quenched from 1000°C - Mag. 800X.

Etchant: Etched in 5% HF in Ho0 - HNOs rinse.
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Figure 12.. The % retained /é? in the ‘helium Quenched specimens is also
shown on'the graph and it is apparent that this more rapid quench retains/A?
more readily and~produces higher hardness values than the argon gquenched
powders.. In alloy ‘powders containing 6% Ni and above, it was -possible to
completely suppress the transformation of /C? by.quenching in the unsintered
form. The results indicate that the presence of a mixed structure é<'t%g
leads to higher hardness values.at a given composition. For example, in the
6% alloy a helium quenched sintered specimen contains 80% a<; and QOﬁ/é?A 5
it has a hardness.of 475 V.P.N. fhe unsintered specimen,; with a correspondingly
faster quenching rate, shows 100% retained/é? and has a hardness of only

390 V.P.N. An argon quenched sintered specimen (slowest quench) of the same

alloy contains 100% o’ and has a hardness of 430 V.P.N.

CONSTTTUTION OF RETAINED B mse

Sub=boundaries

A photomicrograph of retained /é? in a quenched 6$_Ni alloy is
reproduced in Figure 14, In this structure a pronounced network of sub-
boundaries which occurred in many'grains is visible. Figure 15, which was
taken at high maénification (1500 X) shows adjacent /g .grains in another
6% quenched ﬁowder;éné grain contains marked intra-crystalline boundaries
and the other is éompletely free from any sub-structure. The sub=-crystals
appear to have fairly regular shapes - which suggests a regular orilentation
relationship among them. Tempering the retained /A? structure elimiﬁétes
the sub~structure at an early stage of /4 decomposition.

| Ogden ét al (19) have previously observed sub-boundaries in the
/3 phésé of a Ti-Mn-N alloy; but this structure was attributed to nitrogen-

rich K precipitation.. The nitrogen content of the T1-Ni alloys does not
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= Mag. 800X

Figure 14. - Photomicrograph of 100% fg in
a quenched 6% Ni alloy powder - Note the sub-

structure within the /6 grains.

A ina

s one grain exhibits sub-

boundaries but the other is apparently free

Figure 15. = Photomicrograph showing two
from any sub=-structure - Mag. /800X

ad jacent grains of 100% retained

quenched 6% Ni alloy

- Etched in 5% HF in Ho0 - HNOs rinse

Etchant:
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exceed .02% -and, in addition, the quenching rate was sufficiently rapild

to suppress precipitation reactions. Further, X-ray diffraction results
have confirmed the absence of any second phase which might account for this
phenomenon.. Therefore it seems unlikely that this phenomenon is explicable
in terms of nitrogen content.

. At the present time it is possible only to conjecture an
explanation for this sub-boundary phenomenon since very little work ‘has been
reported on sub-st;uctures resulting from phase changes.. It is believed that
the'preéent phenomenon is due to polygonization resulting from unrelieved
stresses set up during the C‘-e/ég transformation on heating. Since some_
. TipNi is also present, the reaction on heating is:

K+ N1 o B

In hypereutectpid Ti-Ni alloys the 94-1/3 reaction possibly
proceeds before TioNi starts to decompose. If the 4743 reaction is .
fairly rapid strains may be induced in the /9 grains which could lead to
polygonization during socaking. A similar type.of process 1s'be11eved to
causé the 'alpha veining' observed in ferrite (2%). Subsequently when
TioNi decomposes, ﬁickel atoms .diffuse into the /é; phase and the ﬁacancy
flow involved could assist ih the movement of dislocations'necessaf& to form
low ahgle boundaries. - The mechanism of polygonization is believed tp
involve climbing of édge dislocations out of their slip planes in order to
change their grouping (25) - a process which involves vacancy diffusion and

which can only occur at high temperatures where self diffusion 'is rapid.

Faulting
A second type of sub=-structure has been observed in retained /A?

during the course of this work.. This structure has a twin-like appearance
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Figure 16. - Photomicrograph of retained
showing the twin=-like sub=-structure observed

in some grains and attributed to clusters of
stacking faults - Mag. 800X

Etchant: - Etched in 5% HF in HoO - HNOs rinse
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Lo
(Figure 16) and does not occur in all specihens.. It usually appeafs Iin grains
which d§ not show the previous type of sub=boundaries. A similar fyﬁe of
structure, observed by Barrett (26) in Cu-S1 alloys, has been attributed to
clusters of faults separated by relatively perfec£ crystal layers. Such a
structure indicates the presence of ‘internal strains caused by quenching
stresses. : (

The appearahce‘of faults in a body-centred cubic structure is
fathef unusual but not impbssible, Stacking faults in tﬁis system are
believed té occur along {11?} planes (27) and could conceivably cluster to
give the t&in-liké,micposeopic appearance. . Faults -are generally expected
when a transformation is on fhe verge of ocecurring or has just'started. It
is pointed out in the next section-of this thesis that the Burgers shear
mechanism for the.transformation oé a hexagonal close packed structure to body-
centred cubic (28) satisfies fhe observed orientation relationships.. This
process involves shear on the {112} planes of the body-centred cubic.

In the retaineci IB structures examined. in this investigation the martgnsite
reaction which pfodﬁces ' ‘oceurs &ery readily with slower quenching

rates, due to the *inverse® nature of /9 stabiliéation in Ti-Ni alloys.
Consequently, faulting on {112} planes might be possible in specimens

in which the martensite transformation.has not been detected by X;ray methods

but which may, nevertheless, have been initiated.

ORIENTATION RELATIONSHIPS

Introduction
The cryétallographic relationship between. martensitic e’ and

retained ’K? has been studted in alloys of titanium with Mn, Mo, Cr and Fe
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(29, 30, 31).. In these studies the habit planes- of the martensitic phase
were determined as well as the planes parallel to each other in thg two

phases. The following"habif planes were found:

_TABLE I
sysTEm WBITPLANE - BEFERENCE
i - Mo -{351;}‘5 {3uu}p Liu (29)
.71 - Cr {334y * Liu. (29)
TL-Fe {53h}p | - Liu (29)°
TLeMn S {33h}ﬂ {th}ﬂ Liu and Margolin (28)

- Liu has also found that orientation relations listed. in ?bble

JII exist for the {Biﬁig and -{EHELB habit planes.
.TABIE. II - 'ORIENTATION.REIATIONSHIPSV

HABTT::PLANE - . ORTENTATTON .

{m}P (10) B 1 (ooory '
' [nﬂp . [11'2'0]0(: 0-1/2° .
{M}P - SPEC. A (‘ﬁo-)'p s+ - (0001)et' approx.. 1h®
| [110]@ ;  [1070)c* approx. 1°
‘SPEC. B (110)g [l (o001’ .

.:[111]’5 : (11§o)o<’app;roi. .1"..

Liu has found that, in an alloy exhibiting two martensite habit
planes, 1t is the temperature of martensite formation and not the nature.of :
any externally applied stresses or quenching stresses (i.e. compression or

-tension).whiph determine the particular habit plane.
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Orientations in Ti=Ni Alloys

In the present research program orientation relationships in a
Ti-Ni alloy have been determined from spotty X-ray films (32). This method
enables the use of polycrystalline specimens.so long as their grain size is
large enough to avold continuous diffraction lines on the films.. In this
. method use is made of the fact that parallel diffraction spots from the two
. phases indicate parallel .planes in fhese phases. Parallel spots must
necessarily occur in adjacent lines on account of the similar . values
-neéessary for parallelism of planes. - Film exposures were made in a Unicam
single crystal camera with specimen oscillations of'5',‘10’ and 15°.

The following parallelisms were detected on diffraction films

of an 8% Ni alloy:

£ o

{on) {oooz2}

{ 200} f1012}

{119 {3130}

{211} | {1013}

In order to check the relationships and also to determing

.fairly complete oriéntation relationships the (0ll) stereographic prbject-_
ion of a body centred cube (Figure 17) was superimposed on a standard. (0001
projection.of a hexagonal structure with % of 1;58 (Figure 18).. The crystal-
lographic angléé for titanium and zirconium (hgxagonal close packed) have
been reported by McHargue (33). The projections revealed that the observed

parallelisms were possible.- The foilowing pole projections were coincident

and hence indicative of parallel planes in the two phases:
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/3g0
7270
270
1220

2310

"El 202! 1.2/”

7070

Sranoaro D, Provecrion For HexacoraL

TITANIUM g.. = /587

Figure 18, - Stereographic projection of a
hexagonal cell on (0001) for ¢/a = 1.587
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(211) (1010) )
(211) ' (T010)
(121) (1013) approx. 2°
(112) " (1013) approx. 2°
S (IT1) -(2130)
(111) (i210)
;o (2130)
(111) (1210)
(212) : (1102)
(001) - (0112) approx. 4°

Mechanism

A shear mechanism that produces the observed orientation relation-
ships between /3 and «' has been proposed by Burgers (28) for zirconium. In
this mechanism transformation is proposed to.occuf by heterogeﬁeous shear
on the {112}'3 planes in the [n'ﬂle direction. Burgers arrived at
this meéchanism since the atomic configuration in the (112) plane af-the body-~
centred cubic is exactly the same as that in the (1010) of a close-packed
hexagonal -of the same atomic radius. The pattern on both these planes is
a rectangle Q_E_%E!E;Q; The hexagonal structure<is formed by displacement
of (112) planes relative to each other. Since the spacings of the (112)
planes and the (1010) planes to which they transform are not equal an
exaét hexégonal'array cannot be formed by pure shear.- The observed;orientat-
ion relationsﬁips are approximately attained by the proposed Burgers mechanism.

Other transformation mechanisms involving multiple shear processes

have been considered for the /9 2 X'  reaction but these are not considered
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satisfactory or logical since a transition structure is involved. One
such mechanism suggested by Burgers (28) does not satisfy all the orientation
relations. It is therefore believed that the single shear on {112iﬁ? applies

in the /3 -’  transformation in Ti-Ni alloys.

"EFFECT'OF QUENCHING RATE

" The generally accepted theories of diffusionless transformations -
dé not satisfactorily explain the fact that a more rapid quenching rate tends
to retain the high temperature phase in some systems, while a slower quench
produces a martensitic structure. In Ti-Ni alloys this effect 1s most marked
in the 6% alloy, which may produce a structure consisting enfirely of
.retained./é? or of 0<l o The retention of a high temperature phase by
rapid quenchingl(while slower quenching produces martensite) has also been

i

observed in some iron alloys by Kurdjumov and Maksimova (5&)..'They showed
that shear processes could be suppressed and that martensité-ﬁended to form
isothermally .on holding below the Ms temperature. Xurdjumov and Maksimova's
results were subsequently confirmed by Cech and Hollomon (35). Of even
‘greater interest are some recent studies of Philibert and Cru?sard (?6) on
martensite'transformation in hypereutectoid steels. They hav; sﬁowh that less
.martensite forms with more rapid cooling rates and referred to the phenomenon
as 'inverse stabilization'. In their work they suggest that 'martensite
nucleétion is not athermal but due to thermal fluctuations so that all the
martensite can be considered as forming in .isothermal increments'. In view
of these very important results i1t is evident that the reaction path theory
(37) and theories due to Fisher, Hollomon, and Turnbull (38) cannot be applied
to all systems. 'The observation of ‘'inverse stabilization' is sufficient
in itself to indicate the need for a unified theory since it refutes the

' idea of athermal nucleation and, further, has modified our concepts of
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isothermal nucleation of martensite. Although Philibert-and Crﬁséa;d studied
steel specimens their observations are certainly of no less general applicabil-
ity than the existing theories.

The question may legitimately arise as to whether the a"yformed
by argon quénching is, in fact, m;rtensite. This pertinent query has been
raised by Margolin (39) and Jaffee (40). The following observations support
the proposal of a marténsitic ;eaction:'-

(a) The strained appearance.of the structure and its broad X-ray
reflections are consistent with a structure formed by a shear- process.

. (v) 1If the phase were o rather than ' a second phase TisN1
would conceiVaﬁly precipitate simultaneously. This might not be detectable
by X=ray or microscopic techniques, but on subsequent tempering there would
be no induction period prior to the growth .of TipNi platelets.. Reference
to Figure 20 shows that an.induction period is actually experienced.

(c¢). If a diffusion reaction occurred the hypereutectoid 6ﬁ Ni alloy
would probably precipitate TioNi rather than & . Né TioNi ‘was detected
in quenched specimens of this alloy.

(d) If on the other hand, proéutectoidlc* formed out of equilibrium,
then /9 'remaining-af éafly stages of the quench would be of higher than
average solute content and should be retained. Bk>/é? is retained in the

[
6% alloy unless- faster quenching speeds are used.

JISOTHERMAL, DECOMPOSITION STUDIES

. Introduction

It is necessary to know the mechanism and rate of decomposition
of metastable phases before -alloys can-be sensibly heat treated -or sub jected

to elevated temperatures in service. The tempering kinetics of some important
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ferrous alloys ‘have been studied in detail (41-45) by applying theories of
diffusion-and precipitation developed by Johnson and Mehl (h6) and Zener (47).
This work included decomposition studies of retained and martensitically
transformed austenite as well as graphitization in cast irons. Most of this
previous research has ‘been concerned with interstitial alloying'elements,(C,N)
in materials of complex commercial compositions. In the present work, since
it was possible to retain 100% /3 or produce 100% transformed /3 in the
same alloy by simply varying the cooling rate, it was decided -to compare the
decomposition mechanism of these phases without the usually inherent complic=-
ation of different cbmposition; Hence, in this work, the composition of o’
is believed to be identical to that of retained /6 but the atomic configur-
ations are quite different (elose-pécked hexagonal and body-centred cubic
respectively). )
‘ In studying decomposition processes it is necessarjfto~émpha51ze
that non-equilibrium conditions exist until the reaction is coﬁﬁletéd,n-Dev-
tation from equilibridm is essential to provide a driving force for the
reaqtion.and the ‘only place where equilibrium can be assumed-to'exis£ ié at

a reaction interface where for the Ti-Ni system, the following reiaﬁionship

,
holds for the nickel content in phases I and II:
= (f S = chemical potential of Ni
U 2 U 7 P - .
or ‘9 F ) = (aF - OF = partial molar free
o Cy1 I 0 Cyy IT aﬁm energy of Ni.

In the structure away from the reaction interface there:are

such ‘metastable conditions. as concentration gradients or structural imperfect-

ions which must be removed before equilibrium is achieved. In precipitation

\}

processes in alloys the diffusion reactions-.involve concentration gradients
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which are levelled by. transport of solute atoms to the matrix - precipitate
interface. This results in growth.-of the -precipitate by the -advance of the
interface. The diffusion equations for reactions of this type have been
studied theoreticslly by Wagner (h8),v However, quantitative solution of a
diffusion equation-is almost hopeless -in- practice due to the 1rr¢gu£arities
in concentration gradients-and complications introduced by structural imper-
fections. The directional solidification of a melt offers an interesting
analogy to the reaction between two solid phases. In this simpler dase
quantitative study is possible in some casesAbecause a single inferface can
be observed and moved under carefully controlled conditions. The solute
distribution about a solid-liquid interface during solidification has been
studied by Chalmers et al (49).

It is possible in many cases to describe the intermediate stages
of a solid phase reaction by a general rate equation from which an energy of
activation can be determined. Precipitation reactions proceed by nucleation
and growth mechanisms which are independent of each other and eithgy may
control thg overall rate of a reaction. .Consequently if an activation energy
calculated for a particular reaection is to be compared with values 6btaiped
for other éystems the processes must be similar,- In many nucleation and.-
growth reactiops either of the sfeps may make a negligible contribution to
the activation energy in comparison to the other. This is notablé in such
" reactions as some isdfﬁermal martensite proeesseé where nucleation ié the
dominating factor in the transformation. Alsb,.in some prgcipitatibn and
recrystallization processes.the extent of transformétion is défgfmihéd by the
growth rate of existing centres or nucleii which may be formed during the
incuba%idn period. Some reasonable assumptions and_simplificatioﬁé;ére

necessary. if useful information about the kinetic mechanisms is to be obtained.
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Decomposition of oK

As previously indicated, it was possible to produce 100%-tr§ns=
formed /3 (called o’ ) in Ti-Ni alloy powders (=200 mesh) containing up to
6% Ni by quenching them from 1000°C with a blast of purified argon. Specimens
of highgr'Ni contgnf showed some retalned /9 after quenching. Metallographic

.examination of completely transformed /A? specimens revealed pronounced
strain patterns (Figure 19) which are typical of martensitic structures
observed in other Ti alloys (13, 14, 18). No other phase was detected by
X=ray diffraction studies. ' o

The 6% Ni alloy was particularly useful for the present stﬁ@y for
fhe féllowing reasons:

(1) It was possible to retain 100% /é? or produce 1004 X' by
varying the cooling rate from the /g range for the alloy.
(2) Phase ratioé could be assessed more accurately than in'alloys of

- lower nickel content.

- The phase diagram of the T1i-Ni system (Fig. 11) shows that the
approaéh towards equilibrium during tempering yields the phase TigNi.. During
the formation of TisN1 the o<’ phase is depleted in nickel until its compos-
ition conforms to that of equilibrium << at the tempering temperature

(probably less than 0.1% Ni at 500°C).

. Experimental Results for <’ Decomposition.

A sufficient quantity of argon quénched'6% Ni alloy powder was
prepared for subsequent isothermal heat treatments. X-ray diffraction
checks ensured that the structure of this material was complgtely o<’ .
-'The_extent‘of the tempering reaction after heat treatment was determined by
cqmputihg the amount of TioNi formed from X-ray aifffaction line intensities

(see Appendix VI).
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Figure 19. - Photomicrograph of 100% o’ 1in
a quenched 6% Ni alloy powder - Mag. 2000X

Etchant: Etched in 5% HF in Glycerin with
HNOsz rinse.
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The tempering reaction in the 6% Ni alloy was followed at L450°, 500°,
525°, and 550°C. The weight % of TizNi is plotted as a function of log time
in.Figure'EOf-.The curves exhibit the familiar S-shape (a}though the early -
stages are difficult to measure)land may be reasonably supefimposed by trans-
lation along the log time axis. Once th;"reaction is initlated the~amoup£ of
Tigﬁi forﬁed-is approximately proportional to log time up to the concluding
stages of the reaction ( > than 14% TioNi) when the rate decreases quite
- markedly. |

Specimens were examineq metallographically after various amounts
ofhfempering at eaqh temperaturglin order to detect any mierostructural
changes due to diffusion and precipitafion.- The original strained structure
appeared'to be transformed to a Widmanstatten precipitation type. PFigure
21 shows a‘typical microstructure for 90% transformation at 500'0,» The
structure appears extfemely»fine and needle~like.. Since TigNi is not
_resolvable at 2000X it is presumably very finely dispersed. At 550'0 the
structure 1is a.little coarser\(Figure 22) but no definite precipitation of
TizNi can be seen. Microscoplc examination of a specimen heatea at 750'0
for 15 minhtes.reQealed a spheroidal precipitate of TioNi in a matrix of ©X
;(FigureIEB),

Hardness measurements of o' at vaﬁioﬁé stages of isothermal
decomposition at four temperatures are showﬁ in Figure 24k, wWith the deplet=-
ion of nickel in the close-packed hexagoﬁal structure and the corresponding
formation.of TioNi there 1s a gradual decrease in hardness values. - No
initial hardnes§ increase was observed during the earliest stages of the

process.
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Figure 21. - Photomicrograph
of 6% Ni alloy powder showing
Widmanstatten structure after
90% decomposition of ¢! at
500°C - Mag. 2000X

Figure 22. - Photomicrograph
of 6% Ni alloy powder after
90% decomposition at 550°C -
Mag. 2000X

Figure 23. = Photomicrograph showing spheroidal precipitate
of TioNi in an o matrix after 100% decomposition of X'

at 750°C - Mag. 2000X

Etchant: Etched in 5% HF in Glycerin with HNOs rinse
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during the isothermal decomposition of o¢°!
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Discussion of Tempering Results.

The general shape of the curves in Figure 20 suggests a type of
nucleation and growth readtion which was quantitatively analysed by Johnson
and Mehl (46). They proposed an equation of the following forﬁ'for'a rate.of
nucleation N -and rate -of -growth G which are both assumed constant for a
given process:

) f) = 1-exp (- T .nth
3

where f(t) represents the fraction transformed in time 't*
A more general form of equation (1) is '
(2) F(t) =1 - exp ( - kt" ) which ylelds

(3) af () =inttl oY o netel (1 -A)
at _

The coefficients 'k' and 'n' are constants fqr'aﬂparticular
process. . If logarithms are taken in_equation.(2):
() loge (1 - £(t) = - kt?

and { ' = - 1 X
(5) 1logiologio T:?Tg) = 10810”573 +n log t

Cohen et al (41, 42) have proposed the folIowing'equatioﬁ which
serves to relate the constant k in the above to the specific raté.constant

. K for the process:

- (6) g-‘ﬂﬂ =K (1 «féH" where m = n - 1

dat
Equation (6) is merely another form of equation (2).
Comparison of (3) and (6) reveals
(7) nk =K

Substituting equation (7) in (5)

(8) 1logiologio T— S = 10810'-5-; +n log t
1 jfzts 2.35n
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It can be seen that if the tempering reaction is to obey
- equation (8) then a plot of logiologio E:Z%Y;T versus-loglot will yleld a
straight line. The experimental values for the current investigation are
plotted in Figure 25 and produee reasonably straight lines, up to the late
stages of the reaction. The curves for different temperatures deviate
-from linearity at approximately the same ordinate values, suggesting the
tpossibiiity of impingement which inhibits the growth proggss.’
Reference to equation (8) shows that the slopeS'of theecurves

1
: LogLog T‘;FT§7Versus log time gives 'n' for each temperature. The values for
different’ temperatures are listed in Table III'where:it is. segn that, except

for the figure of 0. 7 at 550°C, n is fairly constant at 0.52.

 TABIE ITI - KINETIC RESULTS - of' DECOMPOSTITION
K.

“TEMP. =.°C. ' n ~log 3.3n -
450 | <53 - 2.bo
500 S - 1.45
525 . .52 - 1.02
550 0.7 - 0.8

_ Table II1 also shows the value of.log§¥gﬁ for eech temperature.
' These were obtained from'the log time = Q intercepts of Figure 25.
From basic rete theory it is known that:
(9) K ='Ae'Q¢/RT where Kt 1s the activation energy and A is a
frequency factor if the reaction is first order. If log Kt 1s plotted egaiust

the reciprocal of the absolute temperature then a straight line should

result and it will have a slope equal to ==5= ... (This is the standard

2 3R
Arrhenius method of obtalning activation energy).

From equation (7) the rate constant for g precipitation reaction
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as defined by equations (6) and (8) is:
(10) k= &
n

K 1l
Consequently, the values of log 2,35 have been plotted against § as shown

in Figure 26. An excellent linear relationship ylelds anuactivatibn energy

Qx = 43,500 cal/mole. From equation (8) it can be seen that the rate constant

K is expressed in units time™ but, according to Zener (5Qy, the corresponding

1

activation energy.QK must be evaluated in terms of K in units time = before

any comparisons can be drawn with other rate processes.. The conversion can

} 1. K 1
be made automatically by plotting 5 log 2,3n versus T or more simply by -

using the relatienship Qt = K where Qt 1s the activation energy for the

n
4300 _

-prbcess° For this investigation Qi = n = 84000 cal/mole.

Alternatively the activation energy, Qt , for the tempering'

1

process can be obtained from the slope of a graph of log time against &
for a specific fraction of decomposition (e.g. 50%) (45) as shown in Figure

2T7.. This method produces the same value for Q4.

The similarity between the two methods of obtaining Qt-has not

been clearly indiqated in the literature.. This relationship is discussed
in Appendix VII together with a modification of the rate equation as proposed

" by Burke and Owen (45).

-Diffusion"Mo_del. ~
~The following experimental results and conclusions havé been _
considered in proposing a model for the tempering of transformeé /3 in
Ti=Ni alloys:

(1) - The reaction is a growth process which can be adequately described
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by the equation:
F®) = 1 -exp =~ kt"

0.5 at h5o','5oo', 525°

where n

and n = 0.7 at 550° ' _
(2) In the tempering treatments carried out at- 450°, 500°, ?25', 550’
: S
the phase TipNi is not microscopically resolvable; however at T750° the
precipitate appears clearly spheroidal. .It is therefore concludeq that at
the loweﬁlfeat treating temperatures growth of many more disperséd nucleii
océurs than at higher temperatures.

(3) At the three lower tempering temperatures the coefficient n is
approximately.0.5. Zener (47, 50) has indicated in his theoretical treatment
of growth processes that the value of n corresponds to the advancement of
plénar interfaces of precipitate. Cohen (41, 42) has indicated a similar
process in his treatment of first stage tempering in steeis.-“The'relationship
between the coefficient-n and the geometrical form of preeipitates is
discussed in Appendix VII.

. (%) ' The later stages of the reaction do not comply with equation (2).
This is perhaps due to the impingement of adjacent TigNi*preqipitétes.
. Further, it is possible that theré is a marked decrease in concentration grad-
ient during the later stages and TioNi particles may_compete in withdrawing
solute from the depleted o&’ .

- (5) Diffusion in this syé@em 1s by substitution. Growth of a TioNi
precipitate requires that Ni atoms be transported through the o’ lattice
to the interface.. There is a gfeat difference in ﬁickel concentration between
o£ and TipNi at the interface and consequently it is to be expected that
the rate of ipterface movem?nt will be extremely slow. . In addition, a

countercurrent Qiffusion of Ti1 atoms away from the interface in the same



- 5T =

direction as the TiINi growth must oé¢cur in.order to cneatewvacancies.for
nickel atoms to form TioNi. . Actually, this situation should.create a high
density of vacancies in the o‘l at the Iinterface..so that incoming qickel
gtoms can assume the'eonfigurat;on.of TioN1 and -thus.enable the interface to
édvance.

(6) The activation energy for the overall process.has.been.determined
as 84,000 cal/mqle; this value is based on -the Intermediate. stage of the
process only. The low n value ‘of 0.5 has been attributed to.a.process in
whlch nucleation has already occurred (hQ) and the .reaction proceedS»b&
growth only. .This seems feasible”in'the'preSent«caseﬂsinée the incubation
period has not been considered.. It is therefore reasonable to.assume that
nucleation contributes'insignificantly"to'thenactivation,gnergyiguring the
intermediate stage and the process iS'controlled'byzdiffusion or growth.
Hence the activation energy'represents“the“rate-controllihgwdiffusion.process.

On the basis of ‘these “‘observations it is.proposed that at i50-
550°C ‘(and probably below this range) groé?h"of'TigNi-broceeds in plate-
like form as shown in Figure 28. . TioN1 is'envisageq:as%adnancing into the

oL’ with a depletion of nickel ahead of the -interface.. The.gradient of

nickel econcentration in ! will'be-detefminéd by"tﬁeﬁdiﬂfusion coefficiént
of the reaction and'by'the.maximum ana‘minimum'nickel;moncentnations Co and

Cy respectively. The line *aa' represents-the centre<line between the mid-
points of two growing TiéNi plates. Towafds'the'end~of~themdecomposition pro-
cess the cpncentration Co at}iine Yaa? will §tart ‘to-diminish, .resulting in

a subsequent decrease in ééncgntration”gradient. In'thié.mddel the product
should consist of é{ reéidn% surrounded“by'fine,;well:dispersed plates of
TioNi.. At low tempering fempératures,(IeSS“than“§56'C) it is probable

: thgf the growth of many nucleii will proceed with eventual impingement
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which results in the non-linearity of the upper part of the curves log log
IT-F versus log time. Thus the Widmanstatten type of o< -precipitate
seems reasonable -on-the basis of this model,.and under  such eircumstances
Tig&i formation will -be manifested-as an apparent. thickening -of ¢ boundaries.
Caieulations-based on cylindrical ©£ needles and uniform.distribution
of Ti-Ni as interface layers around ©% have shown that the thickness of
the TizoNi layer will be in the order of 0.05 microns which would not be
resolvable under the microscope. .At- 500°C the .increased value of n. (0.7)
implies that precipitation occurs in thicker units for .as mn approaches 3/2
spheroidal precipitates are expected. Although no measurements have been made
at temperatures higher than 550°C the phqtomicrograph.ofua specimen treated
at 750° (Figure 23) supports this view.

The diffusion coefficient for the contnolling-prgcess, as

calculated from:

(11) - D = _]gae}/exp- Q/RI‘

where a is the interatomic spacing

¥ 1is the thermal oscillation frequency
i; in the .order of lO'25 cme/sec in the temperature range h50-550‘C. -Such
a small value implies a slowldiffusion rate which will favour -the formation
-of a very fine and well=dispersed precipitaté network.

Since the proposed model requires countercurrent -diffusion

-of Ti and Ni, the 'self diffusion of Ti to create. vacancies for the Ni may well
be the rate controlling factor.. Although no figure exisfs for the activat-
ion energy of self-diffusion in Ti (Qs) an analysis of self diffusion data
for several metals indicates that Qs 1is roughly.proportionaliﬁé”%he melting

point T{ . This is a reasonable relationship since melting involves the
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breaking of atomic bonds;or.releaseaof-an.atom from its regular array which

is actually what -happens in substitutional diffusion.. In Figure 29 the avail=-
able values of Qs are plotted against Tg and a reasonably Straigh£ line is
obtained. From Figure 29-the activation-energy for self-diffusion of Ti is
'estimated to be 77000 cal/hole.- This value corresponds remarkably well with
the activation energy for the rate controlling step of the tempering reaction

-in the ™M-Ni alloy.

- Decdmposition;ofiRetained;ﬁg.

Exper;mental.

It has élready been mentioned that it is possible to retain
100% /g_ in the 6% Ni alloy by gas queﬁching unsintered particleés from
.1000°C.. The variation of constitution with)qﬁenching-rate has already been
considered.

A sufficient quantity of quenched powder .consisting of 100%
retalned /g was prepared for subsequent isothermal heat treatments.. These
neat treatments were'performed as described in Appendix II and phase ratios
were determined from relative-X;ray-line iﬁtensities of'/gllo and 5‘101

as -outlined .in Appendix VI.

. Results.

. . The isothermal decomposition of retained /g was found to

foliow a'step-wise reaction:

o " ' ’
/g (boc.c.) K (e.p.h.) X (c.p.h.) * TiaNi
In the above reaction GK” is used to designgte an intermed-
iate phase which is fdrméd before the presence of TioNi is -detected. At

temperatures up to 550°C an isothermally heat treated powder may consist of
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100% K" . fthe reaction curves are shown in Figure 30 (a, b, ¢) with the
corresponding hardnéss.values for isothermal treatments .at 4L00°C, 425°C and
k50°C. . At higher -temperatures the reaction is extremely fépid; at lower
temperatures it 1is ektremely slow.. There is no 'C-curve' behaviour..’

The microstructure of retained /A? was shown’in~F1gure 14 for the
6% alloy. During the /é?-» ot” transformation there is no microscOpic
evidence of the reaction except that the substructure (previously noted)
disappears with the formation of C*"_(Figure 31). Black marks on the
sfructure are due fo an etching effect.. The metallographic gpﬁearance of the
& ? structure is most ﬁisleading and adds to the argument that X-ray evid-
ence is needed to substantiate any conclusions made from the microscopic
appearance of strUcfﬁres. .

The positions of the diffraction peaks of the <>4” phase corresp-

ond to those of o’ formed on quenching, indicating that the % ratio is

similar in both phases. - Dufing the early stages of the reaction there is é
broadening of the 0§1gina11y sharp /3 diffraction lines.. The ~oX” reflections
appeariné as a result-of the reactibn show an initial broadening and then
bedome progressively sharper. ;Figure 30 illustrates this fact and also shows
that hardness valﬁeé during the reaction follow the same initial increase
"and subsequent decline. These effects are attributed to coherency strains
pro@uced in the mixed structures during the early stages of K" formation.
As the reactibn proceeds the <" structure becomes incohéreh% with respect
to the /é? phase-éhd stresses set up due to coherency are at least partially
relieved. Attempts were méde to detect any transitional omega phase (3)
which might form during the early étages of /é? decompositibn. ‘Although the
transitional structure has been observed during the isothermal Aeeomposition

of /5 in several other systems (13) none was detected in alloys of Ti-Ni.



= EE

]
Figure 31. = Photomicrograph of 100% o’

structure showing original /9 grain boundaries
- Mag. 800X

Etchant: Etched in 10% HF in Glycerin with
HNOs rinse.
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.The second stage of the reaction . (i.e. (s K +-Ti,N1) yields
very similar reaction curves»(Figuré 32). to the decomposition:.of <’ . How-
ever the‘émouht of TioNi detected at any time 1s slightly greater In <!
decompp;ition thaﬁ in C*’ decomposition; and the incubation bé;iod is
shorter. . Figure 33 shows the plot of logiologio itf%??j versus log t for the
decomposition of K¥ .. The values of n and'IBE“E%?; Gbtained “from the

graph in a similar'way as for the decomposition of <! are listed in Table IV.

TABIE IV - KINETIC RESULTS -~ DECOMPOSITION
IEMP. 5 198"2.%5
" 450 .5 - 1,9

500 .56 - 1.4

525 .55 - 0.88

550 .55 - 0.66

‘The plot of log 54%5 versus % is shown in Figure 34k, The

actiﬁation energy for the reaction in terms of time~l has been determined to
be T1000 ca}/ﬁole from the slope of the curve. Microscopic examination of
specimens during stages of the 04” decomposition revealed simllar structures

to those observed during the cK‘ breakdown.

Discussion = /g - o’ . _
Kurd jomov and Makéimova (34) showed that the retained high
temperature phase in their alloys .decomposed to marteﬁsite on tempering
at temperatures below Ms.. No Ms temperatures have yet been determined for the
Ti=Ni system'but it 1s possible that the tempering temperatures in this work
are above Ms. Consequently, at the present time 1t i1s Ilmpossible to.be

"
certain whether the /é?-a X transformation is a martensitic or diffusion
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type. The shape of the growth curves 1s similar #o that of reaction curves
reported by several other investigators (51, 52, 53) for {sothermal martensite
‘formation. In their anglysis of isothermal martensite curves Cohen et al
(53) have concluded that, during the early stages, the transformation proceeds
primarily by nucleation of new plates rather than by growth of existing
ones. Further? they found that the rate of.reaction increased considerably once
. the traﬁgformation had started; -i.e. the reaction is.autpqaﬁalytic in the early
stages.. No reports of 100% martensite transformation by"pﬁrely isothermal
means has been found in the literature; but the ,6 - " reaction does
proceed to completion isothermally. C=Curve behavliour has been noted in
‘the isothermal martensite reactions but, as previously mentioned, no.C-Curve
behaviour was observed in the present work on Ti-ﬁi.
There is.strong evidence to support the thesis that the

/f - «“ reactioh involves diffusion. The formation of TioNi from o<’ 1n
the subsequent.tem;ering pperatibg proéeeds much more rapidly than the
decomposition of 541 as indicated by the briefer induction period. This -
implies fhat nucleil of TisNi have forﬁed during the /é? - d(" reaction,
or that their formation during the early stages of o¢ breakdown is facilit-
ated by compositioh fluctuations set up during the /é?-e X" pesction. The
reaction =<' > ot + Ti-Ni appears to occu; more readily than °

A' 5 o + TisNi; and this behaviour is e:on'sistent with the lower activat-
ion energy calculated for the growth stage of ' K+ TioNi. X-ray
.diffrgctioﬁ and micfoscoéic observatiops of specimens in wﬁiph the /A? pﬁase
Qas jhsf completely deéo@poseq reveaiea'iOO% <* with no evidence of a |
second phase. The microstructire (Eigqre 31) is very misleading since it
shows the original /5 ‘grain boundaries but no indication that~the/¢? has

transformed except that the previously noted sube-structures have.disappeared.
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It is possible that crystals of ad” are extremely small and céonsequently not
resolvable by optical methods.. The X-ray diffraction lines-of <" (c.p.h.)
were cpnt;nuous~and slightly broader than the cofresponding reflections of
o{' (c.p.h.) which suggests a small crystal size of =", In addition

the previously noted polygonization boundaries result in sufficient discont-
Anuity.in the /Ag phase to obstruct growth reactions and- promote nucleation
sites. Consequently, the formation of a fine transformation product is
strongly favoured.

Therefore it does not seem unreasonable that coﬁposition
fluctuations, might arise during the ff - o’ reaction, and creaté some
regions which are richer in nickel. This situation would be similar to the
formation of.;Guinier-Preston' Zones observed in the -aging of Al1~Cu alloys.
The establishment of such nickel-rich reglons in o’ would fgcilitate
: subsequgnthdecomposition because the required.induction period for nucleat-
ion of TizoN1 would be shortened.. Further, because of the structural irregul-
arities due £o a high'concentration of nickel atoms in certain regions
there would probably be associated vacant lattice sites;. On fﬁe basis of
the decompoéition mechanism proposed for the hexagonai‘closefpacked
structure this would explaiﬁ the more rapid decbmposifion'aﬁd correspondingly
lower activaiﬁbn energy involved in the decomposition of < than in c‘f .

}f It was observed that the 6 value of the broadened }f? 110
peak decreased.0.1° -~ 0.2° during the early stages-of /é?~}iec6mpositign.
- This cannot be attributed to ecomposition changes due tg norhal.diffuéion
"since such a process would imply that the niekel‘content of ‘the /5l phase
decreases and the /5 peak positions would increase in angle.. Morepver»it

is difficult to believe that TigNi would not be detected by X-ray methods in
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such a case.. Ehis shift in line position 1s accompanied by line-.broadening,
which in turn has been attributed to strain. Previous obSerﬁa%ions in ‘strain-
ed mefal aggregates (54) indicate that stacking faults induced by strain can
cause a shift in X-ray line positions. The view that the line shift of /fllo
is due to stack;ng faults and strain is acceptable since considerable étructure
strain is involved during the-first half of the_/é? - o(l reaction as
indicated by microhardness results (Figure 30).

It is concluded that nucléation rather than growth by Qiffusion
is the controlling factor during the early stages of the /g-*e é(f reaction
(up to.50% transformation).. During this stage the X-ray line breadths and
hardness values intrease to a maximum. These observations can be attributed
to strain, which is probably of two types:

(1) Internal strain which will result from the formation of many
widely. distributed nucleii due to the specific volume difference ﬁetween
ot and/ég ' (approx. 3%).

(2) Coherency strains which are set up between the ot and retained
;?A since in this type of reaction, there is a‘tendenqy"for“lattice
conformity along atomic planes having similar spacings. As fransformation
proceeds the strain increases to a haximum after which there is a gradual
loss of'coherency and corresponding relief .of strain and decrease of'harﬁv
ness.. The condition dgring the initial loss of coherency is generally
designatéd as the 'semi-coherent state' in which'some-léttice régistr& is
maintained by arrays pf dislocations at the interfaces between fBe-fwo
phases. | .

C?heréncy generally contributes much more-significantly than
specific volgme-difference to the overall stfain-in a nuéleafidh and

growth reaction. The decrease of hardness observed during later stages
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'( > than-50% transformation) of the /A? - o¢" reaction may be attributed
to the loss of eﬁherency between /6 -and o¢” or possibly to strain relief
by shear.

. The shape of reaction curves for /g - " ; when compared-fo
other rate -curves, suggest that nucleation and growth both contribute signif-
icantly to the transformed fraction.during the lgtter half-of the process.
The temperatures and holding times are such that a significant amount of
diffusion is inevitable. On the other hand, the reaction is mnot retarded even
at above 90% transformation.. This implies that new nucleiifmu§t be forming
at all times in the unreacted /A? since growth control'would-pfobably result
in impingement effects, which in turn suppress the reaction in the late

stages.

Decomposition of <.
. The decomposition of the transition . phase a(‘ -appegrs to be a
.sigilar-proceSS to the breakdown of O<' . Microstructuralfobsérvations
gnd hardness measurements together with X-ray diffractian studies indicate
"fgét a similar mechanism operates in both processes.
An explanation of the more rapid nucleation and' growth process

has been given on page T2.

SUMMARY: 'OF CONCLUSIONS

(1) The constitution of quenched Ti-Ni alloy powders is dependent on
both composition and cooling rate from the /5’ range. An 'inverse stabil-
ization' of the /6 phase has been observed.. The 0"-struCturéi(martensite)
becomes progressively finer with increasing nickel content.

(2) - The 100% retained /6 phase in quenchea powder specimens has

exhibited two types of sub=-structures:
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(a) Sub-boundaries believed due to polygonization resulting from
transformation stresses |
(b) stacking faults created by quenching stresses.

(3)- Hardness of the as-quenched alloys increases.with nickel content
and is higher in alloys containing mixed structures of o("gndlﬁ? . This
is believed to be due to coherency strains at the &' and /5 interfaces.

(4) Orientation relationships between the o<’ and-/g phgses -after
quenching have been studied in an 8% alloy. The relationship'(QOOI)cx’ /
(o11) fg’ (observed from parallel adjacent diffraction spots) was used as
the basis for ste?eograms from which other observed parallelisms were conf-
irmed, The Burgers shear mechanism for Zr has been proposed. as tﬁe likely
crystallpgraphic process for the /Ag —9.0(' martensite reaction in Ti-Ni
- alloys. : .

(5)§ Decompdsitién studies of the of’ vhase have shown that T
decomposes by a-growth-controlled process similar to that described by
Johnson and Mehlﬁ: An activation energy of 84000 cal. per mole has been
determined .and aférowth model hﬁé been proposed which involves plane 1nterfaces
of TioNi advancing into o’ regions to produce a Widﬁanététten-tybe micro-
étructUre.. The self-diffusion of titanium is believed to be the growth-'
controlliné factor# |

(6) ﬁétéined /5 decomposes on tempering by a twéJStage process?

'/5—) <" S5 X -+ TisNi
X-fay diffraction data indicate that o “ has the same crystalwétructure as
o’ ;The 'fg —bf*"-re;ction curves are similar-to %ﬁose observed for
isothermal martensitic férmatipn. However, the o’ formation appears to

involve diffuslon since:s

(a) Formation.of TioNi during subsequent tempering is facilitated,
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as indicated by the brief induction period, suggesting that regions relatively
rich in nickel are set up during /d - ot reaction.

(b) The tempering temperatures and times were such that -diffusion
procesé;s are inevitable.

The reaction o« = o + TioNi proceeds in a similar way to
the decomposition of =/ ;s however, there is a shorter‘inductién‘period for
TioNi formation in the o’ decomposition, as already mentioned.. . Further, the
activation energy for the o’ 5 ot + TioNi growth process (71000 cal/ﬁole)
is lowér than that for o¢' decomposition suggesting that“regions-which are
rich in nickel exist in the.cﬁl'phase.

(7) During the tempering of o¢' the hardness of quenched powders
decreases with heating time - the rate of hardness decrease being greater
for higher tempering temperatures.. This ;s in contrast ito observations in
the Ti=Ee system where the hardness increased with the ﬂormitipn of;FeTi_
-during tempering.. The difference in behaviour is probabiy due to the
étoichiometric and erystallégraphic differences of the intermetallic phases
in the: two cases.. However, the Ti-Ni observations show a similar trend to
results in the Ti-Cu system (23) where TioCu is precipitated during temper-
ing. |

(85 During the reaction /3 - o¢" the hardness initially shows a
.sharp increase'probaély due to }attice coherency strains between od” and
/3. j as decsmﬁosition‘gxceeds-50$ the hardness decreases. The ﬁagnitude
of X-ray line breadth follows the hardness curves.

e, )
, B
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APPENDIX I
LEVITATIQN’MELTING

Titanium is-a highly reactive metal which 1s particularly
susceptible to interstitial contamination bnyg,:szand Ho-at eievated temper-
atures. . The effect-of'oxygen.contamination“on'the hardneés:of'pure titanium
is illustrated in Appendix V. As a result 1t is necessary to prepare titan-
ium alloys in either a vacuum or a purified inert gas afmosphere. This
extreme reactivity of titanium at temperatures over-700’C fbrsids contact
with nearly all refractory materials both during heat treatment.and melting.

The cﬁstomary method of preparing t;tanium alloys for research
ﬁurposes'is arc-melting in a water-cooler copper hearth. . This”process is
carried out by using either a tungsten-tipped or titanium<tipped electrode
in an inert gas atmosphere (argon or helium).. Arc furnaces are commonly
‘used for producing commercial alloys since they are readilyiadaptable to
. large scale operations. 1In arc-melting, the entire charge'éaﬁﬁot be complete=
1y molten because of the chilling effect of the mold.. Therefore it is
necessary to remelt the alloy'to ensure homogeneity.- Margolin (1) has
reported that even after several re-meltings sighificant hetefbgeneity exists
in an alloy button. An additional disadvantage of arc-me}ting“is the
rather large cost'of-equipmenf, auxiliary installation, and operation.

Levitation melting is a possible alternative to arc melting for
producihg small quantities of alloys.. This method was first'éqggested for
metals by Muck (2). It was more recently considered by Cometietz and assoc-

1ates (3,%), who reported that they had 'almost completely melted a lump of
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titanium by"levitation in a high frequency field'. However, it was believed
that if complete fusion were achieved the metal would be unstable in the field
and would tend to grip.

Subsequent experiments were perfprmed in the U. B. C. laboratories
(5), to develop a levitation process by which titanium and its alloys might
be.melted and cast. After experimenting with induction colls of many shapes
a final design comprising a conical-shaped coil of seven parallel turns with
an addition»sl upper reversed turn proved successful. The upper reversed
turn was necessary to stabilize the field in the coil. Without it metal
levitated higher but moved around the periphery -of the coil., Tt was necessary
to have a large epough'opening'in the bottom of the coill to-allow the molten
metal to drop through'ipto a cold copper mold.

The melting operation wa§ performed ‘under a-pdéitive‘pressure
of purified argon-and the system was.enclosed by-a lucite cylinder and bréss
end plates. In order to ‘ensure that any .traces.of .oxygen-and nltrogen
were completely removed “the 'system was evacuated .and flushed several times
with purified argon before each specimen was.meltedj ‘Positive argon pressure
of 5 lbs./in2 were necessary.to prevent arcing between the coil and speclimen.
The levitation unit is illustrated in.Figure 1. and shown in operation in
Figure 2. The power'éource was a Lepel.spark=gap.oscillator with a rated
output of 3.75 kw. and a frequency of 200 to 500 kc/sec. With this equip-
ment up to six grams of titanium'can bé successfully levitatéd; melted and.
cast. The specimens melted within 30 seconds, remained stably supported
without dripping after melting and were cast by cutting the power. Solid-
ification and subéequent'cooliné were very rapid. There was no alloying

|

between the metal and the mold; and a bright, clean ingot was produced.

Titanium alloys were sﬁcceséfully prepared from lodide titanium
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bar stock by inserting the.alloying element (lump form) in a hole drilled
in the titanium. Subsequent checks revealed that homogeneous Iingots were

consistently produced by the technique.

CONTAMINATION

Hardness measurements are accepted as a parametéféfér oxygen
and nitrogen contamination in-pure titanium. Values -obtained after repeated
melting and‘ﬁeémelting”cf"pure titanium showed. that no appreciable contaminat-

ion occurred in levitation melting. Hardness figures are listed in -Appendix V.
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APPENDIX I
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APPENDIX II

HEAT TREATMENT AND QUENCHING

gyenching.Treatments

Precautions against contamination were particularly-important.
in the present work because most heat treatments were performed on powder
specimens which, due to their large surface area, are more reactive than
lump samples. Even minute traces of oxygen and nitrogen in an 'inert!
atmosphere will cause sufficient contamination to afféot the: properties of
titanium alloys.<>Therefore the argon that was used for inert atmospheres
was purified by passing 1t through two calcium trains at 500°C "(to remove
nitrogen and oxygen), copper mesh at 500°C (to remove oxygen)'ahd a P20s
trap (to remove water vapoug).

Developing a technique for quenching powder specimens from
1000°C created some initial difficulties.. In preliminary work specimens
were heated In 1 1/2 inch diameter vitreosil tube furnaces fbl}éwed:by
water quenching under a -pressure head. Fears that the specimens would be
severely oxidizedlby the water at 1000°C were immediately substantiated.
Additionally, the long péating times involved 1in bringiﬁé ﬁﬁg”%urnace and
specimens to temperature gave further opportunity for contamination to
occur. Subsequent work;was done in smaller tube furnaces of'378 inch
diametgf which were wound with chromel ribbon and could 5e heated to
1000°C 4in one to thrge minutes. In addition, a gas quenching method was

devised. The following requirements dictated heat treatment technique:
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(1) : Furnace must be gas tight and vecuum.tight.
(2) A protective atmosphere is needed during heat treatment.
(3) Furnace must be capable of rapid heating'to soaking temperature.
(4) Ti-alloy specimens must not.be in direct contact with refractofy mater=
ials, including SiOz, at temperatures above 600-700°C.
(5) Some non-contaminatingequenchingAmedium must be used.. Sinéde specimens
. are very small, inert gas quenching 1s the best available method.

. The experimental arrangement for heating and quenching is
shown in Figure 1. The specimen is contained in a small*mol&bdenum boat
in an atmosphere of purified argon for the required soaking time.. Then the
system is evacuated, and immediately argon is passed into the furnace tube.
. The specimen is propelled from the fufhace to the end of the tube where it
_is cooledtb& combined radiation and forced convection.. This arrangement compl-
ied with the abeve requirements and produced consistently clean heat treated
powders. As alcheck against contamination standard runs were made on pure
titanium ane hardness values indicated less than .03% oxygen + nitrogen
"pick-up during heating and quenching_(see Appendix V). T

: Holding'times at 1000°C prior to quenching were standardized
at one and two minutes. Lbnger soaking times produced no différence in
_ structure in Ti-Fe and Ti-Ni alloys.

Titanium- powdems finer than 65 mesh sinter quite readlly during
heat treatment at temperatures above 800<900°C. In some cases it was
desirable to prevent sintering and the powders were continuously agltated
during heating.__?his:was done by using an arrangement shown in Figure 2.
When unsintered powders are quenchéd ‘the maximum possible cooling rate is

expected since particles are individually exposed to the cooling medium.
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Both argon and hellum were gsed'fgr quenching,-partieularly in
the Ti-Ni sjsfem where quenching rate affected the constitution-of the product.
In order to make an approximate determination of the relative-quenching rates
argon and ‘helium cooling curves were observed on a cathode ray -oscilloscope
screen. The set-up involved connecting a'thermocouple-through-an amplifier
10 a cathode ray oscilloscope. Measurements were made"bylobSErﬁing the
thermocouple potential change on the scope screen and shOWed'thét helium
quenching from 1000°C is about five times faster than argon quenching.
The measurements could not be made directly on alloy speclmens since a
thermocouple could not be maintained in contact with powders during
quenching. It was possible to obtain the.following quenching rates by using
both afgéh and helium: |
(1) helium quench unsintered (fastgst)
(2) helium quench sintered (inéérmediate)
(3) argon quench sintered "(slowest)

The absolute quenching rates could not be detgrmingd with

the apparatus available.

Isothermal Heat Treatments

Isothermal heat treatments were performed on'specihens sealéd
in evaéuated vitrébsil tubing.. For heat-treatments above T700°C the tubing
was iined with molybdenum so that the titanium powder would not react with the
: |
silica.. A¥1lsilica capsules were pumped:for one half to one,bqur before
being sealed. Témperature control during isothermal heat treatment at
400* - 600éclﬁas + 3°C. Wherever heat treatments were of less than 15

minutes duration a thermocouple was attached to the specimen tube and time

was measured from the instant that the thermocouple reached temperature.



APPENDIX TII

MICRO-HARDNESS . TESTING

Metallographic specimens of alloy powders were mounted and
polished in transoptic mounting compound in the customary=way~bgt with low
mounting pressures. After specimens were suitably etched‘fHF sélutions)
hardness measuréments were made on +65 to =200 mesh powders.by means of a
Bergsman micro<hardness tester. Loads of 10 grams -and 25 grams were commonly
used. - At'least 10 hardness tests were made on each specimen and after
re jecting the highest and lowest value the variation was not movre than 10%.

Additional specimens were mounted in cold setting resin to
see if mounting under pressure at 150°C affected the- micro-hardness. No
differences in micro-hardness were detected, implying that in the case of
retained /3 Structures precipitation did not occur to any éxtent during

customary mounting procedures.
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APPENDIX IV

HIGH - TEMPERATURE X-RAY GONIOMETRY

The constitution of alloys at elevated temperature is

frequently studied by examining specimens which have been quernched to room
temperature. In -such studies it is possible that transformations may accur
by shear.or diffusion during cooling.. Consequently in-order to determine
the frue phase constitution of alloys at a high temperature (séy'up to:
1000°C) it 1is necessary to actually make observations-or- measurements at the
temperature. Recent progress has been made in developing hot-stage micro-
scopy and high-temperature X-ray techniques. )

A high temperature X-ray camera waé used in conjunction with
~a Phillips X-ray goniometer to study phase transformations in titanium
alloys. This.camera has been described in detail elsewhere (1) and is
shown in Figures 1-and 2. It is not broposed to elaboratelyfdéséribe the
camera éonstruction here but the following essentials are mentiored for
clarity.. .

. The alloy powder specimen is-placed.on a.molybdefiiii sheet which,
in turn, rests on a fused quartz plate. The specimen“and-holdér’are
enclosed by a waterdgobleq brass case into which a platinum wound heating
element is semi-permanently fitted. The winding of the heafiﬁglelement
is parallel to the axis of the quartz plate specimen holder in order to

minimize the temperature gradients in the specimen. The entlre assembly,
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including brass can and-speéimenwholderj is fitted to a Bead'ﬁﬁich is

. attached to the goniometer axis by.a shaft. During operation of the goniometer
the specimen rotates at.one half the angular velocity-of the-géiger tube.

The specimen temperature 1s;measu¥ed.by means of a thermocouple which is
touching the specimen.- The brass can hes a slit or window of sufficient

- length about 1ts circumference. to-allow the Xe=ray beam to-enter and leave

over a reasonable scanning range. fhis window—isfcoveredﬂby.élﬁminum foil.

The entire heating chamber ‘is.vacuum.tight if the window seals, O-ring
connection between the can.and-head.and -other minor connecttons are carefully
made.

When ‘the camera.was.used.to.study the-structuré«offtitanium
alloys up to 1000°C extreme caution.was..observed. in.order-to minimize contam-
. ination by-oxygen and nitrogen. . A contiﬁuous.flow of helium-was™ passed

through the camera'priéfito heating .in.order to ensure that -any residual
ox&gen and nitrogen remaining.after pumpingmwould-be"diluted1 Further, the
.helium gas was purified by passing it.through activated silica gel at-
liquid oxygen temperaturelto-remove O.and N. Zirconium-péwder was mixed
with the titanium in, some runs at 1000°C-to.act as a ‘'getter' for any
traces of O and N which might be present. However, this wag.merely an

additional precaution which produced no difference in results in most cases.

REFERENCES

1. R. G. Butters and J. G. Parr, Canadian Journ. of Technology (1955),
33, p. 117.
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APPENDIX IV
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Figure 1. - High temperature attachment for the X-ray
spectrometer (Furnace winding and water-cooling are not
shown)

Figure 2. = Photograph of the High Temperature Attach-

ment in position in the spectrometer.



APPENDIX V

CONTAMINATION OF ALLOYS

The magnitude of the effects of iInterstitial contamination on
the properties of -titanium-is-described in almost every introductory paper on
 titanium. Hardness measurements are generally used to estimate the degree
of'contaminatién due to oxygen and nitrogen in pure titanium.. Accordingly,
periodic hgat treatmehts identical to those given to the-alloy$’used in this
work were performed on ﬁure ioéide titanium. The degree of contamination
incurred in heat treatment could then be estimated. The heat treating
‘techniques used in the present research were effective in restricting cont-
amiﬁation fo a very safe level.. Typical results of hardness checks are
' summarized in the foliowing, with estimated oxygen pick-up in parenthesis:

1. Todide Titanium Bar Stock - 75 VPN (Rp 72)

2. Iodide Titanium Bar Stock Micro-Hardness 110 VPN

3. Ti after levitation melting - Rp .80 to.90. - No increase with successive
remelting.

L. . Ti Filings - heat treated at 1000° in evacuated silica -capsules,
held 1 hour - VPN 120 (.03% Q) )

3 hrs. - VBN 130 (.04% 0)

5. Ti Lump -heat treated 3 hours at 1000° - VPN 130 (.OW% O)

6. . Ti Filings in Aygon_AFmosphere = 1n heat treat furnace - 1 hour at
1000°* - 120 VPNi(.OB%IO) |

- T ; Ti Filings - heated to 1000°® in high temperature camera, 1;1/2 hours -

VPN - 150 (.20% 0)
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The differencéubetween hardness and micro-hardness values for
iodide bar stock 1s not surprising since micro-hardness values tend to be
higher. Effects of the polished surface together with the very light loads
-(10_gm., 25 gm.) used in microhardness testing appear to account for thi;
difference. |

. The hardness. of titanium after melting and chill casting is
expected to increase slightly because of internal stresses due to rapid
solidificat;on and cooling, and also due to the extremely finé-grain structure
produced. Accordingly, there is a slight increase of hardness (5 to 10

points VPN).
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APPENDIX VI

PHASE RATIO DETERMINATIONS

Throughout the work on titanlium alloys phase ratilos were
determined from the relative intensities of X-ray diffraction spectra
measured on a Phillips Geiger counter spectrometer. Introductory calibrat-
ion studies showed that relative intensity:measurements=determined by pulse
counting produced similaf values to those obtained by measuring areas under-
neath the peaks on fhe recorder plots.

. It is well known that the intensity of the diffraction lines
of a particular phase depends on the number of reflecting planes and,
therefore, on the quantity of phase present.  The diffraction intensitiles
for a series of lines of one phase should bear constant ratios to one anotﬁr
er. By calculating the structure factor and applying several corrections as
outlined by Barrett (1) and illustrated by Parr (2) the relative intensities
of lines in two phases can be calculated from a knowledge of the structure
cells and then used to ass;ss phase ratios.

Thé relative intensity of diffraction for a particdlar family
of planes in a phase is calculated from the following equation if the

structureAcell is known:

Dq’] = [Zt_ £ cos 2w(h v, +hv.+1w,.):]2 + [%{ Sin ZW(""U-*'Q‘“)“")]Z
= [IFT]

v T sl ol fd fo )
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where 0 :
1.+ cos 28
' - =.. korentz - Polarization factor
sin @
7
IFI = Structure Factor

Absorption Factor

Ale)
£\

Variation of photographic effect with-wave length

The quantity, I.represents the.relative. intensity per-atom for 100%

of one phase and when this calculated intensity is compared with that estimated

for a particular set of planes in another phase then the ratio of the two

values is the amount expected when equal amounts of the two phases are present.

It is then possible to determine the phase ratios corresponding:to any other

1

measured ratio of iﬁménsities,:as for example:
For a 6 quomic % Ni alloy containing o(' + ﬁ
Calculated relative scattering intensity/atom o€ 101 = 62100
‘3 110 = 89300

. Therefore ratio of intensities ‘6 for equal amounts of o(. and/g
. ’ ' P )

ol
= 89300 = 1.435
2100

For a measured ratio £ . X
dl

. B {;,(-' = !
X = o= 1 e

X +1

Therefore % o' = .100 % /5 =.100 = 1,0('
1.5 .,

The percentages of °(' and /3 in specimeps' of both Ti-Fe

and Ti-Ni1 were determined by calculating the expected relative intensitles

. ) N
of X 101 and /6110 for equal quantitiles of ‘the two structures.. In
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this determination it-was._necessary.to..assume-a random solute distribution
and to calculate'a'mean4atomic:scatteriﬁgLfactor. . In the T1-Fe system the
intensity of the 110 difﬁ%action line of-FdTiJ(body=centred'cubic) was

calculated on the basis tﬁat each structure cell consists of~one atom of T1

and one of Fe.: The %-FeTi was then determined from the measured intensity

ratio of ~FeTi(110) .

< 101
Several complications arise in determining-:phase TFatios on the
basis of fheoretical‘intensity calculations: )

(1) . Absorptioﬁveffects are difficult to compensate and hence it is
necessary to use'neighbouring diffraction lines since their absorption
‘characteristics are similar and may be ignored.- This is no'serioﬁs p?oblem
in Ti-elloys because ‘the 110 /g ., 002 o , 101 (>4 5 TiFeji0 and Tigﬁizgg
occur over a range 19' to 22° with Cu Kot radiation.

(2) Some difficulty hrises since the 101 £ and 110 fs.'lines overlap.
However the 002 o« 1line.at 19°9@ can be .accurately measured and frem the
caleulated and heasured inﬁensity ratio '%g%;gé' it 1s possible to determine
the 101 line intensity. The intensity of 110 /3 can then be estimated by"'
'difference. '

(3) - At low © values the X-ray diffraction lines of  the ! (martensitic)
- and o structures are coincident (both are close=packed hexagonal structures).
Consequentiy, determination of the hexagonal phase includes-both o< and x<’' .

For the low alloys there 1s no 'marked difference between the mean- atomic

scattering factors of of and <.

PHASE RATIOS FROM STANDARD CURVES
In the mi-Ni work it was necessary to determine tﬁe percent=~

age'TigNi formed during heat treatment. The structure.of this phase 1s complex
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face=centred cubic with-96.atoms-per structure cell (3).. The-positions of the
atoms are mot -yet known and hence, it'is impossibie to caleulaté the infensity
of reflections from this phase. The alternate-meﬁhod adopted and described
is, in any case,'prbbablykmore-accurate than the method"involvihg,calcﬁlat-
ion of intensity. |

A series of Ti-Ni alloy powders were heat treated:slightly
below the eutectoid temperature to produce equilibrium phase ruf;os. The
ratios of intensities TigNizzg + X ;0; were measured from Spéctrometer
plots and the corresponding phase ratio for each alloy was calculated from
_the phase diagram by using the lever law."A plot was made -of Ppercentage TigNi

- 511
versus the ratio TioNiage for. the range of compositions (Pigure-1) and this

< 101
was used as a standard in subsequent work to convert observed Intensity ratios
to percentage TioNi.
| - The effect.of the isothermal heat treatmentsnpnstﬁe'microstruct-
ure of the 6% Ni alloy is shown in Figures 2.and 3. Note that hql&ing for

prolonged periods causes égglomeration of TipNi.

REFERENCES

l. C. S. Barrett, Structure of Metals, McGraw-Hill, 1952, New York.
‘2. J. G. Parr, Research, (1953), p. 373.

3. P.Duwez and J. Taylor; Trans. A. .I. M. E., (1950), 188, p. 1173;
Journal of Metals (September, 1950). -
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Figure 2. - Microstructure of 6% Ni alloy powder which
was slowly cooled from the /3 temperature range. Note
pro-eutectoid TisNi formation and eutectoid of o and

Ti-Ni - Mag. 800X

Figure 3. - Photomicrograph of 6% alloy heated 17 hours
at 750°C to agglomerate TioNi in o< matrix - Mag. 800X

Etchant: Etched in 5% HF in Ho0 - HNOs rinse
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APPENDIX VII

RELATIONSHIP BETWEEN ALTERNATIVE METHODS OF DETERMINING

ACTIVATION ENERGY - SIGNIFICANCE OF THE COEFFICIENT n'.

(1) The Cohen equation is "df = K (1-F) "
dt

where m = n - 1

After integrafion and taking“logarithm57

- 1 T\ K
(2) loglog —{=p = (m+l) log t + log 3 S(me1)

METHODS OF DETERMINING ACTTIVATION ENERGY T

-Arrhenius Plot

~ A plot 6f‘loge,KjversuS'l yields Qt equal to the slope of
’ T 2.3R .

the line. However if"the value Qt is to be compared with-other rate processes.

K must be expressed in units of time-l

(m+1)

.. From equation (2) it is seen that K

will have units time .. As a result, obtaining Q directly from a plot of

log 'K versus 1 will actuélly yield:
- 2.3(m¥1) T

(3) Q= .(m+1) Q. where Q; is the true energy of activation.

For this reason it 1s necessary to plot 1 1log ‘K . versus 1.
: omtl : 2,31m+15 T

and obtain @, directly or to apply eduation (3) after plotting log K .
T _ t _ ! . R 2.3(m+15 :
versus 1
T

The .value of Q can also be obtained by considering the relationship between

log time and 1 for a specific amount transformed (e.g. 50%).
... m
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It i§ known that
(4) K= A o /AT

Integrated form of equation (1) can be expressed &b

(5) K= - 2.3(m+l)log(1-¥)
o : tmﬂ-l
Consequently by substituting (53 in (4) for X
(6) = 2.3(m+)log(1-£). = Be ~QK/RT
' s .tm+1

Taking logs, numerator is a constant if m is assuméd constant
for a particular reaction.ﬁ' Therefore:

(7) B - 2.3(m¥l)log t = A'~ q
: RT

- A is assumed-constant and is a frequency factor for a first
" 1

' order reaction where K = time~

. Rearranging equation (7), gather constants:

(8). logt = Z+ QK .
’ 2.32m+15

Consequently, a plot of log t versus 1 should yield a straight
- _ T :

. Qg
line of slope ?§T3775;T7R
QK bears no actual significance for compartson“purposes unless

it is converted to Qg . since it corresponds to a specific rate constant in
m+1

. '-(mfl)

units time n

or time .
Zener (1,2) has shown that precipitation reactions which are

growth controlled obey the following equation in the absenceof impingement.

% m 1s constant until a late stage in reaction as indicated by similar slopes

1
of loglog 'f:j-curves.
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£(t) = const ktn
£ (t)

t

fraction transformed

time
The coefficient n corresponds to m+l of Cohen's equation as

before. . Zener has related the values of n to precipitate shapes as follows:

n = 5/2 dises
‘"'n =2 rods
n= 3/2 spheres

n = 1 pearlitic type of growth.

it is interesting to follow Zener's.argument by which he relates
the. growth coefficient to precipitate shape.
(=) in his theory of spherical precipitate growth, Zener has shown that the
radius of a growing sphere increases with time as follows:

Ar = (t - to)l/ex const.

‘ /2 .

- 'Pherefore the volume increases as (Eifjj or ('t-to)3

{b) For a long thin rod the length increases uniformly with time
S K1z L Yy
AV = const. X [(f'lf:)"] 4"_(/" ?79) < C;‘W.S/ x (Z‘-Z{,)

(c)- For a thin flat disc:

1/2

thickness increases as (t - to).

radius increases as (t - to)
. Consequently A vol = const. x (t = to)l/?(t - t5)% = (t - to)5/2 x constant
(d) For. a plane interface growth proceeds in one direction and hence

1/2

'zy vol = const. x (t = tg)

ALTERNATIVE EQUATION

. It should be pointed out that an alternative equation proposed

%
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by Burke and Owen (3) for first stage graphitization in Fe-C-S1 alloys can

be applied equally well to the experimental results of this investigation.
l‘ n

(9) = S = 1 - exp -(_A;}
[

10) ‘—%‘Q = 2= £77(1- )

This iequation.differs from Cohen's..equation-wonly -in the-definition
of the rate constant K. -Iff the.Burke- and Owen equation K; 'is 1nitiélly'def-

ined in terms of units of time and hence subsequent detbnminafion of QKj

yields the value Qi obtained from the previous treatment. . Comparison of

equations (1) and (io) reveals the following relationship bétwgen K] and K:

n
K=?—n-—.-
K

Therefore: 1

Since Q4 1is obtained from the earlier method by plotting

log K ': versus 1 it is seen that the same value*will'bempbtained by

2:.3n T

St

plotting - log K1 = versus 1 by the Burke and Owen method.
2.3 . T
REFERENCES
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APPENDIX VIII

SUMMARY OF SIGNIFICANT EXPERIMENTAL DATA

. Ti-Fe SYSTEM and Ti-Ni.SYSTEM



T4 =Fe ALLOY. CONSTTTUTIONS -

AS-QUENCHED . SPECIMENS . (SINTERED ) - Q1000 ANDTEMPERED: 10 HRS. AT 570°C

Specs - % Fe 002« 1010 1104 110 g o<’ %,5 FeTi 002X 1010 11043 % o % B ¢ Fel
imen - Atomic. FeT1 - ' T .
F3 .20 34 124 tr. 100 . tr. 37 130 . 100
4 .71 38 135 - 21 89 11 27.. 112 18 9 .10
5 1.26 ko 128 © k2 80 20 24 . 100 28 - 83 17
6 2.21 39 135 55 6 24 30-. 108 k2 7T 23
T 3.25 152 83 65 35 3k 122 52 66 34
8 k.6 T1 95 ‘b9 51 23 B 719 55 b5
8r 6.12 - 62 106 - Lo 60 w16 .58 .~9T "W 56
9 8.1k 20 127 ¢, 1T 8 17 58- 102- 39 61 tr.
10 11.97 tr. 100% tr. . 100% 10 3 94 31 61 8 .
11A 1k4.23 tr. 100% . - 100% 9 32 81 28 53 19
12 15.31 100% : 100% 11 39 60 34 k2 ol
Q100 AND. TEMPERED..100. HRS . AT-.570° .Qao00 AND TEMPERED 1000 HRS. AT 570°
F3 .20 31 115  tr. : 100 h 240 100 tr.
L L 25 110 tr. 100 tr. 17 60 -5 100 tr. tr.
.5 1.26 22 = 69 5(est) |, 95 5 16 -59 T 96 2 2
6° 2.21 30 99 14 tr. 89 11 tr. .21 76 12 86 10 L
7 3.25 27 97 32 6 76 19 2 18 65 19 75 16 9
8 L4.66 24 86 3k 13 71 21 8 18 65 25 67 -20 13
8A 6.12 1k 50 43 11 56 37 9 16 - 58 25 63 21 16
9 8.1+ 14 50 5k 17 kg 4o 11 10 36 17 55 26 19
10 11.97 .10 36 43 29 by 36 23 13 b7 18 . ST 17 26
11A 14.23 11 39 38 Lo L 3 30 12 W 13 56 13 33

.12 15,31 12 43 36 L5 ks o4 31 14 52 8 56 10 3k

-L01~
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CONSTTTUTTON AND: HARDNESS OF

QUENCHED Ti-Fe ALLOY POWDERS AND LUMP’SPECIVENS

%_IRON
0.20
0.71
1.26
2.21
3.25
4.66
6.12
8.1k
11.97
14,23
15.51
19.62
25.32

580

: POWDERS - - IUMPS. . - . . -
. E ot! : ' HARDNESS - % % -o“. . HARDNESS
100 237 170
90 R 195
80 257 Line of 254
™ versus sk
% Fe '
65 estd. 600
approXe.
50 from 4o3
film
Lo 280 lines. 366
18 280 311
0 307 k6
- 503
L1i
458



. Ti-Ni ALIOY (6% Ni): - QAQATFoﬁjggééﬁfbéifiéﬁféF*bC’?ﬁ_

at 450°C = 550°C for Figures..20, 25, 26.and 27

 TEMP.- [FIME = 10Gio AREA RATIO % TioNi fk: Pract= 1= f

min. Time - TipNI. from ~ - ion tramns- x 100 - 1=A(%
T . 4101 Stahdard formedx100 :
_ Plot
450* 300 2.478. L0512 piv J 21.2 .. T8.8. 1.285 .0.109 1.037 - .963
o - . 3,158 . 081k 6.3 33.3 66.7 1.5 176, 1.246 - .75k
3000  --.3.478 .11 9.2 48.6. Sl.h. . 1.95. 290 . 1.h62 - .538
k320 . ..3.636. 475 10.9 57+9 ho,1.. 2,37 <375 1.574 - k26
6000 . 3.778 .169 12.0 65.0 35.0 .. 2.85 U455 1.65 - 32
30000 = L4.478 ..198 k.7 7.7 22.3 .- L.,u8 652 1.81k - .186
50000 4,700 .20 16.3 86.k - 13.6 7.33 .866 1.938 - .062
500° 5 0.7 0379 3.0 15.9 8k.1 1.19 0.075 2.875 - 1.125
15 1,176 L0435 3.4 18.0 82.0 1.22. 0.086 2:934 - 1.066
20 1.303 .08 6.1 32.3 67.7 1.47 167 1.222 - 0.778
30 1.478 .1024 7.8 h1.3 59.7 .  1.67 .222 1.346 = 0.656
L7 1.671 .123 9.25 - 49.0 51 1.96 .292 1.465 - 0.535
60 1.778 .126 9.5 50.2: 9.8 . 2,01 .303 ' - 1.481 - 0.519
120 . .2.08 157 11.6 60 .4 39.6 2.52 o2 1..604 - 0.396
180 2.255 .176 12.75 67.5 32.5. ..3.08 . 498 1.697 - 0.303
300 2.k78 - .196 14.25 T5:e4 a6 k.06 -609 1.784 - 0.216
600 2,778 211 15.b 81,5 18.5 5.k .32 1.865 - 0.135
3000 3,478 .222° 16.3 86.0 1.0 7415 . 8% - 1.931 - -0.069
525° .75 1.87 .0148 1.2 6.35 93.65 = 1.Q7 . 0.029 2.462 - 1.538
1.0 0 0231 2.0 10.6 . 89.4 1.12 ~.0.049 2.690 - 1.310
" 1.25 0.095 - .060 k.5 2h,8 75.2 . 1.33 0.12k 1.094 . --0.906
1.5 0.178 ' - '
3.0 0.478 077 6.0 31.8 68.2 1.h7 - 0.16T T.222 - 0.778
5.0 0.70.- .093 7.5 39.6 60.4 1.66. -.0.220. . 1.343 - 0.657
8.0 0.90k .119 9.0 k7.5 52,5. . 1.90. . . 0.278 L. hhk = 0.556
15 1.178 .139 10.5 -55.7 Lk, 3 2.25 0,352 .  1.546 - 0.454
30 1.4°78 .184 13.4. 70.9 . _.29.1. 3.4k . .0.536 1.730 - 0.270
85 1.930 .207 15.1 "80.1 19.9 5.02 0.701 1.846 - 0.156
130. . 2.11h 247 16.7 8.7 16.3. 6.14 . 0,788 1.896 - <-0.10%

(continued next pageee..)

-!60'[-



. TIME LOGyo ~AREA:RATIO .% Ti-Ni J# fracts:1-£(t) 1 .. .I0Gjg  LOGiolOGo LOG 1OG

.min. - Time TIoN1  from ion trans- -X 100 - 1=£ (%) .1 1 7
o4 303 - Standard -formed X100 . 1-F(t) 1-£(t)  7-R4
Plot f

.25 1.398 . 0194 1.7 9.0 91 1.k - 0h1 2.613 - 1.387

S5 1.7 059k k.2 2.2 .  Tr.8 . 1.28 ...«107 1.029 = 0.971

.75 .85 . .062 4.8 25.4 .6 1.3k 127 1.104 - 0.896
1.0 . 0 .07l 5.5 29.1 70.9 l.a . <149 1.173 - 0.827
1.5 0.178 .095 Tk -39.1 ~60s9 ...1l.64 .. .215 -1.332 - 0.668
2.0 . .0.303 -+109 8.3 W3.7 56,3  1.77 248 . 1,39k - 0.606"
3.0 ...0.478 .129 9.75 51.6- . 484 . 2,11 «325 1.512 - 0.488
k.0 0.6 171 12.2 64.5 -35.5 . 2,82 A5 1.653 =.0.347
6.0 0.778 .19 13.9. 3.5 .26.5. . 377 376 1.761 - 0.239
9.0 .0.955% 195 14.25 757 2h,3 . ka1 o 6Lk 1.788 - .0.212
15.0 1.178 .203. 14.8 78.3 21.7 4,6 .663 . 1.822 - 0.178
30.0 1.478 .201 15.8 83.6 16.4 6.1 .785 1.895 - 0.105
60.0 1.778 . .23 16.8 88.8 11.2 8.91 .950 1.978 - 0.022

-0T1~
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DATA_FOR FIRST STAGE. DECOMPOSTTION:OR RETATNED”* *

FOR FIGURE .30 (a, b .and.c)

Ratio of -

Intensities . : " - 10" Gm. .load -
Temp. Time ~ B0 . x b A % /e : V.P.N.
-°C . . min. X101, o Hardness -
~4oo*c 30 3.95 26.6 3.4 . 580
60 2.0k 41.3 58.7 ‘570
120 1.49 ' kg,2 50.8 ' f2h
2lp 1.2k 54,0 L6.00 .
360 1.1h4 56.0 k.0
L8p 1.03 584 4.6 560
900 .58 1.5 28.5 465
1380 48 75.2 4.8 450
1680 .29 83.0 17.0
2400 .07 . 95.0 5.0 425
2880 . .00 100
Lo 4 4,96 22,4 77.6 600
15 3.31 - 30.2 - 69.8 57T
30 2.0 1.7 58.3 " 570
60 1.53 48.4 51.6 482
90 13 39.9 60.1 -
120 17 65.4 34,6 - hlh
150 . «33 81.2 18.8 )
2o 100 k20
450° 1 3.50 29.0 71.0 " 570
.2 2.11 ho.k 59.6 520
.5 1.35 51.5 k9.5 - 500
10 .69 67.6 32.4 Ty {)
15 31 82.2 17.8 425

20 100 S '¥-)

NOTE:" Egch hardness. 1isted represents the average of at least 10 values.



' DATA"FOR ISOTHERMAL:DECOMPOSTTION OF. X"

IN.6% Ni - ALIOY FOR FIGURES 32, 33 AND 3k

'TEMP. TIME I0G;o AREA RATIO % TipNi F#)= - 1 =F(t). - 1
- min. .- Time TigNi from’ fraction - x 100 1-f£(%t)
<101 Standard transfor-
Plot med. X 100
450° 50 1.7 043 3.4 +180 .820 1.22
100 2.0 - .060 .5 .238 .T62 1.31
oo 2.6 .106 8.0 JL22 S8 . 1.73
1000 3.0 .150 11.2 595 L07 2,45
3150 3.5 .20 14,6 LTT2 .228 4.38
7280 3.9 . .215 15.7 .832 .168 5:95
500° & 0.6 .04 3.2 .170 .83%0 :1.20
10 1.0 . 065 5.0 «265 C o35 1 1.36
25 1.4 .095 7.3 .386 61 . 1.63
50 1.7 .14 10.5 .556 Ll 2.25
100 T 2.0 .20 1,7 .T78 222 ‘4.50
600 2.8 .23 16.7 .884 .116 8.60
525° 0.5 1.7 .0k 3.0 159 841 1.19
1.0 "0 .05 . 4,0 . 211 . 789 .1.26
k.0 © 0.6 <117 8.8 BT .529 . 1.89
. 10 1.0 175 12.9 682 S .318 3.1k
50 1.7 21T 15.8 .836 .16k 609
100 ' 2.0 .230 16.8 .890 .110 - 9410
550° .3 T 1.48 045 3.7 195 . 805 1.2k
.5 1.7 065 5.0 .265 .35 1.36
1 ¢ .090 T.0 370 630 1.59
3 0.48 .153 11.3 .598 ko2 2.48
6 0:78 .200 14,7 .T78 . .22 4,50
10 1.0 +220 " 16.0 . 8l6 <154 6.50
35 1.54 245 18.0 .953 O 21,3

i
[ T B I |

B8

= O\ o O\O\ F

BEIESZ 32%
[ O T I &
-a];"['-
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Ti-Ni ATLOYS. - CONSTITUTION AND:HARDNESS. OF QUENCHED POWDERS

Atomic 10}5m.“V.P;N; Hardness ﬁ Retained. . -
Alloy E.Ni Argon Q - He-Q ' . HeQ '
N 1 0.25 143 159 ‘
2 0.5 . 197 . 207
3 1.0 . 225 229
4 2.0 25k 297
5 k.0 . 345 k29 12
6 6.0 Lko L5 20
7 7.0 L6o . 500 L
N 6-.f .6$~N1:{-g.Mierdeardness of .
Tempefed'Struéiures,(lbfgm..Load)
Temp. Time . Hardness  Temp.. - Time Hardness
u50° 60 387 525° 11/2 369
1klo 365 61/2 - 3%
4320 : 320 15 320
30120 309 180 - 318
500° 5 koo - 550° . 15 362
L5 357 - 45 320
120 329 o h 310
. 600 313 9 290

-60 275
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APPENDIX IX

PUBLICATIONS RELATED TO THE PRESENT THESIS

Levitation Melting Titanium and Titanium Aliloys, Researgh (1954),
vii 2, s 12. :

Some Techniques for Melting Reactive Metals, Research (195%), VII,
p. 272

‘Three basic melting methods are reviewed that may be abplied to

. metals which, on account of their reactivity, cannot-be melted in

refractory crucibles. Levitation melting is considered in most

detail, as the technique is felt to warrant morefattenﬁion than it

has received in the past.

Phase Transformations in Titanium-Rich Alloys of Iron and Titanium,
Journal of Metals, Oct. 1954; Trans. A. I. M. E. (1954), 200, p.1148.

High purity alloys of titanium and iron, made by a techniqueof
levitation melting have been investigated'with‘partiéular reference to
martensite formation and decomposition in the hypoeﬁfeqtoid range. A
preliminary study'hasAbeen made of tﬁe phase corresponding to the
strubture'TigFe.

Martensite Formation in Powders and Lump Specimens of Ti=Fe Alloys,
Journal of Metals, January, 1955.

Non-Equilibrium Structures in Ti-Alloys, Letter to.the Editor, Journal
of the Institute of Metals, Oct., 195k.

Isothermal Decomposition Kineties of Transformed-/5 Phase in a
Ti-Ni Alloy, Acta Metallurgica, in-press.



