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20; ABSTRACT

e
‘ "»" ‘
“"The colony type Widmanstitten alpha + beta as-received structure
exhibited the highest creep strains at ambient temperatures (T<0.2Tm)
Long slip lengths associated with large colony size and a (0002) ]
{110}, , (1120) // (111), Burgers orientation relationship in addi}ion
to sl?ding along colony bo%ndaries and alpha/beta interfaces account for
relatively high creep strains to saturation. Planar arrays of straight =
dislocations and the predominance of a single operative slip system were .
observed for samples crept at 298K while thermally activated cross slip
was observed for samples crept at 453K. Beta-annealed martensitic -
microstructures displayed enhanced creep resistance, out-performing -
other recrystallized equiaxed HAZ microstructures. =
_~+Steady state creep was attained at elevated temperatures (T>0.4Tm)
where wavy dislocation 1lines and dislocation 1loops were more o
homogeneously distributed than at ambient temperatures. Activation
energy determinations indicate that creep mechanisms are dependent on a
creep rate/temperature relationship. Above 778K the activation energy

¥ 1 N

of creep is close to that of self-diffusion in titanium, suggesting that ::
diffusion-controlled dislocation mechanisms are the rate-controlling
processes at elevated temperatures. -
Creep rupture at elevated temperatures occurred by microvoid ﬁ}
nucleation and growth, Fracture occurred along colony boundaries in the -
as-received structure/while appearing to be intergranular with the crack
propagating along ; G.B.a/matrix interfaces in the equiaxed =
microstructures. Sliding along alpha/beta interfaces, colony 9!
boundaries, prior beta grain boundaries and slip traces contributed to
the creep strain and rupture process. .
“N;}Cyclic creep with a loading-unloading sequence was performed at N
room temperature and cyclic creep acceleration was observed. The -
reduction of internal stress in the unloading period enhanced the creep
rate in subsequent loading. :!
N N
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o CHAPTER I
.

- INTRODUCTION

(.

h&;;;‘quiﬁly;~

.Developnent of the Kroll and Hunter processes in the
1950's thrust titanium to the forefront of advanced tech-
nology nlterials(l‘z)v Applications were restricted to gas
turbines(l). structural air frame members and other com-
ponents requiring superior performance in order to justify
the relatively expensive costs of fabrication. Ti-6A1-2Nb-
1Ta-0.8Mo is the product of a recent generation of alpha +
beta titanium alloys exhibiting high specific strength,
elastic modulus and fracture toughness typical of the

general class of ulloys(1'3'4'5’6).

The alloy'’'s resistance
to general corrosion and stress corrosioan cracking in salt
water coupled with good weldability make Ti-6211 an attrac-
tive candidate for modern marine npplic:tions(s).

Since Ti-6211 is a weldable a + B titanium alloy and
its microstructure is strongly dependent on the processing
history and thermal treatments(1'3'4'5'7), various
microstructures can be generated in the heat-affected zone
of the weld(8), Imam and Gilmore(9) poiat out that
microstrocture is an important variable influencing creep
strain in titanium alloys. It is, therefore, of practical
importance to study the creep behavior of Ti-6211 weld zone

microstructures if the alloy is to be used for large welded

structures.
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R Many titanium alloys have ©been shown to exhibit 2%
appreciable amounts of creep at ambient temperatures and at ii
i stress levels far below the tensile yield strength of the .."—‘1
- n:terisl(3'6'1°'11). Room temperature creep in Ti-5A1- Eig
%f 2.5Sn and Ti~6A1-4V has been studied extensively by several ﬁi
j! luthgrs(9'12'13'14). Chn(ls—ls) previously measured %Q
T
’ various creep properties and stress relaxation values at :?%
; room temperature for Ti-6A1-2Nb-1Ta-0.8Mo. Mechanistic 253
= studies related to microstructure and deformation behavior, !|1
) e
however, have not been made. EE{
- Creep of Ti-6211 tested at ambient temperature is of i;;
i* the transient type(s'ls—la). Steady-state <creep with a ;ij
minimum creep rate is generally achieved at elevated tem- ‘ti
peratures following primary creep. The contribution of 2:

l diffusion to creep strains and the smouant of sliding at

grain boundaries, colony boundaries, alpha/beta interfaces
and slip traces becomes more significant at high
temperatnre(s's). Investigating creep behavior of Ti-6211
at elevated temperatures serves as a comparison for ambient
= temperature effects and aids in the determinationm of DbDasic

creep deformation mechanisms.

Cyclic 1loading may enhance or reduce the creep rate giﬂ

depending on material properties and testing i;i

conditions(15), Odegard and Thompson ¢(12:14) have shown 7ﬁi

that prestrains cam accelerate or diminish subsequent creep %%

in the Ti-6A1-4V system depending wupon the amount of LE&

prestrain and the associated <change in internal stress. ‘ig

' Imam and Gilmore(g) have reported that stress reversals can g!f
e e T e T e T e e
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. accelerate creep in Ti-6A1-4V. Since, in practical

applications, a structural component may be frequently sub-
jected to fluctuating load <conditions, the effects of
cyclic loading on creep behavior were included in this
study.

"The effects of modifying microstructure, creep stress
levels, creep temperature and c¢yclic loading conditions on
creep deformation were considered in this study. Based on
the analysis of creep curves as well as the examination of
surface deformation and deformation substructures, the
overall material behavior characteristics of creep in Ti-

6211 will be discussed.
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CHAPTER 1II

LITERATURE REVIEY

Ti-6211 Phase Relations

The objective of this research is to investigate the

. effect of microstructural parameters and test conditioms on
the creep behavior of Ti~-6A1-2Nb-1Ta-0.8Mo. In order for a

I high strength low temperature titanium alloy to be properly
utilized on large marine structures it must be weldable and
exhibit acceptable properties in the fusion and hest-

affected zones of the weld(7). Due to rapid thermal cycl-

ing between ambient temperatures and temperatures approach-

B ing the melting ; int, the FZ and HAZ regions of the weld
(6),

undergo sllotropic phase transformation

Pure titanium <consists of a high temperature body-
centered cubic beta phase which transforms by diffusionless

shelr(7) during cooling at 1155k to a 1low temperature

hexagonal <close-packed alpha phase. Titanium alloying

additions can be divided into groups of <either alpha

(1)

stabilizers, beta stabilizers , or neutral additions.

e
Pt W)

, 1y
% NP

¢ L
Alpha stabilizers <consist of ‘pure' alpha stabilizing

o
a

e
e
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elements which raise the beta transus temperature (Al and
interstitials O,, N, and C) and “alpha strengthening
elements which have high alpha soluability (Sn, Si and Zr)
but do not raise the beta transus(lg). The amount of alpha
stabilizer which can be added is restricted by the forma-
tion of @,, & coherent ordered phase based on TizAl. a,
precipitation has been found to increase the colony or pac-
ket size in Ti-6211, thus increasing the effective slip
length(4), Ti3Al may also precipitate in the alpha phase
and cause embrittlement in some alloy systems durinmg ageing
at 773[‘1'4). The effect of TisAl depends upon the alloy
system in question. Embrittlement may be avoided if 2 9 wt
% 1limit 1is placed on the'kluminnm Bqnivalent"as given by

equation 1(19).
Aluminom Equivalent = Al + 1/3Sn + Zr + 10(0 + C + 2N) (1)

The beta phase is stable at room temperature only in
alloy systems where the solute element is a transition
meta1(7), Beta stabilizers fall into two distinct
categories(l): beta isomorphous additioms (V, Nb, Ta and
Mo), which form solid solutions at all concentrations of
the solute element lowering the beta-transus, and beta
eutectoid formers (Fe, Cu, Mn and H) which lower the beta-
transus and form intermetallic <compounds. The beta-
eutectoid formers are rarely used commercially since they
result in sluggish euntectoid reactions(l). Certain beta
stabilizers, when added to alloys such as Ti~6A1-4V, simul-

taneously raise resistance to deformation at room tem-
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perature while drastically lowering resistance to deforma-

tion at elevated temperatures. Superplasticity(20'21) is

desirable in many cases because of the ease of formability

at high temperature and resulting high strength uwpon

cooling. 7
—d

Commercial titanium alloys are generally classified as ',1
alpha, alpha + VDbetas, or beta 2alloys according to the .
dominant phase present(lg). Due to the «complexity of .{;
-

multi-component phase diagrams, alpha + beta titanium .j
alloys are often represented by psuedo-binary diagrams :i}
containing a fixed amount of alpha-stabilizer as shown in :fﬂ

Figure 1(1). The most practical <creep-resistant titanium

L

alloys are the near-alpha alloys(lg). iﬁ?
Mechanical properties of titanium alloys depend not T[E

only on the phases present but also on the morphology of ;f{
each phase. By altering processing techniques(1'4) and ﬁj
annealing temperatures along with subsequent cooling rates, ;i
microstructures can be developed displaying equiaxed, -'j
platelet, or grain boundary alpha in a retained beta or g\
martensite matrix. Either phase may be coarse or fine, Eé
continuous or discontinuous, blocky or elongated(S)- Gf
Crystallographic texture of Ti-6211 can be varied greatly f%j
by an appropriate ITMT below the beta transns(1’4). Common i;?
textures include basal texture where the bassl planes are ;:
parallel to the rolling plane and transverse texture where :

basal planes are perpendiculer to the rolling plane and

A S
S T T
A P

PLPAN SO I\

parallel to the rolling direction. Such texture variations

JERSK]

bhave been found to significantly alter mechanical !Lﬁ
J

]
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properties.

Widmanstatten Alpha +_Beta

Processing 1involving excursions above the fB-transus
followed by slow cooling results in a Widmanstatten alpha +
beta>colony structute(4'5'19). The f-transus temperature,
near 1283K in Ti-6211, is dependent upon relative per-—
centages of alloying elements. A colony structure (array
of parallel platelets) or primary alpha platelet structure
denotes a specified <crystallographic orientation with
respect to the prior beta phase. The slow cooling rates
which generate the colony structure result in a Burgers
orientation relationship between a and f§ phases of the type
(0002}, /7 (110} and (1120)4 // (111)5(1'5’- This Burgers
orientation relationship is crucial in deformation studies
due to slip length considerations. The Widmanstatten a + B
microstructure can be annealed high in the @« + B phase
field to increase the volume fraction of the beta phase.
Likewise, the equilibrium v/o of the beta phase decreases
with decreasing temperature below the beta transns(S).

Primary alpha forms by nucleation and growth in alloys
where the final hot working operation is <completely below
the f-transus temperature. The resulting morphology may
range from elongated platelets to equiaxed grains(lg). The
prior beta phase, conversely, refers to those regions of
microstructure which were beta phase at the annealing tem-
perature or at the finishing temperature of the hot working

operation(lg'zz).
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depends only on the instantaneous values of stress and not
on previous strain history this is not true for higher tem-
perature creep. The determination of a proportional limit
for creep (the stress level below which no creep strain may
be recorded is very useful. This limit may be
experimentally determined by incrementsally loading
individual specimens and is represented as a fraction of

the yield st ess of the particular microstructure.

Creep at High Temperature

Temperature considerations during creep testing often
refer to the homologeous temperature (T/Tm)(3°). High tem-—
perature creop mechanisms differ significantly from those
sctive at temperatures below Tm/2. Significant mechanistic
changes in Ti-6211 creep occur between 0.3Tm and 0.5Tm mak~-
ing this regiomn a particularly attractive candidate for
further study. Steady state creep conditions generally
occur when the rate of creep recovery is fast enough to
offset strain hardenming effects, allowing & balance to
occur between competing factors. Steady state creep rates
display both temperature and stress dependencies as given

by the following equntions(3°'34).

Temperatuge Dependence:

is & exp(-Q/RT) (4)
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prehensive than, and includes, Andrade cteep(3°‘34‘35)-

Andrade initially proposed the equation:

e = c0(1 + Btlls)e(kt) (3)

which represented the <components of transient «creep +

viscous <creep &and was based on a compilation of curves to 4

obtain Figure 2. A similar equation to Andrade’s but ;*?3
. :.._- ‘J

obtaining a better f.t was proposed bty Garofalo(so'ss). { N

With Cottrell’s equation several distinct types of creep 'J'

may be satisfactorally represented(3o'34)= o

a' = 0 &8 = constant..........Steady state creep

n' =1 ¢ = alnt........Logarithmic creep {;??;
=
R -3
-

n’' = 2/3 g = ﬁtl/s..Andrade's transient creep o

a2’ (n ~ 1/3) e = At®.........General lov temperature

creep (n = 1-n')

Dislocations with the lowest activation energy move
first upon the initial applications of a stress. As low

energy dislocations are exhausted creep may continue by

moving dislocations of higher activation energies. As this
activation energy the creep rate decreases until saturation
eventually occurs. It is interesting to note that low tem-
perature logarithmic creep obeys a mechanicsal equation of

(15,30)

state Ia such a case the strain at a given time
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Page 19 4
avoid tertiary creep. Stress rupture testing(30’31) Eiﬁ
intentionally enters the tertiary creep regime where higher i;i
loads are mnecessitated and the test is carried out to the é%%
failure of the material. The information obtained from -iﬁ
this type of test is the time to cause failure at a given :;j
nomiﬁal stress and constant temperature. The general :.%

procedures for <creep testing may be found in several ASTM

specifications:

ol
it bttt

ASTM Des. E8-69, ASTM E-139, ASTM E-150

Creep at Amdbient Temperatures

-

. X
“"L i .

Tertiary creep is rarely experienced at ambient tem- :
peratures since «creep saturation generally occurs due to ;”5
lack of recovery. The driving force for <c¢reep and the ;,4
overcoming of deformation obstacles (Peierls Stress) is a .ﬂf

result of the combinmed actions of thermal fluctuations and

} sttess(al). At low temperatures processes such as dynamic ;é‘
recovery and cross slip may play important roles in the ‘fg
creep scenario since they are =not dependent upon tem- ;E
perature enhanced diffusion. ;.l

Cottrell proposed a significant equation for a general

time law for creep(3°'34): -
g = pe~0’ (2)
where f and n’ are experimentally determined
constants, Differing creep behaviors are represented by

varying values of n'. Cottrell’s equation is more com-
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at high stress levels, high temperatures or a combination
of the two under constant load conditions where a2 reduction
in cross-sectional area (Ao) occurs due to necking or void
formation. This region may be associated with the coarsen-
ing of precipitates, recrystallization or diffusional
changes in the present phases and must be avoided totally
in structural applicntions(3°). Constant stress tests
avoid this type of curve since the load is reduced inm order
to keep the stress constant prior to mecking. In addition
to elastic and plastic deformation experienced after a load
is applied there exists an anelastic component(12'14) to
creecp which is recoverable with time. This anelastic com-
ponent is not generally significant in titanium alloy
testing., The minimum creep rate is the most important
single design parameter. This informationm is facilitated
in most applications to yield =a ‘;teep strengtﬂl (15'30).
which is traditionally defined as the stress at & given
temperature reqnireq to give either a creep rate of 0.0001
% per hour (1 % /10,000 hr) or 0.00001 % per hour (1 %
/100,000 hr).

It is permissible to assign a creep stremgth to a
particular material for an arbitrary strain percentage/hour

as long as all testing remains self-consistent. Since very

long time frames are unrealistic for actunal testing, Es may
be based on creep curves of shorter duration. The value of
minimum creep rate is then larger than the true value,

thus, the error is om the conservat: ve side(so). Ordinary

creep tests are carried out at relatively low stresses to

-
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positive aspect of creep, as McVetty points out, might ?q
involve highly localized stresses which may be ﬂﬁ
o

redistributed by <creep deformation, thus preventing !;
failure. In some <cases the load-carrying capacity of a 7;
structural member may be increased by virtue of if
o

deformations resulting from creep. Creep in the majority Q.
»7!-

of cases, however, must be viewed as detrimental, .
A basic creep curve may be plotted as strain versus ;Q

e

b.—.l

time and includes the three distinct regions labelled in »
iy

Figure 2 as(30,31), -
I Transient Creep (Primary Creep) %:

—

IX Steady State Creep (Secondary Creep)

III Tertiary Creep

o represents the elastic component of strain observed

NIL}'

5t
l'),',’
i
datad

upon loading. The transient region of the <curve, also

. known as primary creep, exhibits a continuously increasing

i
y e
LY 4

creep resistance due to strain hardening in the material as

1
hdot

a result of deformation.” The steady state or secondary

1w
< s

...
(2 T
¥
[S

PR N

creep regime exhibits a nearly constant creep rate given by

3

.

de/dt or e and is essentially due to a balance between the

v

AR

p
Jl

competing processes of strain hardening and
tecovery(3°'31'33). The average slope in this regime is
called the minimum creep rate and is important to design

parameters. The tertiary region of the curve occurs mainly
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partially martensitic heat-affected and near-fusion
zones(ZS). Several authors suggest post-weld annealing to

increase ductility and toughness in the weld 2zone when

p°331b19(14'25) .

Creep Overview

Creep is defined as a time-dependent plastic strain
experienced vunder either monotonic <constant load or
constant stress conditions(3°'31). Many materials undergo
limited creep in the ambient temperature range as has been
shown to be the <case with titaniun(3'6'1°'11). Creep

rates, creep resistance and rupture times have been found

to be dependent on microstructure, stress level and texture

(9,13-18)

to varying degrees In general, the strength of a

=
s
2

metal decreases with increasing temperatzre due to an

v e .
e
[
PO

!

s

increase in the mobility of individual atoms and the

PR e

enhanced role of diffusion at elevated temperatures.

Increased deformation along grain boundaries as well as the

ild

interaction of additional slip systems at higher tem-

»

Sl
P W UL

e
etet.
M
N W,

peratures enhance creep rates and overall creep deformation

b
(1
o,

O
. “:‘i., 0

leading to & more rapid failure.

adondh,

McVetty clearly states that creep may be viewed as

»
»

AlabS oA

beneficial or detrimental depending on individual

applications and material toler:nces(32). Extended 521
deformation, exceeding permissible tolerances, might well )
render a machine inoperative. Likewise, some machine parts ﬁﬁh
tend to become unstable with excessive deformation. A !!4
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side of the boundary which does =not have the Burgers
orientation with the adjacent betas phuse(29). The degree
of ductility depends on the rate of void growth. If the
rate is large, the void reaches a critical size for frac~
tore at a lower applied stress and strain and hence, the
ductility is less. The authors proposed that void growth
occurs in the alloy tested by local plastic flow at the tip
of the void rather than by the linking up of smaller voids
well ahead of the main void. Coarse dimpled fractographic
structures arise from flow occurring within the plastic

zone of the unstably propagating ctack(29).

Yeld Zones

Whittenberger and Moore stated that weld interfaces
have no measureable affect on the overall creep deformation
of Ti-6211 which has been diffusion welded(20), The
suthors produced diffusion welds without external
constraints and with little overall deformation through the
use of a soft interlayer between faying surfaces of the
hsrder material. These results, however, do mot correllate
well with the rapid temperature fluctuations and recrystal-
lization associated with phase transformations in typical
Ti weld regions. Bowden found severe dunctility losses to
occur due to cracking in simulated weldments in Ti~6211 and
similar alloys(7). Odegard and Thompson found that welds
do significantly reduce <creep rates in Ti-6A1-4v(14)

Baeslack and Mahajan found weldments in highly-alloyed a +

g titapium slloys such as Ti~4.5A1-5Mo-1.5Cr to contain
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30 % to 50 % of the CRSS. Starke and Lin{5) found tensile
dislocation structures im Ti-6211 to be predominantly
straight and primarily screw type with only a few edges
seen, Screw dilocations in hexagonal]l networks are commonly
observed in hcp netals(27'28).

Deformation twins were observed, both on the surface
and by TEM, in Ti-6211 tensile tested in the TD
direction(s). No twins were observed for any other simple
tension or simple compression tests for the other
materials, Paris, LeFevre and Starke also found
occurrences of course deformation twins in beta Ti-V alloys
where twinning was associated with moderate volume frac-
ti;ns of the w phase as a8 result of high beta stabilizer
content"g).

Severasl aunthors have shown that thick G.B.a formation
during post—weld heat treatments can promote intergranular,
low-ductility failure(zs'zg). Baeslack and Hahajan(23)
found that fracture occurred dume to slip incompatibility
where voids initiated at G.B.a/trsnsformed-f interfaces and
grew into G.B.a and transformed-p regions in the alloys
tested (Ti-6A1-2Sn-4Zr-6Mo and Ti-5A1-5Sn-2Zr-4Mo). Green-
field and Margolin(zg) note that void nucleation increases
with strain and is shown to depend wupon both the alpha
morphology and its size in Ti-5.25A1-5.5V-0.9Fe-0.5Cu.
Void nucleation does not occur in this alloy along the edge
of broad Widmanstatten alpha platelets because slip in
alpha is readily accommodated by slip in beta. Void

nucleation can and does occur at G.B.a but only on that
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including stress axis, slip plane and slip direction as

well as orientation of the a/p interface inm Ti-8Al-1Mo-1V.
Their results indicate that the macroscopic flow behavior
of colonifs comprised of ductile lamellae depends om the
ability of a slip system, once activated in the softer a
phase, to shear through the harder B phase. The authors
observed a variation of more tham 2X in CRSS for yielding
of individual colonies and the “ys of a similar colony was
found to increase as the slip directiom of the dominant
macroscopic slip planme approached mnormality to the a/B

intetface(24).

Neither the alignment of the slip system in
the alpha phase with a potential slip system in the beta
phase lamellase nor the orientation of the lamellae to the
stress axis appear to significantly influence the yield
stress. Planar non-uniform slip has been found to dominate
in colonies which yield at low stresses while fine, uniform
slip occurs in most high strength colonies(24). Most
individual colonies did not obey Schmid’s Law (i.e. yield-
ing did not occur in a single colony at a critical value of
the shear stress on a given slip system). Slip com-
patibility within & <colory has been witnessed by many
authors and slip bands occaisionally pass through <colony

boundaries(l's's'zs).

Ankem and Margolin(zs)

considered interaction stresses
along a/p interfaces where the maximum interactions are
found when the stress axis lies in or close to the inter-

face and a 40° jincline to the (0001}, direction. The

asauthors found elastic interaction stresses to be as low as
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e structnres(l).

Despite the small slip distance associated

with individual platelets, the large number of platelets
i n accounts for reasonsable ductility in the overall
. structure(1.4),

(7

Bowden spent considerable time studying the subject

of ductility loss ia Ti-6211 in the temperature range of

-l 4

the hot ductility dip (approx. 750-850°C). Strain

-

localization within the grain boundary regions results in

o 4
]
-t

intergranular fracture along prior beta grain boundaries.

l".
O

Dnctile rupture occurs by void formation and coalescence ?3
gy
along beta grainm boundaries. This phenomenon has been ?q
o
found to be microstructure controlled. Beta grain shape 57
]

along with alpha phase morphology are the critical fsctors

.

involved in producing low hot ductility, rather than rapid

thermal cycling experienced during the welding process(7).

3

Alphs_+ Beta Colony Structuzes

Seversl authors have conducted studies on the deforma-

tion behavior of colony structures in beta-processed a + B

(5.6,24)

titanium alloys Baeslack and Mahnjnn(ZS) stated

that if a grain doundary is oriented properly with respect

to the stress distribution, intenmse slip will occur in the

alpha and also often in the prior beta grain with which it

¥
L4

YT YT

J‘ . shares s semi-coherent boundary. A slightly different
orientation, however, can prevent macroscopic slip and

promote grain boundary sliding and corresponding interphase

r—
. v s

separation, Chan and co-workers(24) correllated
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ments. Borradaile and Jeul(lg) state that for a comparable

o %N
A aals

duplex microstructure, smaller mean free slip paths improve

n the tensile properties as predicted by a Hall~-Petch
' relationship. Lin and Starke stated that increases in :?i
; strength are associated with a decrease in deformation ng
! barrier spacing in the Ti-6211 alloy(4'5). It hes been "‘;
‘ - found that excursions above the B-transus for strengthening &Sﬁ
ki purposes are always accompanied by a loss in dnctility(S). EE?
- Similarly, the incidence of facets appears to be inversely ![i
J proportiocnal to the ductility. These two conditions are ;éi
y obviousely related due tc the equiaxed nature of the beta ;g;
t% greins that form above the fS-transus. During subsequent ;ﬁﬁ
. cooling, soft alpha forms at the beta grain boundaries and ;:i
because of the equiaxed nature of the beta grains, the a :?:

ot
A

phase is always favorably oriented for slip, resulting in

P
e
e o

strain localization. In studies involving Ti~-6246 and Ti-

5524, Baeslack and Mahajnn(zs) have shown that inter-

granular cracking and an associated lack of ductility were
promoted by the inability of the transformed beta to
) accomodate slip in the Widmanstatten-a and grain boundary

alphka (G.B.a).

! Lin, Starke, et al have successfully showa that by

quenching Ti-6211 high in the a + B phase field some of the j%{
. $ may be transformed to martenmsite, resulting in an ) i;i
. . . K )
increase in yield strength of approximately 25 % with no R
- accompanying loss in dnctility(s). Shih verified that the ;A‘

slip 1length is equivaleat to phase size. The accicular .
t alpha acts as the slip length in these duplex !!v
i a1
ey
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cyclic creep and crack
propagation,

|
h
2
5
k

The choice of material for & particular application is

. dependent on an optimum combination of several <competing

(19)

& characteristics Material performance during

mechanical testing is dependent upomn slloy <composition,

. processing history and heat treatment schedule. There are
several microstructural parameters which may affect the

.

- mechanical properties of a + B titanium alloys; some of the

. more dominant :te(s):

C

1.) Thickness of alpha in prior beta grain boundaries.

2,) Size of accicular alpha.

]

3.) Size and shape of prior beta grains. 5&

= o
) 4.) Widmanstatten colony size. R}
Sy

|. o
==

5.) Shape of the alpha phase.

Il

.
]

Shih, Lin, Spoomner and Starke have previously
correlated microstructure and texture to the mechanical

properties of the a + B titanium alloy Ti-6211(4). They

NN LRIy
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e ta e 'l ‘et [P
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*
iy

81

p
o

O found that high strength, high ductility and high strain

life combinations are achieved by developing equiaxed-a

t

3t
-41

s 1’

microstructures completely surrounded by a strong alpha +

aa e, 8

. : l. ¢ Dy
].l.'. o,

i ®
.

martensite deformation barrier. This is achieved through

[ appropriate ITMT processing and recrystallization treat-
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E :} ing upon critical alloy composition and both are super- ;i
E | saturated inm fpf-stabilizing elements(7). Tempering bhcp :;
! n martensite leads to heterogeneous f-phase precipitation L."
E . “ along martensite plate boundaries with little resultant E;
E L; age-hardening in Ti-6211(7), This is similar to s iz
4- heterogenecous alpha phase nucleation asalong bets grain boun- ;‘
* daries in the primary alpha structure. Such boundary ;;

r ;; nncleation and growth significantly alters mechanical ;i
i; -
properties of a + B titanium alloys. !!

) Shih, Bowden, and Starke and co-workers have 3?

E . previously discussed alternative Ti-6211 EE
[ microst:nctures“"s'4'5'7). E

o
'Y

4

Deformation Charascteristics

| e
N

ol
.

Before discussing in detail the concept of creep it is

W
LT

Y

v "r

important to understand the deformation of titaniom in

J - relation to microstructure.

o A
N SRy
L4 - - . B I . i

Titanium has been used in structural alloy form in the
: ?‘ serospace industry for over 30 years(l'z). The properties

of prime concern in mechapical testing canm be dbroken down

‘s e B
! " """'.l
R v s Two®

into three major categoties(lg):

L2 I I I
. v
s

1@l

v 1.) Zero time mechanical properties: temnsile stremgth,
] ductility, fracture
: toughness.

2.) Real time static properties: «creep strength and stabiltiy.

3.) Real time dynamic properties: High and low cycle fatigue,

e
'3
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Recrystallized equiaxed a + B, a variation of the hof
worked and slow cooled Widmanstatten colony structure, is
obtained by cooling from above the f-transus at increased
rates. The 'Basket-weave (22) pjcrostructure favors the
nucleation of additionsl variants. This in turn decreases
the number of platelets in the Widmanstitten—-a packets
until a point is reached where the transformed region
consists of a totally random mixture of alpha platelets
exhibiting no orientation :elltionship(zz). When this type
of microstructure is formed only very small colonies remsin
interspersed among larger a~platelets thus reducing
deformation barrier spacings. Large blocky alpha plates
form as a2 result of even slower controlled cooling rates or

step-cooling(zz).

Titanjum Martensjte

A martensitic structure is formed by suppression of
nucleation and growth mechanisms when rapidly quenched from
above the f-traansus. An increase in v/o of beta during
annealing coupled with the subsequent martensitic trans-
formation during quenching results in the prevention of a
phase orientation relationship. The resultant decrease in
deformation barrier spacing yields a viable strengthening
mechanism. The volume fraction and size of martemnsitic
regions can be varied by quenching from different tem-
peratures below the Pf-transus but above 973K(5). Either a’

(hep) or a'’' (orthorhombic) martensite(7) will form depend-
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e, % [sink(ac)®...at high stress. (5)

i‘ o gol.cvecececnsacocat low stress. (6)

equations generally reduce to a combination of

effects given by an Arrheniuns-type of eqnation(3°):

iy - koPexp (-Q/RT) (7

\ ’

At high temperature metals take on a ‘viscoelasti;

(14,30,35)

as diffusive
an importan

mobilities.

dependent o
Grant(3°'34)

perature low

takes place.

Another
creep regime
is the tem
transgranula

Several

perature cre

o Te " - N - Ve .
e P Y «t e e . . .
S e A e Bn s o N fon A M. anntle e Sl Bate sttt i

effect and the strength of the metal decreases
effects increase., Dislocation <climb beconmes
t mechanism due to the greater dislocation
At elevated temperature creep strength becomes
n &, and time of exposure. The Monkman-
relationship becomes valid for high tem-

stress tests vwhere ‘intergrannlar fractuare

T tgy = const. tg = time to fracture (8)

important temperature in the high temperature
is the Equicohesive Temperature. The EcT(34)
perature at which the fracture mode shifts from
r to intergranular fracture,
mechanistic models(35-38) oyist for high tem-

ep. The dislocation-climb model is given by:

&% Dsa4~5/n (9)
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where the rate-controlling process is the «climb of
g =@
. dislocations having an edge <component, The Jog-Dragging o
Screw Dislocation model <considers the movement of jogged {::'
screw dislocations and is represented by: o
4 i & D psinh ob21/kT  (10) -
’ The Becovery—Creep model previously discussed is given :j.t:':,
- by:
A
€, = (- doy/ dt)/( doy/ de) = r/h  (11)
r where: o; = internal stress due to strain-hardening, r =
rate of recovery and b = rate of strain hardening.
Nabarro-Herring Creep is another diffusion controlled
. creep process given by: r;’«
i e
e & ch/k'.l‘L2 (12) :j::{::
and dependent upon a fine grain size and high temperature. 8
2 2,
Coble Creep is similar to Nabarro-Herring but depends on j::{::
grain boundary diffusion as opposed to lattice diffusion: ::':::"
:r-{'\‘!
. 3 -9
- LI Dyo/kTL (13) e
9 N
Cross slip generally occurs at intermediate tem- :_'-',:'}
» peratures. It is important to note that quite often more ';
than one creep mechanism may act at any one time yielding
complicated mechanisms operating in either serxies or :
parallel(al). =
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Stress relaxation tests have frequently been 1used to

describe time dependent strain phenomena(33'34). More

recently, however, a new creep test known as impression

creep has been gaining popularity(39-44). Several authors %ﬁ
have described the advantages of the new test, Chu and f%
Li(sg) have recently explained the concept which uses a .E
circular cylinder with a flat end a&s an indenter. The Ei
indenter reaches a steady state velocity after a short .]
transient period in which the circular end makes a shallow j
impression in the specimen surface. This test is useful -;
since the same dependencies exist (¢ and T) as im con- !q
ventional unidirectional creep. The three basic ;i

mechanisms: bulk diffusion, surface diffusion and dislocs-

[}
AT,

tion creep have three different stress and indenter size ;4
(radius) dependencies(39'4°). Only a small amount of test- ;i
ing material is necessary for impression creep. Stress and 3
temperature tests may be performed on the same crystal and PV
no tertiary creep is experienced. A punch radius vs. ;;
impressing velocity <curve yields immediate evidence of Eg
dislocation creep if it exists; this due to the separation =4
of mechanisms by punch size effects. éi
:

Titanium Creep Overview ;;

-

o

Titanium in genersl has a relatively high melting :;
point (approx. 2085K) but <creep resistance at even ~

moderate temperatures (around 800K) is poor in comparison
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to other elements(45), The notion of room temperature Cj%
creep in titanium goes back to Adenstedt in 1949(10) (for i:j
o »

pure a titanium). Titanium and its alloys have been shown O
By

to be subject to <creep 2at ambient temperatures and at {3§
stress levels far below the tensile yield i;i
strength(3,6,10,11) 9.
Of the common titanium alloys Reimann found(10) Ti-6A1-4V 53§
to show the least amount of room temperature creep. Creep ifﬁ
PORS-

ia Ti-6A1-4V is sensitive to microstructural variables such ﬂ!}
as grain size, microchemistry, prhase morphology and j%%
preferred orientation. Some authors have shown «creep to f{}
exist at arocund 25 % ¢ at room temperature during initial I ]
ys =

forward loading(9). The determination of a proportional ':ﬂ
. ‘\J

S

limit and is highly subjective., This value is based at S
least partially on the precision(IZ) of the strain measur- sii
ing instrument. JImam and Gilmore found the proportional :ﬁj
limit to be a strict function of microstructure in Ti-6Al- E;d
‘_-:._1

4V(9). Reimann found that mo creep was experienced in Ti- R
|

2.

6A1-4V if the applied stress was less than 85 % °ys(10)‘ o
Proportional limits have <consistently dropped in recent ?;:
years since measurement sophistication has improved and i?;

Reimann’'s findings have since been disputed.

Odegard and Thompson(lz) have suggested that proof
testing or prestraining Ti-5A1-2.5Sn exhausts the most
easily operated dislocation sources and work-hardeas the
material to & considerably more creep-resistant state.
These pre-strains are beneficial for design <criterion

especially if the operating range of the material will fall
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below 80 % qys(14)- Reimann(lo) also states that stress
relief after forming a <component may be beneficial.

Reimann as well as Imam and Gilmore(9) found that

“the creep strain observed during reverse loading was smal-~-
ler than that observed during initial forward loading". for
cteeﬁ stresses well below the yield stress. This has been
attributed to the Bausinger Effect. Chn(ls) reported that
creep in the amounts investigated, from 0.2 % to 2.7 %, is
beneficial to low-cycle fatigue life, in essence postponing
the onset of fatigune damage in Ti-6211(18) Creep tests
with 1long durations, on the order of 10,000 hours, are
generally preferred. Chakrabarti and Nichols(ls). however,
successfully creep tested Ti-6A1-4V for 1000 hour periods
at low temperature and 500 hours at higher temperatures.
Ambient temperature saturation at stress levels below the
tensile yield strength generally occurs within the first
few hundred hourse from loading. Creep rupture tests
require longer periods of time since they are dependent

upon the onset of tertiary creep and fracture.
Strengthening Addjtjons

The two primary approaches to increasing creep
resistance in titanium involve either the reduction of slip
lengths in the microstrnctnre(4) or the addition of Si and
Zr to the alloy. VWinstone et al (46) found Zr to be the
most effective strengthener in terms of creep resistance in
several titeanium alloys investigated. Similarly, Paton and

Mahoney(‘S) found some of the highest creep strengths to be
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& o
.} associated with silicon in solutionm in alloys subject to 5;5
- their investigation(46). Creep resistance of Si alloys is iié
iP improved by Si precipitation on mobile dislocations resunlt- f?%

ing in a pinning of these dislocations and an inhibition of
their further movement(45). Essentially a strong dynamic
2 strain ageing (DsA)(46) srises from a silicon-interstitial
e atom interaction. These considerations along with the
ability of silicon to make O, play a more significant role
- in creep resistance make Si a viable strengthener(46).
Precipitation of Si imnto Ti5313, on the other hand, has
been found to substantially reduce creep resistance due to

(46)

i the depletion of Si from the matrix Despite these

facts there is still some inability in the field to com-

- pletely identify with certainty the mechamisms by which

. creep resistance is imparted by alloying(45). ;:]
i 2
Impurity Bffects * i

i

Chn(17) stated that the strength of Ti-6211 g + f rol~- ff}

. led or beta rolled material is increased by approximately (T
:

10 ksi when 0, content rises from 0.05 % to 0.13 %. The ]

)

effect of oxygen on the creep strength is similar to the ;ES

(17), Rosen and Rottem(47) f N

= effect on Sos of the alloy have ‘Tﬁ

produced similar findings for the Ti-6A1-4V alloy where the

reduction of ductility is only slight with contgzolled 02 {i}

* penetration. These avthors have attriboted mechanical 5!ﬁ
property changes to oxygen penmetration into the matrix dur- R

Lo

. o

ing high temperature exposure. Oxygen has 8 dual effect on T4

- o]
) titanium(47.48) i 2
: o
' w0
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v Oxygen may act as a very powerful a-stabilizer thus

reducing the beta phase, as well as entering the material
I as an interstitial in solid soluntion. Ha11(48) found that

Ti-6A1-4V creep resistance increases by a factor of four

;; when exposed to air at 900°C for 30 minutes prior to ]
testing. There is danger, however, in gyvyerexposure, where

f’ 0, causes the formation of a brittle surface layer known as

E; alpha case(47). Rosen{47) found that exposure at 900°C for :f}:ﬁ
3 hours resulted in heavy penetration of 0, leading to ifégq

{i extreme brittleness and hardness while decreasing the E hff
toughness and strength of the alloy. The removal of a-case tf

E; from exposed specimens changes neither the properties nor i}ii
the mechanism of plastic defornation(47). Hall found F*i%
increased <creep resistances at short exposure times (30 i ]
minutes or less) to be due to the rise of coplanar slip S

which promotes well-defined slip bands. Many dislocations

leading to an incresase in the internal stress and opposi-
tion to dislocation notion“s). Rosen and Rottem speculate
that exposure at 900°C for 30 min causes a slight increase

\

F‘ of the same sign are closely spaced in these slip bands
|

% of oxygemn in solid solution in the bulk and creation of
|

E very fine, perhaps coherent oxides which can be very effec-
tive in pinning dislocations(47). Further exposure results
FL . in more homogeneous dislocation distributions and 1large
- amounts of dislocation debris yielding a reduced creep
F: resistance. Above approx. 758°C 02, Ny and H diffuse
rapidly into titanium nlloys(47'48). Hydrogen is always
P.
h detrimental and has been experimentally shown to increase
b .
»
.
?
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creep rates in Ti-5A1-2.5Sn through the formatiom of

hydrides(14'49).

Titanjum Creep at Ambjient Temperatures

Studies conceraning room tempersture <creep in tough
materials such as titanium are important since design
stresses for ambient temperature applications are often
large fractions of the yield stress(3). The creep satora-
tion values obtained are largely dépendent on applied
stresses and microstructure at 1low temperatures. The
presence of a weld, which is an integral element of large
scale titanium fabrication, necessitates high stress level
creep testing of equisxed weld zone microstructures.

In a study imvolving Ti-SAl-Z.SSn(IZ). Thompson and
Odegard found the ambient temperature proportional limit
for creep to be approximately 80 % cy‘ with some indication
of small <c¢reep strains below this wvalue in certain
microstructures. Creep was of the transient variety fit-
ting the empirical equatiom: e = At2(12.15-18) N, si0q44y
state creep was observed and the magnitude of creep strain
was sttribuated to the case of dislocatiomn source
exhnustion(lz). Thompson and Odegard proposed that the
creep process in both Ti-6A1-4V and in Ti-SAl-é.SSn is
based on thermally activated overcoming of interstitial
solute atoms and that the exhaustion of the -easiest
dislocation sources(12.14) at each stress level <could be
the reason for creep saturation. Dislocation studies and

related studies give stropg evidence to support this




y _ B
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theory(3'12'14'50).

In the 40 % to 90 % Oys test range for Ti-5A1-2.5Sn at
room temperature, activation energies (Q) were found to be
in the range of 37 KJ/mole which is approximately 1/4 of
the 150 KJ/mole value for self-diffusion in titaniom(12),
This finding correllates well with the theory based on the
overcoming of interstitial solute atoms. Odegard and
Thompson{14) studied Ti-6A1-4V below 80 % S . at room tem-
perature and found thst dislocation loops were common near
triple points where 1local accomodation stresses are
greatest. This agrees with the Ti-6A1-4V study conducted
by Chakrabarti and Nichols(ls) who found that creep strains
in the first 50 hours of testing were 2.5X greater in fine
grained microstructures than in coarse grained
nic:ostrnctnres(13). Imam and Gilmore further found that
B-annealed equiaxed microstructures exhibit the smallest ¢
for Ti-6A1-4Vv(9), Chu(IS), who has previously studied
creep in Ti-6211, shows that creep strains follow the

relationship: e = At0.152' Chu(zo) discusses a more

general case where:
g = aSBtD (14)

where S = stress (ksi) and a, m, and n are determined
experimentally from the material tested. Chu also sug-
gested that weldments had a higher resistance to creep than
rolled plate (by an approximate factor of 18)(16) Unlike
studies on Ti-5A1-2.5Sn where 1o phase relationship was

found(lz). 4 Burgers orientation relationship does exist
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between a and B in Ti-6211. Chu finally states that

approx. 3/4¢y, may be used in applications of the material

ﬂ if some creep is tolerable(16).

Titanjum Creep at High Temperture

F Y Sastry, Pao and Sankaran(36) have found that two phase
Ti alloys have significantly higher creep rates than single ??

phase alpha alloys at high temperatures. Decreasing the Al

g

content results in a reduction in creep rate. In general a !h

or B alloys have higher flow and lower & sensitivity values tii

than the dual phase alloy Ti-6A1-4V, Indeed, the aunthors ﬁf

- (36) . .3
( state : 7Y

. to obtain a suitable constituative equation for high tem-— :}:
- .

- perature flow of titanium alloys, the effects of alloy com- {?:

,:_::1

'l position, graim size, volume fractions of phases and tex- ;i‘

~ -3

ture, on temperasture and strain and strain rate depen- -

[l ‘\‘.,“_:

. dencies of the flow stress must be kmown . The rule of )ﬁ%
~ o
T

mixtures was found to be inadequate for describing the high ;lJ

-
'

temperature flow of the two phase Ti-6A1-4V alloy. Fine
grained microstructures exhibit greater creep due to slid-
ing at high tenpernture(ss). Dislocation substructures in
- Ti-6A1-4V show petworks formed by «cross slip and climbd. %%j

Rosen and Rottem(47) state that creep in Ti-6A1-4V above Ljf

400°C is controlled by dislocation «climb while other

B |

@

authors have have stated that deformation mechanisms in Ti- e
6A1-4V change from dislocation climb at 850-900°C to s

dislocation glide at 700°C(36). Sastry and Sankaran do,

| however, find dislocation climb at 450-600°C and at low !!<
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stress levels with the apparent activation energy for creep
at Q = 188 KI/mole(36). This is significant since the
value for self-diffusiom inm titanium is <close to 150
KJ/mole. VWinstone, Rawlings and West found activation
energies in the range of 280 KJ/mole(46) doe to increased
silicon in solution. These values are much greaster than
those for diffusion of substitutional elements in titanium.

Paton and Mahoney state that the rate controlling creep

mechanism is not simply the diffusion of Si but a more com-
plicated nechanism(45). While Ti-6211 was not developed
for high temperature applications, <contributions of
diffusion to creep deformation and sliding at a/B inter-
faces, colony ©boundaries and prior beta grain boundaries
are more significant in the high temperature, steady state

creep tegine(3'6).

Grain Boundary Sliding

It is a well established fact that grain boundary
sliding may contribute substantially to the overall
deformetion processes in certain alloy systems. Indeed
several authors have shown that interface sliding in
general may be responsible for large percentages of the

total strain experienced in tensile and creep

testing(25'45'51'52). Edward and Ashby bhave shown that
grain boundary sliding concentrates stress on boundaries

which lie normal to the tensile stress axis(sa). This

sliding m®may be accomodated elastically, by diffusion,
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plasticity or «creep. The alternative to boundary sliding
is the appearance and growth of <cavities and <cracks.
Several authors have extensively reviewed cavitation in
creep and the formation of void sites(54'57). Grain boun-
dary sliding has been noted as a principle source of creep
deformation at elevated tenperatntes(so). Baik and Raj(SS)
state that low temperature transgranular fracture yields to
higher temperature cavitation failure which is brought on

by grain boundary sliding in Al-5Mg. A specimen will fail

intergranularly by cavitation if the cavities grow faster
than the neck. Grain boundary migration theory states that
a grain boundary moves normal to itself under the influence
(30)

of s shear stress and relieves strain concentrations

The total strain is the sum of strain duve to slip within

individual grains plus the strain due to grain boundary

AT RN ST,

sliding.

There is a close relationship between crystallographic

]
S L

slip and grain bdboundary sliding. Slip is not uniform along

all boundaries. At higher temperatures, a shear process is

“y “w

X5\ IS

y

activated in the direction of the grain boundary brought on ;i;
by the elevated temperature state or by a 1low strain ;ﬂ
(30) . 2,

rate . Many authors have attempted to place high R
resolution grid networks on specimen surfaces prior to ;f
deformation testing(13'25'45'51'52'59'60). Such :i
"nnrkers" are used to yield quantitative data on interface g*
sliding. Paton and Mahoney nsed electron beam lithography 1;
to place 1lum wide gold grid lines onto titanium-silicon ;E
specimen surfaces prior to creep(45). The suthors !7
.
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concluded that grain boundary sliding was probably not of
great importance as a deformation mechanism in the Ti-Si
series of alloys tested. Most sliding occurred along
prior—f grain boundaries in Ti-5Zr-0.5Si and contributions
in all three microstructures tested were less thazn 10 %,
not a major creep mechanism for the test conditions(45).
Anken and Margolin discuss a/f interface sliding in severasal
microstructures of a Ti-Mn alloy(SZ). Deformed grid
netwvorks after compression testing showed sliding to occur
on one side of an a/f interface but not on the other dume to
phase incompatibilities.

Baeslack and Mahajan tensile tested the titanium alloy
CORONA § in an investigation <concerned with room tem-—
perature a/f interface sliding(ZS). Substantial grid
marker offsets were seen at G.B.a/ transformed beta inter-
faces. Sliding, however, was not observed at Widmanstatten
alpha/transformed beta interfaces. Long time tensile load-
ing did not result in observable creep deformation, which
illustrates the fact that the mechanism of sliding is fun-
damentally different than that of diffusion-controlled
sliding at high temperatures.

A multiplicity of equations have been put forth which
would calculate relative strain percentages due to grain
boundary sliding(59'61-67). Stevens reviewed many of the
flaws contained in early attempts at calculating Abonxdaty

offsets(64).

ihe method of calculating such values from
observable marker offsets on specimen surfaces has been a

matter of much dispute in recent times. Parameters for
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Catle _me allaa o la s . ~ > 2 MR- RS L PURI. A . —

[P N P NP oS

TN

PO R 3




¢ anaCems 4

T —— T ———— i ot s et gy

Page 35

calculating €gbs values generally include specimen surface

{(61)

vs. specimen interior sliding compatibility and

W " . .

whether a specimen is cut (specimen surface polished prior
\ "

to <creep testing) or annealed (where a specimen is given a

heat tresatment anneal but not polished prior to testing).

(61,62)

Langdon summarized that bulk material sliding is

roughly equivalent to surface sliding for low total strains
in specimens having cut surfaces. Figuore 3 illustrates the

parameters considered in grain boundary sliding

(61,62)

calculations Langdon concluded that:

e = 2n1(?/tan9)1 (15)

gbs

where:

Dy = pnumber of grains or deformation barriers per unit
length measured parallel to the stress axis.

w = average value of measured grid offsets in direction
perpendicular to the stress axis.

O = angle between surface trace of the boundary and the
stress axis.

This may be simplified to:

gsbs = k'nl;l (16)

where: k' = constant of approximately 1.5 determined

experimentally from dependencies of W on 6.

The valwe of e,  divided by ey gives & rough

approximation of the percentage of total deformation that

is due to boundary sliding.

T -ure 4 shows relative grid offsets associated with grain




ROUND TENSILE CREEP SPECIMENS
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Threaded Ends: 3/8--24

G: Gage Lengthe.c..eseercecncane ceseenes G = 0.787"
D: Diameter (Cage Section)...... caeevaen D = 0.197"
R: Radius of Fillet....... tesessroesae. R = 11/64"
A: Length of Reduced Section............ A = 0.945"
d: Diameter of Grip Secfiof......ecevuen 4 = 3/8"

Total Length: 2.5"

LOW CYCLE FATIGUE SPECIMEN
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Figure 6. Specifications of room temperature creep
and LCF specimens used during the investi-
gation. High temperature creep specimens
were similar to R. T. creep specimens but
grooved in radius of curvature for extemso-
meter jaws.
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Figure 5. Dimensions of tensile specimens used in
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STANDARD TENSILE SPECIMEN

l_ 2.5" ———7[ Not Threaded

R
G: Gage Lengthev.ceseseseans cesseesssG = 0.630"
D: Diameter (Gage Section)...cesocee. D = 0.156"
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A: Length of Reduced Section.........A = 0.,787"
d: Grip Section Diameter........... ..d = 0.276"
L: Grip Section Lengths......e.0.....L = 0.7"

Total Length....2.5"

HIGH TEMPERATURE TENSILE SPECIMEN
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Ti-6A1-2Nb-1Ta-0.8M0 study.
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) After a final bake-out for hardenming, gold was pulse-plated

onto exposed specimen surfaces (cathodes) from a

i proprietary platiang bath known as Autromics-N., Only the

| gold grid network remained on the surface of the polished

and etched microstructure following the removal of the

» remaining resist squares with the aid of a hot basic

) solution. This approach yielded <clean microstructural

?‘ features coupled with highly delineated markers (Figure
- 9¢).
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:; Various techniques have been employed to conduct sur-

face deformation studies., Surface scratches were inscribed
B on well polished and etched specimen surfaces using sharp
diamond-~tip pencils. Gold grid patterns were deposited on
the specimen surface by sputtering gold through a 300 mesh
k nickél grid. The inscribed and/or grid-deposited surfaces

were examined using SEM techniques after creep deformation.

Two stage replicas with Au~-Pd shadowing were prepared and

i .
Rl

[ I

. R e
. ol et
Lt R
. et e
AR R B
. ',

examined with TEM to detect offsets at interfaces such as:

<

grain boundaries, colony boundaries and a/f phase boun-

[PUPAPSTaY 2Y

daries.

E R
L;‘,,‘..

Q;Lj.

Grid Deposition

The most successful attempts at quantitatively

I determining surface offsets involved a grid depostion tech- °
nique facilitating photolithography. Grid networks of Sum

wide and 1lpm wide gold 1lines with 30um and 1lum

separations, respectively, were electroplated onto polished _re

. A
L)
|
i

e

and etched titanium surfaces prior to deformation. The

process involved spinning a thin layer of Shipley AZ-1450B

positive photoresist onto meticulously clesn flat deforma-
tion specimens st 3000 RPM’s., The resist was pre-baked and
the specimens were brought into intimite conmtact with the
glass—-backed <chrome grid network by a mechanical mounting
press and air pressure. The surface was exposed to intense
vltraviolet light with the grid network in place. Only the
photoresist squares remained after the chrome grid was

) removed and the photoresist was developed (Figure 9b).
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E applied hydraulically by the weight and pan method. Creep EE?E
) strains duoring ambient temperature testing were monitored éﬁj

!. and recorded with Micro-Measurements Series EA precision f%ﬁ
foil strain gages(ss), Fisher strip «chart recorders and ;E?;

V/E-20A Digital streain Indicators. High temperature creep :ii

E was ;ccomplished in an argon atmosphere purified with a _.1
:; Centorr 2B-20-Q Gettering Furnace. Creep strains were .:
measured using an LVDT in unison with a high temperature f;d

extensometer enclosed in an inconel retort assembly. A
three-zone resistance-type furnace and temperature control-

ler enabled temperatures to remain uniform to withian 2K

Y along specimen gage lengths (Figure 8)(68).
Microscopy
ll Tensile fracture surfaces and creep rupture specimens

were costed with a layer of gold and examined using a JEOL
JSM 35 SEM operating at 25KV. TEM thin foils cut from
various tensile and <creep specimen orientations were
prepared wusing a Tenupol twin jet polishing apparatus and

an electrolyte <consisting of 6% Perchloric acid, 35%

L N-Butanol and 59% Methanol operating at -30°C and 19 volts.
- Hydride formation was kept to 2 minimum by operting at tem-
peratures below -25°C (thus eliminating preferential alpha
phase lttack)(49). Thin foils were examined wusing a
Philips 400 transmission electron microscope operating at

an accelerating voltage of 120 KV.

5; Surface Deformation
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specimens were machined amnd tested in the LS and LT
orientations for surface deformation studies. Specimen
'i dimensions and shapes are listed and illustrated in Figures

S5 through 7. LCF samples were employed im <cyclic <creep

8 closed-loop servohydraulic MTS machirne equiped with an

. testing.

b ke
- Tensile Deformation ey
R - ‘.‘:
e Tensile, c¢yclic creep and LCF tests were conducted on RS

4
".‘ ety

8mm clip-on extensometer at TrToOm temperature and a 12mm
water-cooled extensometer at elevated temperatures.
Lk Tensile tests were performed at & constant strain rate of
10351, Precision deformation tests were carried out at

both ambient and high temperatures at & strain rate of 5 x

- 10-3 sec”l. High temperature tensile deformation testing
was performed in laboratory air with induction heating.

Cyclic creep tests were performed at room temperature under

conditions of constant load amplitude, square wave form and ;iﬁ
stress ratios of R=0.1 or 0.9 through a2 two minute ©period. o

Test specimens were mechanically polished prior to testing

through either the 0.25um diamond stage or with 0.05pm
alumina dependent upon application. High resolution
specimens were subsequently cooled cryogenically and elec-

tropolished.

Static <creep tests were performed on Tinius-Olsen

. lever-arm-loading type creep machines. Creep loads were
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annealed structures. Heat treatments and resulting
microstructures are listed in Table 2. Laboratory heat
treatments were conducted in a high purity flowing argon
atmosphere with a Lindberg furnace capable of a sustained
temperature of 1200°C.

.Hictostrnctnres of the five different heat treatments
were observed and <characterized by optical metallography
carried out on a Zeiss metallograph with Namarski polariz-
ing filter capability. The modified Kroll’s reagent
consisting of:

85 ml 820 + 10 m1 HNO3 + 5 ml1 HF
was used as the etchant on all of the microstructures of

interest.

Texture

—

Crystallographic texture determinations were <carried
out on a Siemens goniommeter using the reflection method.
Pole figures (0002) and (1011) were plotted with the aid of

a computer program to determine preferred orientations.
Specimen Geometry

Cylindrical tensile and creep specimens as well as low
cycle fatigue (LCF) specimens were machined such that the
axis of loading <corresponded to the rolling direction of
the as-received plates. In specified <cases, as-received
specimens were machined parallel to the short tramsverse

plane. This provided better delineation of grainm boun-
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CHAPTER III

EXPERIMENTAL PROCEDURE

Material

Two heats of the Ti-6A1—iNb—1Ta-0.8Mo alloy were cast
and rolled in the form of ome—inch-thick plates. The first
plate was received from the David Taylor Naval Ship
Research and Development Ceanter (DTNSRDC), Annapolis,
Maryland and was designated as Heat 1. Heat II was
received from the RMI Company, Niles, Okio. The chemical

compositions of both heats are listed in Table 1.

-2 PR PSP ¥y -2

Several heat treatments were selected in order to

simulate the heat affected zomne (BHAZ) of a Ti-6211 weld

region. Each of founr distinct simulated HAZ microstruc-

. tures were obtained by heating above the 1010°C beta

b Sk Lt e e oo ag

transus and cooling at different rates. The as-received

N

: condition (W11) displayed a VWidmanstatten alpha + beta
colony structure which is common among beta-processed a + f )
titanium alloys. The four HAZ microstructures exhibited ij

large equiaxed grains typical of recrystallized beta-
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Figure 3. Illustration of the parameters considered
in grain boundary sliding calculations.
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Figure 2. Regions of a general creep curve plotted
as strain versus time.
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Figure 1. Pseudo-binary phase diagram for Ti-6A1-1Ta~-0.8Mo

.
alloy system showing fizxed amount of Al and v
varying percentages of beta-stabilizing :ﬁ
alloying elements. SR
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boundary sliding and shear(31), It should be noted that
boundary sliding determinations are only approximations and
that standards in the field have not yet been developed due

to the complexity of the problem.
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SURFACE DEFORMATION SPECIMEN =
K 4l -:
— « —i ' _
~ 1 N
L__\—_j_ I 2
t ..
T -
o |
2.20 7l
G: Gage Length....ceevcunccencnnacnens 0.550"
D: Diameter (Gage Section)............0.175" Total Length: 2.20"
K: Specimen Pin Length....... weeneassa1.630" i
. " Specimen Thru- .
h: Hole Diameter (Pin)...cceccecnnns 176 Thickness: 1/16" -
1: Specimen Grip Width......iccess veeea0.60" .

Figure 7. Flat surface deformation specimen. This f
type of specimen geometry was employed in -
the grid-deposition process. -

/\ Pull rod
Puy.,: f .
1 F = .
g o)l -
‘-, B Insulation "
Ve p .
R Heating
elermerrt
res
e
Specimen

Thermocoup/e -
-
b;:‘;l [
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-Drarl indrearfor connected -
AR fo lower rod .
Spring” =" Rolier -
-

Figure 8. Diagram of general high temperature N
retort assembly. A similar device was -
used for creep testing in a comtrolled -
environment for extended periods of time. S
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9A) Polished and etched specimen

@

I surface prior to grid deposition
(W15 Structure). oo

éﬁ 9B) Photoresist squares on specimen 31
) surface after pattern exposure :;.
(W15 Structure). .

| -
. 9C) Sum gold grid network in place S
after electroplating and removal ?2

of remaining photoresist o

(W12 Structure). e

———

r

- Figure 9. Grid deposition sequence for surface 9

deformation studies.
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CHAPTER IV

RESULTS AND DISCUSSION

4,1 Mjcrostructure

The heat treatment schedule and.tesnlting microstruc-—
tures of interest were prsvionsly summarized in Table 2.
Representative features of each microstructure can be seen
in the optical micrographs shown in Figures 10 and 11. TEM
micrographs in Figures 12 and 13 illustrate the differing
phase morphologies of the microstructures of interest. The
as-received structure displayed substantially different
characteristics from the HAZ structures due to the rolling
process. The microstructure of the as-received condition,
W1 from Heat I as shown in Fig. 10s, has a large colony
type Vidmanstitten alpha + beta structure due to hbt work-
ing in the beta-field followed by slow cooling. Figure 11la
indicates the presence of large pancake shaped grains and

wavy grain boundaries common to the as-received structure
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as a result of the rolling process. Figures 12a and 13a

3
.
g
]
Y
]
)
]
3

I show the presence of light hcp alpha platelets interspersed

. i
3

3

N

S

among & matrix composed of thin dark bcc beta platelets.
The parallel platelet array gives rise to a DBurgers
orientation relationship between alpha and beta plates
located in the same colony. The (0001){1120)} slip system
in the alpha ©phase is coplanar with the (110){111) slip
system in the beta phase. This relationship enables planar
slip to pass through the harder f-platelets and traverse
and entire colony(1‘3‘4'5’7).

Thru-specimen integrity for the ome-inch-thick plate
was verified for both colony and grain sizes in the as-
received structure. The general microstructure of Ti-6211
in as-received plate form is shown in Fig. 14. Disloca—
tion networks were frequently observed in the alpha phase
of the as-received structure near the ends of discontinuous

beta plates where stress concentrations arise. These

residual dislocations, as shown in Fig. 15, are the result

of the decrease in beta phase during transformation that
occurs with decreasing temperature. -

All four of the simunlated weld zone microstructures

exhibited equiaxed grain structures due to recrystalliza-
tion occurring during heat treatment above the pf-transus. N

The Pp-transus temperature was found to be approximately

p———

1278K for both heats. The Pp-annealed W2, W8 ‘and W12
microstruoctures consist of a basket—-weave type Widmanstat-
ten alpha in a beta matrix., Figures 10c and 11b show the

[: presence of thick grain boundar:. slpha in W8 and W12
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attributed to tempering in the alpha + beta phase field.

v Small <colonies are present in the basket-weave structures

. ty
e e o B

as indicated by Figure 13b. The W2, W8 and W12 structures

g W
|

are similar except for the fact that G.B.a and a-platelets

are thicker in the W8 and W12 structures. a platelets in

:. these three microstructures are much thicker thanpn in the

-t

&
P
BB s,

as—-received structures.

i Long straight prior beta grzin boundaries are evident Tiﬂj
in the equiaxed martensitic microstructures (Figures 10d, ;i‘

1 ke
10e and 11c). The W3 structure consists of martemsitic ;j

-

plates due to quenching from above the f-transus. Small
martensitic platelets are randomly distributed witbout an
orientation relationship between neighboring platelets in
the W3 structure. The W9 and W15 structures consist of
primary alpha in a matrix of tempered martensite (Figures
12e and 13¢)., The W9 and W15 alpha phase is a result of
tempering martensite in the alpha + beta field and a

platelets are much thicker than in either the W1 or VW11

‘! structures. No Burgers orientation relationship exists
“ between alpha, beta or martensite in the beta-annealed
- structures. G.B.a, however, is generally oriented with one

of the neighboring grains. Thickness of G.B.c is non-

uniform in W9 and W15 (Figures 10e and 11c¢c).




q
P
4
4
P
4
L
}
L
-
L
r
9
]
1
]
y
9
<
[

‘4

TrR Tl T Ty T LT TR YL vl

Page 55

N :

o )
. 2

P

N
'A‘t‘ o f 4 3 =, Fin vm_
”M‘ 4 DY P - |
Gz H I

0 oINS SIS VRN I .

LR TN

SARTR RN
v, Fal Y !‘. ,—

,,/' =3

T
A1

T A T N S N
(e) n.'.;éziftj_iaiz-.:’q’\‘; ,/.’« SR
4"1"""?'»‘3\:--—'- X/ [{(..‘,‘ LS Var
L) “

Fig. 10. Optical micrographs showing typical features of
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TYPICAL MICROSTRUCTURAL FEATURES

TR TN * RPN ) .y & P EO % "~ -\ \Y ‘w?\‘- ’; (. “.»17__:;;_(_
() . /}&PW%/%’{I{Y ///?///i"/' (b)%; \\ﬁ e Al =T

NN ~ AN ny W ! L Rl
e NN [Bisre
T AL e & N S |

.

;
r ¢

v , =
Yy bt A ”'\\‘ R
j//ff“:,;/lj _{mﬁ\;\'@;‘\‘?&‘ WA

. (N R R R L N ete
L ,_%\.\ .\\\\ o AN Y N
RS PR :\‘\:\,\\\‘\}\\\‘:})\‘\S\\ )

“\ N
W o - ;n“&“‘{s\\\\\\\_\\\, \-\\\\, \\‘\\ AR Y - ) _—
N ISP '~‘:‘~‘2"’a~§\r‘\‘ RGOSR DB NSO TR A
(5 \\\(?\‘\\%\%x P At AR DNC I s I
R \""—i\&';«t_

257,
-
pA
PR
‘V‘
y g
-4
Ilg‘:"
T
~
| 25

2NN
&

Moy LA i W D Y .-
T R N AR o :
A e AN S N A G NN
2N e i 2 SIRQT I
g \.?“3‘-‘&‘,\‘&.‘\*%\\” MN20HM e N3 g R o

QAN . ) > LT

{ , \
S\ AR

AR AR TN
REA :\«\:‘-ﬂ\ﬁ\\

A
L

I3

r

- V
R s
%

P

R R
P A T T}
PR AT} .

-
o,

e

’-

Optical micrographs showing
typical features of (a) W11,
(b) W12, (c) W15.
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TEN MICROGRAPHS OF FEATURES IN Ti-6211

12. TEM micrographs showing typical
(a) W1, (b) W2, (c) W8, (d) W3,

features in
(e) W9.
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TEN MICROGRAPHS OF FEATURES IN Ti-6211
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TEM micrographs showing

typical features in (a) W11,
(b) W12, (c) W1s,
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Figure 14, Microstructure of the Ti-6A1-2Nb-1Ta-0.8Mo
as—-received plate after etching.

Figaore 15. TEM micrograph exhibiting a dislocation network
formed as a result of stress concentrations at
the end of a f~plate.
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Ambient temperature creep characterization includes
all of the microstructures previously described., Many
aspects of the study, however, include only the W11, W¥i2
and V1§ structures or some combination of these. These
three microstructures, 81l from Heat 11, adequately
fepresent the primary characteristics of interest,
therefore, the W2 and W3 microstructural variants were not

included in certain segments of the investigation.

4.1.2 Texture

A weak texture was found to be present in the as-
received structure due to rolling, while the beta-annealed
struoctures exhibited a random texture due to recrystal-
lization. Heat XI pole figures (1011) and (0002) from W11l
and VW12 specimen plates indicate texture does not play a
significant role in this study. Certain tests were carried
out on the short transverse plane as well as the <rolling
plane of the W11 structure. This was done primarily for
the purpose of testing grain size variation and anot to
sccount for texture differences. Texture of the W1l as-
received structure taken from a region 8mm below the plate
surface is idllustrated by the (1011) pole figure shown in
Fig. 16a. A random texture is illustrated by the (0002)
pole figure for the W12 structure as shown in Fig. 16b.
Textures for the Heat I alloy have been <characterized
previously by Lin, Starke, and co-workers(5). W11l texture

was found to be similar to the W1 structure where a weak
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(1120)[1010] texture was seen'>).

TEXTURE OF THE HEAT II ALLOY

Fig. 16. Computer—assisted plots of a (1011) pole figure
for the W11l microstructure (a) and a (0002) pole [ ]
. figure for the W12 microstructure (b).
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4.2 Tonsjle Properties T
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The room temperature tensile properties of the selec- i_
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ted microstructures are listed in Table 3. The «variation o
in yield strength for microstructures produced by thermal

modifications is ¢mall, the difference being less than 15 o

%. Heat II yield strength and ultimate tensile strength %ﬁ
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values are consistently lower than Heat I. The difference
is most likely due to variation in the oxygen contents
(Table I) and its subsequent affect on flow stress. The
ductilities of the W1 and W1l structures are greater than
those in the equiaxed structures. The beta-annealed struc-
tures and the alpha phase along the grainm boundaries are
much more 1likely to be favorably orienmted for slip. The
strain localization that occurs in the G.B.a leads to early

(5). Grain boundaries in the rolled

crack formation
material tend to be either aligned with or perpendicular to
the stress axis due to the nature of the pancake grain
shape. Deformation, therefore, tends to occur within
individual colonies or along <colony boundaries and not
along grain boundaries, resulting in greater overall
deformation prior to fracture. Curves plotting yield
stress and uvltimate tensile strength versus temperature in
the range of 298K to 873K for the W11, W12 and W15 struc-
tures are included in Appendixz I, Figure 17a shows
dislocation substructures of the W1l microstructure after
tensile.fractnre at room temperature. Figures 17b and 17c¢
show representative dislocation networks from alpha
platelets in the W12 and W15 structures, respectively.

Dislocations in all three microstructures show some degree

of planarity within individual platelets.
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Determination of Activation Energy Q.
850 K 800 K 750 K 700 K
-5 I i ] i
O = 400 MPa
_6 -
T -7
Q
w
2} .
¥y
e -8 Q ~ 143 KJ/mole
(o}
- Q ~ 53 KJ/mole
h¢.
. °
-9 e \’\. 3
“~. J
W11 STRUCTURE St~
LS .
-10 ! | l _
1.1 1.2 1.3 1.4 1.5 ’
1000/T (°K~1) -
Fig. 25. Arrhenius plot of steady state creep rate showing "1
apparent activation energy determinatioms (Q) for "
the W1l structure. )
4.4.2 Deformatjon Substxuctures_ During High Temperatunre_ ':q
Creep '.*
Dislocations produced during high temperature creep uj
are typically arranged in complex three~-dimensional :!1
4
networks(38). These high temperature dislocation networks R
are generally tangled and more homogeneously distributed \1
1
than the parallel arrays of straight dislocations found at »
- -
low temperature which are indicative of oplanar slip.
!
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to be relatively <close to the findings of several other
authors for oxygen diffusion in alpha titanigm (16.2(71),
26¢72)  and 33.5(8) xcal/mole). The Ti-6211 value of 53
KJ/mole (13 kcal/mole) is also roughly -equivalent to the
lower range of wvalues mentioned above and may relate to
oxygen diffusion in alpha due to moderate temperature range
exposure for relatively long periods of time,. At highers
temperatures and higher activation energies self-diffusion
overcomes the effects of oxygen diffusion. The Ti-6211
transition temperature is around 778K, close to that of Ti-
6242-Si at 755K, This scenario has not, however, been

rigorously established.
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state creep rate, és' is found to vary with stress o and

temperature T, according to the Arrhenius type equation:
és = koPexp(-Q/RT) (18)

where k¥ is 8 constant, m is the stress expoment and Q
is the apparent activation energy for creep. The stress

exponent m was calcnlated for the W1l structure at 823K. A

value of m = 11 was calculated from the slope of Log o vs
Log is data. The apparent activation energy Q for creep
can be estimated from a Log &, vs 1/T Arrhenius plot. One

such plot for the W1l structure at 0=400 MPa can be found
in Fig. 25. Two distinct regions were found to exist at
c=400 MPa between approximately 673K and 873K. The region
of the curve above approximately 778K yields an activation
energy ‘of 143 KJ/mole while the lower temperature regions
yields Q values of approximately 53 KJ/mole. The. activa-
tion ‘energy estimated for the higher temperature regime was
very close to that of self-diffusion im titanium (150
IJ/nole)(Gg). This finding suggests that the rate-
controlling process in high temperature creep of Ti-6211 is
diffusion-controlled. The specific dislocation mechanisms,
however, cannot be deduced from the limited information.
The creep mechanisms associated with the §3 KJ/mole
region of the Arrhenmins plot of steady state <creep are
somewvhat harder to discern. Bania and Hall(7°)‘found a
similar dual slope Arrhenios type curve to exist in <creep
studies of Ti-6242-Si alloy. The authors found activation

energies for creep below a transition temperature of 755K
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DISLOCATION SUBSTRUCTURES OF CREEP AT 453 K

Occurrence of cross slip in:

(a) W¥W1/608 MPa
(b) V¥W8/601 MPa
(c) W9/627 MPa

4,4 _Creep st Elevated Temperatures

4.4.1 Characterization

Creep tests of specimens with W11, W12 and VW15
microstructures were conducted at various stress levels in
a temperature range around 0.4 Tm. A summary of the test-
ing conditions and results may be found in Appendix IV,

For high temperature low strainm rate creep tests, a steady
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r.

Lin, Starke and co-workers(5) showed that no cross slip was

- observed for tensile tested specimens which had experienced iﬁ

-: stresses much higher than the yield strength. Therefore, ".—ﬂl

" it is suggested that the occurrence of cross slip is most ;i

R

likely due to a thermally activated process. In comparison :

» to creep at 298K, increased creep strains to saturation ‘.1

. must be attributed to the occuorrences of thermally ;;f

activated cross slip and dynamic recovery. ;g

-

‘i" L3
CREEP AT 453 K

Creep at 453° K
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Fig. 23. Creep curves for the W1, W8 and W9 micro- :fﬁ

structures tested at T = 453K and o = 80 %, :fd
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that of a tensile test. The likelihood of a slip band
breaking & deformation barrier is small and, consequently,
slip length is the limiting factor in creep deformation of
Ti-6211 at room temperature. Slip bands have been observed
traversing entire prior beta grains in room temperature
tensile tests, however, this was not observed in samples

after room temperature creep.

4.3.2 Creep at 453 K

Creep tests were conducted for several microstructures
at 453K in order to relate temperature effects to resulting
creep rates. 453K was chosen since it is above room tem-
perature but substantially below what is generally
considered to be the high temperature creep regime for
titaniunm, Figure 23 shows the creep strain at 453K to be
much greater than at 298K although creep saturation still
occurred at this temperature. Creep saturation at this
temperature was also reported by Chakrabarti and Nichols
for Ti-6A1-4v(13), All three microstructures (W1, W8 and
W9) crept at 453K exhibited greater creep strains than the

as-received structure crept at room temperature. It should

be noted, however, that Ogs is lower at 453K than at 298K,

hence, the load becomes a much larger percentage of yigld.
Figure 24 shows the occurrence of cross—slip in the W1, W8
and W9 microstructures. Although a stress level of 608 MPa
is 8 larger fraction of the yield strength at 453K, the

occurrence of «cross slip is not entirely due to stress.

PR - RS ST e e e, e e oo .‘-'."'-.‘b'q".' e
B T T Y A Pl At DRI S SR ALRE GRS

-t - - - ‘-' " T . .‘,.'.. hd “..’-.' -“‘
C T R A A R St Sl P I A ST T e T T N e T e S e e N
R TR, VL SOV - PP TR L G VL V. -, PR WIS VAR S0 ViR VO V- PP TIOPERE- L WD WY SN

e A S i S B0 bl I IS4 A i SRR A e
. " .
'




A G- st s oo Tog e T e T e Ty e e T vy e e e e
~ e T AP A ™ CoRE S TN o i e - bt - e uini s A i S pel R A A AR . . LT g e Y Rl i s LA N Pl

) Page 71
i

2 creep rates. Figure 22a shows evidence of slip traces con-
fined to alpha platelets in the W15 structure. Figure 22b
n shows lack of compatibility across an a/f/a interfacial

region.

W15 (664 MPa/298K) W15 (664 MPa/298K)

Fig. 22. Lack of slip compatibility across a/B and

) a/martensite interfaces results in short slip
- lengths and low creep rates at room temperature
- for the W15 microstructure.

The slightly higher creep rate experienced by W12 over
W15 may be a result of the presence of small colonies in
the basket-weave structure, though this has not been stric-—
tly proven. These colonies may accommodate slip for short
distances whereas the martensite in the W9 and W15
microstructures prevents any slip <compatibility. The

stress level experienced during static creep testing was

t usually below the yield stremgth and is low compared to
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low <creep strains relative to the as—-received structures.

W8 (684 MPa/298K)

W12 (668 MPa/298K)

Fig. 21. S1ip confined to the alpha phase of the W8 structure
(a) and a parallel array of dislocations in a large
w12 ulpia platelet (b).

W3 exhibits a martensitic microstructure in which each
platelet displays a different crystallographic orientation.
Lin, Starke, et al have shown that interfaces between
martensitic plates serve as slip barriers and compiex sub-
struoctures due to quenching hinder dislocation movement(S).

As a result, the W3 microstructure exhibits the lowest
creep strains &t room temperature. The W9 and W15 struc-
tures consist of alpha plates in a retained beta and
martensite matrix. As previously mentioned, no Burgers
orientation relationship exists between alpha, beta and
martensite phases in this structure, therefore, slip

lengths are short and these microstructures exhibit 1low
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W1 (684 MPa/298K)

W1l (632 MPa/298K)

Fig. 20, Parallel arrays of dislocations inm the W1 structure

(a) and long slip lengths associated with widely
spaced deformation barriers in W11l (b).

Sliding along <colony boundaries and a/B interfaces
also contributes to high creep rates in the W1 and W11
structures. These contributions will be addressed later inm
& separate section.

Creep dislocation structures for W8 and W12 are shown
in Figure 21, Small colonies interspersed among large
alpha platelets result in short slip lengths and many a/B
interfaces without a Burgers orientation relationship.
Figure 21a shows slip confined to within the alpha phase in
the W8 structure. Figure 21b similarly shows parallel
arrays of dislocations confined to the alpha phase in the
W12 structure. The overall lack of slip compatibility inm

the basket-weave Widmanstattten microstructures results in
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predominance of planar slip.  Straight dislocations and the

operation of a single slip system at room temperature were

g the typical features in the alpha phase where cross slip
- was only rarely observed. Lin, Starke, et al observed
< similar deformation substructures in & previous Ti-6211

tensile stndy(S). Dislocation features for the W1 and VW11

SR

microstructures are shown in Fig. 20. Figure 202 shows an

Sy

array of straight dislocations in parallel alignment and

Ty
.

passing through beta plates. Due to the Burgers orienta-

tion relationship existing between the alpha and beta
phases in the colony structure, planar slip was able to
&: pass through the beta platelets and extend the length of an
entire colony. Continunous slip within a colony |is

illustrated by Fig. 20b where the slip traces offset dark

. bcc beta platelets. Long slip lengths due to widely spaced

deformation barriers are responsible for the highest creep f’

. rates and greatest deformation occurring in the W1 and VW11

microstructures at room temperature,
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The onset of creep (proportional limit) was kii
oo
- experimentally determined for both the W11 and VW12 q
. microstructures and is shown in Appendix III. Creep strain :;i
o
is evident in the W1l structure between 55 % o,  22d 65 % o
s
cys while plastic deformation occurs in the W12 structure @ |
between 50 % and 60 % of yield. '“ﬂ
As previously stated, no strong texture was observed
d for any of the microstructures of interest. The ®
. ;‘-“
differences in creep response are most likely due to S

s

variations in phase morphology or slip length which is

PR R R
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determined by the spacing of potential slip barriers.
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Creep~deformed specimens examined under TEM show a
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i . creep stress and n is the time exponent. -
-, e
< -
- . L.
4% Static Creep e
GC=684MPa :
4
-
hi.
. @ af-
. ' g w1 ﬁ
o S P
. - Y
. o 2F .A
, < .
n = ws J
= )
1 / \
i [ w2 W3
- o 2 [ 1 1
Q 50 100 150 200 250
: Time (hrs)
. Fig. 18. Room temperature creep curves for various micro- :
- structures at a stress level of 684 MPa, ]
L ]

A least squares fit method was used to determine the

"’“.I-LL.' Gt

= time exponent n for the W1, W11l and W12 microstructures and
: these results are shown in Figure 19, Ti-6211 n values ‘.
. vary with microstructure and stress level but generally ﬂ
S
- a4

fall below 0.3. The dependence of creep strainm on creep

!
I

stress is also illustrated by Fig. 19. The curves in Fig.

[3
'
L .
Ly A Aehy

T 19 are normalized to percentages of yield for —each
individual microstructure as opposed to Fig. 18 where an

absolute stress value was unsed to genmerate all of the cur-
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ves. Increases in «creep rates are proportionally much
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higher between 90 % and 100 % 9, than they are between 80 t

. % and 90 % o .
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equivalent to 90 % Iys of W1, are shown in Figure 18.
These curves are typical of low temperature titanium creep
testing where creep is initially rapid and decreases
graduoally at high stress levels or quickly at lower stress
levels. All of the <c¢reep curves generated at room tem-
perature below the yield stress level-off and exhibit creep
saturation (creep exhaustion) due to a lack of recovery.
This is commensurate with previous findings by other
avthors(9-13-18) | gHeat YT structures Wil, W12 and ¥1$
exhibit similar trends to the respective Heat I microstruc-
tures W1, W8 and W9. Heat II microstructures creep sligh-
tly more at sn absolute stress value due to their lower
yield strengths.

Figure 18 indicates that the simulated HAZ microstruc-—
tures are more creep resistant at high stress levels (80 %
to 100 % °y‘) at room temperature than the microstructures
from the as-received rolled plate, W1 and W1l. Structural
integrity, therefore, is not sacrificed for good wel-
dability ia Ti-6211. A summary of room temperature creep
date may be found inm Appendix II.

Creep of Ti-6A1-2Nb-1Ta-0.8M0 at low temperature is of
the transient type where the creep—strain/time relationship

(15-18)

ng}ees with the previous findings of Chu and can be

fit to the following empirical power function:
e, * At? (Eq. 17)

where e, = creep strain (total strain minus elastic

strain), A is a constant dependent upon microstructure and
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TENSILE DEFORNATION SUBSTRUCTURES AT ROOM TEMPERATURE

Dislocation structure in W11
platelets at colony boundary.

W12 dislocation structure.
Relatively high density of planar

dislocations crossing large
a-platelets in W15 microstructure.

f; 4.3__Creep at Ambiept Temperatures

1 . 4.3.1 Room Temperature Creep

- . Creep curves for the W1, W2, W3, W8 and W9 microstruc-

j s tures tested at = stress level off 684 MPa, which is
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Dislocation dipoles and loops were frequently observed in
the samples subjected to high temperature <creep ;hilc no
distinct coarse slip bands were observed on the surface of
the heavily crept samples. This type of dislocation sub-
structure has also been reported for the Ti-6A1-4V alloy by
Ha11(48). These types of configurations may result from
the jog or climb of dislocations which are activated by
exposure to high temperature during creep. Fig. 26
illustrates the effects of temperature on dislocation sub-
structures in Ti~6211 creep. Fig. 26a shows dislocations
at the end of a2 colony in the W11 structure while Fig. 26b
exhibits high dislocation densities in the W11 structure
crept at 823K. High dislocation densities are typically
found in specimens crept above 773K and this may be due to
the influence of diffusion in the high temperature regime
as illustrated by Fig., 25. As test temperature increases
in the <crept samples, the thickness of beta platelets
decreases due to phase transformation. This decrease in
beta ophase may liberate dislocations which migrate to the
large alpha platelets as shown in Fig. 26b. Dislocation
movement may be stress—assisted and densities may be
related to the release of beta stabilizers which had been
previcusly tied into the thicker beta regions. Attempts at
determining changes in elemental compositions in and near
beta platelets due to elevated <creep temperatures were
snsuccessful due to the small percentages of beta stabiliz-

ing elements present.
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W11 structure (723K/400 MPa) W11l structure (823K/400 MPa)

Fig. 26 High temperature dislocation structures in the
¥11l microstructure at 723K (a) and 823K (bv).

The veriation in W12 dislocation structures between
723K and 873K is illustrated by Figure 27. Figure 27a
shows the 723K crept specimen with hexagonal networks and a
low density of wavy dislocations. The overall lack of
dislocations evident in Fig. 27a is most likely a result
of annesling and dislocation annihilation. The cell struc-
tures, however, are difficult to anneal since they are pin-
ned in low energy configurations. At a temperature of
723K, dislocation densities are less than at room tem-
perature due to annealing but do generate hexagonal cell
structures which cannot be easily annealed by exposure to
the relatively 1low temperatures experienced during creep.

This would indicate that stress operates and <controls the

dislocation mechanisms in this temperature range. Tem-
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perature activates dislocation generation mechanisms at

slightly higher temperatures as shown in Fig. 27b, This

is certainly in agreement with the data presented in Fig.
25. Fig. 27b shows & W12 specimen crept at 873K where the
high rate of dislocation generation (as discussed for W11)
overcomes the annihilation evident at 723K, Thinned ©beta »

platelets once again indicate phase transformation at high

test temperatures and high stress levels.

3

W12 structure (723K/400 MPa) W12 structure (873K/400 MPa) ij
Fig. 27. W12 dislocation substructures showing hexagonal ﬁj
networks at 723K (a) and a high density of [
dislocation loops at 873K (b). -
Figure 28 shows representative micrographs of the W15 ﬂh
microstructure. Fig. 28a shows an overview of the high E:
4 density of dislocations present in the W15 structure. At "
- oo
; 823K and 400 MPa this micrograph would indicate higher :ﬁ
3 e
% - densities than found in either the W11l or W12 microstruc- %
!
i ) tures, this is probably due to residual effects of the
L '..
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:% quench experienced during heat treatment. High dislocation

densities may also account for low creep strains compared

to other microstructures at high temperature. Fig. 28b

)

2

; shows dislocations associated with a beta platelet.
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W15 structure (823K/400 MPa) W15 structure (823K/400 MPa)

- Fig. 28 Highest densities of dislocations are present in
o the W15 structure.

) ‘ 4,4.3 _High Temperatuzre Creep Rupture

The W11l structure exhibits a longer life at high tem-
peratures than either the W12 or the W15 beta-annealed

microstructures. This is mainly due to differemces in

A I e i s o

microstructure and crack initiation mechanisms. The W11

structure has a much higher ductility than the recrystal-
- lized structures and can withstand greater necking prior to 3;"
i' fracture, The =equisxed grain shapes of W12 and W15 allow ii_

for grain boundary sliding and strainm localization in the -
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grain boundary alpha phase (particularly along the thick l
G.B.a of W12). Figure 29 shows fracture surfaces of rup- tﬁ
\ i
i' I tured W11 and W12 structures. '—-i
L ]
)

W11 structure (873K/400 MPa) W12 structure (873K/400 MPa)

Fig. 29. Creep rupture of the W1l structure (a) and X
intergranular fracture of W12 (b). R

ol

!

The W11 structure has an elongated grain structure in e

A

the rolling direction with the longer edge parallel to the

Py aT Ty .
Y
e,

B
[

loading axis and, consequently, a small percentage of the

s
% —_ grain boundaries are subjected to high shear stress. Ia E?
b - .
53 " fact, <creep rupture occurred in the W11 structure by ;i
E: i microvoid formation and coalescence at <colony boundaries. é}
j The fracture mechanisms involved in creep rupture at high ']

temperature are similar to hot tensile tests performed ear-

lier in this study and by other anthors(7). Void growth by

diffusion and interfacial sliding, however, plays a more
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significant <role inm <creep rupture since they are time- NS

dependent processes. Since the diffusional growth of ;3

cavities is driven by temsile stresses across the gﬁ

.-"{

bonndary(SS), the voids nucleated at transverse boundaries -

tend to grow faster and coalesce into cracks. Creep rup-

ture in W12 samples occurred by intergranular fracture o
through microvoid formation. Fig. 30 shows cross-sections 3
of ruptured W12 and VW15 specimens after polishing and ﬂﬁ
etching. Fracture paths were found ' to follow the i;
G.B.a/matrix interface. ﬁé
"4
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W12 structure (873K/400 MPa) W15 structure (823K/400 MPa) 31
-

o

Fig. 30. Cross-section of secondary crack following G.B.a in o
W12 structure (a) and branching in the W15 »

structure (b) at a grain boundary triple point. EBE

R
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All three microstructures exhibit large dimples on
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fracture surfaces due to extensive void growth oprior to

ropture. Figure 31 shows a W11 creep rupture specimen and
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secondary cracks along short <colony boundaries perpen-

dicular to the stress axis.
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W1l structure (823K/400 MPa)

Fig. 31. SEM micrograph displaying microcracks perpendicular
to the stress axis in a Wi1l creep rupture specimen.

4,5 Cyvclic Creep

Cyclic <creep tests of the W1, W2, W3, W8 and W9
microstructures were performed under conditions of constant
load amplitude (304 MPa), square wave form and at a stress
ratio of R=0.11. Fig. 32 shows cyclic creep strains plot-
ted against the actual loading time and superimposed on the
plot of static creep curves.

An  increase in creep rate and cyclic creep accelera-
tion was observed in all five microstrucutres. Meshii and

(73)

co-workers explained the cyclic creep acceleration in

terms of the reduction of internal stress by recovery dur-
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ing the unloading period. Enhanced creep rates induced by
cyclic loading may be attributed to dislocation

rearrangements during nnloading(74)

allowing a further
strain increment to accumulate upon reloading. This
explanation appears to be applicable to the Ti-6211 alioy
system.

Most structural <components used in engineering
applications are subjected to some form of cyclic loading
where a small fluctuating load is superimposed on a larger
static 1load. A square wave 1loading spectrum with an R
ratio of 0.9 and a period of two minutes was applied to the
W1l condition of the Ti-6211 alloy and the resulting creep
response is shown in Fig. 33. The cyclic creep curve is
situated above the static creep curve with the same mean
stress, i.e., 85 cy', The <¢yclic <creep curve is,

however, lower than the static curve with the same peak
stress, i.e., 90 %se Cyclic «creep acceleration,
therefore, did not occur when compired to static creep with
the same peak stress, although this type of <c¢yclic «creep
acceleration has been observed in many netals(73'75). The
end result is that the static creep curve generated st the
same stress level as the peak stress on the cyclic curves
can be used as & guideline for the Ti-6211 alloy whenever
cyclic creep is of comcern in structurel design.

TEM examinations did not reveal a npoticeable
difference in dislocation substructures between static and

cyclic crept samples. Odegard and Thompson studied the

effect of prestrain om <creep in Ti-6A1-4V at room

R R e R

[
"L‘-.
o
@
v

ff}
‘@
—-'!1

2
LI

v
s
.
ata

v
s
l'.

v :' *r " s

Ty "- S ". ,'
e

PR A
I.I.Z"." s
LS

A o |




Page 86
tempet:tute(14) and found that small degrees of prestrain
could enhance subsequent «c¢reep. A certain amount of

prestraining <can lower the internal stress and thereby
enhance the creep rate. This prestraining effect can also
be used to explain the cyclic creep acceleration occurring
in the loading-unloading c¢yclic <c¢reep of Ti-6211. The
mechanisms involved in the reduction of internal stress,

however, are not clear.

2.0

——Static Cteep LA
®e so oo seCyclic Creep

Total Strain (%)

0.5 I 1 1 | 1 ! s
7] B 10 [E) FIY) 29 '™ FE)
Time (hrs)

Fig. 32. Comparison of cyclic creep with static creep at
room temperature. (o = 684 MPa for static creep.
Ac = 304 MPa, R = 0.11 for cyclic creep.)
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. Wil structure at 298K
Fig. 33. Creep curves for static creep and cyclic creep
with a2 small fluctunating load.
=
4.6 Intorface Siiding snd Surface Deformation
4,6.1 Sliding Chsracteristics
- Sliding st grain boundaries and other suck interfaces
has been found to <contribute to the <creep strains
experienced by many alloy systems. Varying degrees of
) sliding have been found to occur with differing creep test
! parameters and different microstructures in the Ti-6211
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alloy along three intrinsic interfaces: grain boundaries,
colony boundaries and alpha/beta phase boundaries.
Deformation at slip traces as well as large deformation
bands which are unassociated with particular boundaries
also contribute to <creep and tensile deformation and are

frequently observed in surface deformation studies.

4.6.2 Interface Sliding at Room Temperature

An investigation <c¢oncermed with <characterizing and
quantifying the sliding deformation of the W11, W12 and W15
structures has been <conducted for tensile and <creep
testing., Creep testing was performed at percentages of the
yield strengths of the individual microstructures. Surface
sliding has been observed by monitoring the offsets of gold
grid networks which were electroplated onto specimen sur-—
faces prior to deformation. The Spm (or 1lpum) wide gold
grid lines illustrate the magnitude and origin of sliding
contributions to «creep strain and tensile ductility.
Relating surface deformation characteristics to deformation
substructure is difficult due to a lack of internal
markers. In some cases, however, a comparison of disloca-
tion structures may yield wvaluable information <regarding

the nature of interfacial sliding. In several cases the

contributions of grein boundary or surface sliding ('gbs)
have been <calculated as a percentage of the total strain
('T)(Gl). The results of room temperature «creep and

tensile sliding <conmtribution <calculations are listed for
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all three microstructures in Tables 4A and 4B. These cal-
culations are approximations &and should be considered as
such. The competition between the contributing factors of
sliding deformation <coupled with strain localization and

necking make ¢ /°T calculations possible but not precise.

gbs
Thermally processed dual phase titanium structures are
susceptible to interface sliding due to the complexity of

the microstructures and variety of sub-graim boundaries.

4.6.2.1__¥W11 Microstructure

Creep Deformation

Grid deformation specimens were <crept ¢to saturation
for the as-received structure at 80 %, 90 % and 95 % qys'

Below 80 % Tgs evidenc: of surface deformation during creep

was tenuous. At 80 % %s With a creep saturation of
gc'°.47 % (480 hrs) po noticeable grid distortions were
seen across either the Sum gold grid lines or smaller 0.5um
to 1.0pum residual polishing scratches. Very small deforma-
tion ridges were occaisionally witnessed along favorably
oriented (45° to stress axis) colony boundaries but
deformation was not large enough to disturb grid =networks.
No grain boundary sliding was seen.

As-received specimens crept at 90 % cys indicate, by
surface observation, =no obvious slip traces within

individual <colonies and no grain boundary deformation.

Alpha/beta interface sliding was not seem for specimens
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crept at 190 hours and gc=1.6 % but was evident at satura-
tion and 1010 hours (2.6 % & ), Although little overall
deformation is evident at relatively small creep strains,
the predominance of sliding tends to occur along <colony
boundaries and along deformation ridges oriented at 45° to
the stress axis. Offsets genmerally appear to be less than
O.5um as can be seen in Fig. 34a. Figure 34b is a TEM
micrograph of a colony boundary in the W11l structure <crept
at 298K and 90 % ay,. Planar arrays of dislocations are
evident, as previously shown in Fig., 20, but heavy non-
planar dislocations can be seen in alpha platelet bordering
perpendicular platelets of the adjoining colony. While
some of these dislocations may be residual dislocations
from heat treatment it 1is likely that the more dense
networks are, in part, a result of interfacial sliding dur-
ing crezp.

A significant amount of deformatior becomes evident in

specimens loaded to 95 % o.,- Fig. 358 shows a VW11
specimen tested at 210 hours (2.8 % zc)_ Sl1ip bands become
evident within individual colonies shearing S-platelets due
to the Burgers orientation relationship. These slip lines
generally initiate at one colony b%oundary and terminate at
the opposite colony. Most deformatiom occurs along
favorably oriented colony boundaries as illustrated by Fig.
35a. Fig. 35b shows large deformation bands, which at

initial stages (210 hrs) followed a/B interfasces or colony

boundaries, passing through all boundaries at approx. 45°

to the stress axis after 700 hoars (3.7 % ec)- Grain boun-
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j::: daries are not thought to play a significant role during
‘L creep straining of the as-received structure. Surface
! deformation <contributions were not calculated at 740 hours
. due to strain gage failure and complexity of contributing
ih? factors but calculations are shown in Appendix V for Wil at
cf 95 % oy (210 hrs/2.8 % ¢.). Approximately 60 % of the
S overall plastic deformation was attributed to interfacial
, sliding.
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Figure 34. Small deformation ridge at 90 % o <

(1010 hrs

/2.6

%

e

and 298K

v
) in (a) and TEM dislocation
network in same specimen at colony boundary (b).

Figure 35. Sliding at colony boundaries and slip traces

(298K) within colony structure (a) at 95 % Oys
(210 hrs/2.8 % ¢.) and massive deformation

distorting grid network (b) 95 % o

(740 hrs/3.7 % e.).
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Tensile Deformation
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| Room temperature tensile tests were performed on W1l f.j.:j
B T
. grid-deposited specimens to plastic strains of 2.0 %, 5.0 -
%, 9.0 % and 12.3 &. These tests were run to compare "-"3
results to the low temperature <creep investigation. The fﬁf

o fundamental differences between surface deformation during :"'_:,':f
A tensile and creep testing are based on (1) strain rate ‘.1
-

dependencies and (2) magnitudes of deformation which might ':J

3 -"-:-'4
be unobtainable with standard creep procedures. The depen- T
= =
dence of deformation on strain rate is addressed for ?-‘1

A}
titanium(76) and other systems by many authors(77'78). 1

- Almost all of the boundary sliding occurred along <colony :‘:Z.-i
{ boundaries for the low strain specimens (2 % ep) with some @
a/p offsets evident (Fig. 36a). At higher strains, from § ]

.'~:"‘

% lp and up, grein boundary sliding becomes evident as well _:j

l as frequent deformation ridges (Fig. 36b). Sliding along _f.
~J:»_

the various interfaces inm the W11 structure is =not )

-

homogeneous throunghout the microstructure, especially at :;:{1

. o)
higher strains where deformation banding leads to cracking. ;“

" DN
o

S

.‘-_..:q

o}
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Wil (298K/2.0 % e;) W11 (298K/5.0 % ep)
Figure 36a. Figure 36b.
Sliding occurring almost entirely Colony and grainm boundary
along colony boundaries at low sliding witk some deforma-
plastic strains. tion bands at kigher
strain.

4.6.2.2 W12 Microstructure

Creep Deformation

Grid networks were placed on W12 specimen surfaces

crept at 90 % and 95 % Sys since below approx. 85 % ¢

gs BO
surface deformation was visible. In general, the grid
distortions and surface deformation due to creep in the
ambient temperature regime and at creep stress levels below

the tensile yield strength were slight. Few surface slid-

ing calculations <could be made and it is thought that
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eiata

led adh

ST OOl WA




r Page 97
:f interface sliding <contributions at 1low temperature and f?:
” moderately high stress levels are small. Figure 37a shows iﬁ;
m a very small sliding compoment to deformation slong a prior "'!'1
bets grain boundary at 90 % o__ and 750 hours (1.5 % &) of 3
creep. Fig. 37b shows a W12 grid structure after satura- ;Ei
kY tion (sc=1.7 %) at 1780 bhours of creep where the grid ”i
= network is very slightly offset across & prior~f grainm i;
:j boundary approaching G.B. triple point. Similar effects :{t
- were seen at 95 % qy‘ and in neither case was deformation ;i;
- visible along Widmanstatten basket-weave platelets at such ;Z%
low strains. Fig. 38 illustrates the appearance of ??3
i dislocation elbows indicating the presence of cross slip in Eii
large scattered a-platelets. Plapar slip in s single f}%
operative slip system, as seen im Fig. 22, is expected at i3?
-' 95 % Ty and 298K, It is suggested that the second slip :Q:i
system may be activated by limited sliding along large ;f;
T

)

a-platelet/beta interfaces as commonly observed during

.
S

A P i“- S
. oot .‘A AL ".‘.
R el

t
4

tensile testing of the same structure. Cross slip,
therefore, may indicate the presence of platelet sliding as

a result of creep strainms.
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W12 (750 hrs/1.5 % ¢.) ¥12 (1780 hrs/ 1.7 % ec)

Fig. 37. Insignificant sliding contributions as illustrated i F
by minor grid distortions at room temperature o
in W12 structure at a stress level of 50 % o s after ‘1

(a) 750 hrs, (b) 1780 hrs and saturation. e
)
S
T

.
..
..

Fig. 38. TEM micrograph showing presence of cross slip in W12 T
specimen crept at 95 % ¢ (298K). Cross slip may S

indicate alpha lath sliding. T

9,

Tensile Deformation :Tj
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Grid deposited tensile deformation specimens were
strained to 1 %, 3.7 % and 5.2 % cp, Slip bands were
observed in regions of small colony structures and were

oriented at 45% to the stress axis. Deformation was fairly

localized in the specimen deformed to 1 % ene The 5.2 % ty
specinen characteristics were identical to those of the 3.7
% 'p specimen only more pronounced. Fig. 39a shows slid-
ing along a large a-platelet/matrix interface after 3.7 %
ey. Offsets occurred both parallel to the platelet and out
of the plane of the micrograph, vertical to the specimen
surface. The majority of surface offsets occur along
large, favorably oriented a-lath/matrix interfaces. Fig.
39b also illustrates this point while indicating the severe
bending which occurs at thick G.B.a. Surface contours

become evident along the faceted boundaries of the equiaxed

grains but very little actual sliding was observed.
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1

3
-~

W12 (298K/3.7 % e,) W12 (298K/3.7 % &) ~_’_!.1

Fig. 39, Evidence of sliding at alpha lath/matrix interfaces i;{ﬂ
in (a) the W12 structure as well as bending along S

grain boundaries (b). R

"y

4.6.2.3 VW15 Microstructure “ﬁ?
Creep Deformation 3—;f1

r»;—.;i.j

Deformation of W15 grid deposition specimens crept at :i B

90 % -

ays and 100 % Sys Yas, in many respects, similar to
the W12 structure. Fig. 40s shows slight bending of grid
network across a-lath/martensite (or retained beta) inter-
faces, Sliding is barely visible at low strain rates (1.5
% ec)’ After 950 hours and creep saturation this
microstructure exhibits very small amounts of G.B. sliding

and faceting at straight grain boundaries. As im the W12

structure, sliding occurs preferentially at large a—laths

\ -
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and prior beta grain boundaries which are oriented
favorably to the stress axis. Figure 40b shows more
noticeable sliding occurring along a-lath/martensitic

interface in & specimen crept for 940 hours to exhaustion

(2.2 % e ) at s stress level just below the 100 % Sys

level. Deformation along grain boundaries is

proportionally less at this stress level than at the 90 %

°ys limit.

W15 (950 hrs/1.5 % e ) W15 (940 hrs/2.2 % e )

Fig. 40. Evidence of slight bending of fiducial network at

90 % ¢ along a-lath interfaces (a) and more
substaffial sliding occurring at higher stresses,

100 % o ¢ (b). Both specimens tested at room e
tenperagnre. S

_9
Tensile Deformation fj
Tensile specimens strained to 4.1 % €y in the W15 - E
structure exhibit heavy surface deformation along a-1lath ;!Q
.9

"
e LN e A
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boundaries as shown in Fig, 41.. Some grain boundary slid-
ing is evident but is only a small contribution when com-—
pared to the frequency of sliding along platelet ©boun-
daries. It is thought that the sliding at a-lath boun-
daries is primarily resonsible for the creep strain in the
W15 structure while fracture actually occurs inter-
granularly as in the W12 structure due to the <continuous

soft alpha along the grain boundaries.

W15 Strocture (298K/4.1 % ep)

Figonre 41.
Heavy sliding occurring along a-lath/

martensitic boundaries during tensile
strains in the W15 microstructure.

4.6.3 Interfacial Sliding at Elevated Temperatures

High temperature tensile specimens for all three
microstructures were strained to prescribed strsin per-
centages at temperatures ranging from 453K to 823K with

grid networks in place. Crept specimens experienced a
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a/p interfaces while the beta-~annealed equisaxed structures
experience grain boundary sliding and a/B, a/martensite

sliding.
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. 4. Cyclic creep with a loading-unloading spectrum exhibits jf%]

- cyclic creep acceleration. Reduction of internal stress el
R . . =2
= due to the accumnlated creep strain accounts for this acceler- LY

ation. Cyclic creep acceleration did not occcur when compared

to the static creep response at the same stress level as the

= peak stress on the cyclic curve. Therefore, the static creep Tf&a

‘ curve with a stress level equivalent to the peak stress on the :;;ﬁ
E: cyclic curve can be used as a guideline for the Ti-6211 alloy :;j

' T: whenever cyclic creep is of concern for structural design. f%%}
3 S§. For creep at high temperatures, the temperature dependence :ziﬁ
S

1 Y of steady-state creep rate indicates that diffusion ;’

controlled dislocation movement is the rate-controlling

process for creep. d%f

6. High temperature creep rupture in the as-received structures ﬁﬁ}

i occurs by microvoid formation and coalescence along colony Y

boundaries while the beta-annealed structures experience
intergranular fracture prompted by microvoid formation and
coalescence. The colony structures exhibit a longer creep
life at high temperature while crack paths in the recrystal-

1ized microstructures follow the G.B.a/matrix interface.

7. S1iding along grain boundaries, colony boundaries and phase
boundaries contributes substantially to the creep and tensile

;3 strains experienced by the Ti-6211 alloy under certain test

. conditions. The colony type Widmanstatten structures exhibit

appreciable amounts of sliding along colony boundaries and

e .
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CHAPTER V S
4
CONCLUSIONS ~y
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{{ 1. The Ti-6211 alloy shows transient type low temperature creep
- with work hardening and a lack of recovery resulting in creep !{1
lr saturation. Planar arrays of straight dislocations and a ;ﬁ
- single operstive slip system were observed after creep at room %q
- o
L temperature. Dynamic recovery and thermally-activated cross !L*
"4
slip enhance the creep processes at 453K.

. o)
l 2. Creep strain at ambient temperatures is strongly dependent l,
spon creep stress and microstructure. Colony type Widman- . ;2
?f statten structures exhibit the highest creep rates due to s :f

Burgers orientation relationship and associated lomg slip
lengths. Sliding at colony boundaries or alpha/beta inter-

faces also contributes to the enhanced creep rates.

3. Microstructures simulating the HAZ of a weld display good
creep resistance characteristics at both high and low temper-—
atures and sctually enhance the creep strength of the material.
this is largely due to reduced slip lengths resulting from
recrystallization and the subsequent loss of phase orientation

relationship.
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interfaces. Sharp deformation features are no more
apparent st high temperature than in the room temperature
specimens but more 1laths appear to become active. It
should be noted that much more bending and less actual
sliding and cracking occur at elevated temperatures. Fig.
45b shows an a-platelet spaced between two martensitic
regions. Heavy dislocation structures exhibiting some

degree of planarity may indicate interface sliding.

W15 structure (673K/4.1 % gp) W15 structure (823K/400 MPa)

Fig.45. Many c-lath/martensite interfaces serve as
sources for sliding at elevated temperature (a).
densities of dislocations along a-lath/martensite
interfaces (b).
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High temperature deformation
of W12 microstructure with:

(2) creep at 873K/400 MPa.
{b) creep at 773K/400 MPa.

(c) tensile at 673K/3.7 % ¢

]

< 4.6.3.3 VW15 Microstructure

| High temperature deformation of the W15 structure

: closely resembles deformationm behavior of the W12 struc-
ture, the primary difference being a-lath/beta (W12) vs

; a-lath/martensite (¥W15) sliding. Creep deformation s
favored along grain boundaries while tensile deformatjon is
active along grain boundaries, alpha-laths and generates

i occaisional large deformation bands. Figure 45a

) illustrates sliding occurring along a-lath/martensite
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E‘ o

- Ry
4.6.3.2 W12 Microstructure S

v

CA)
. [
]

ol

Fig. 44 illustrates the effects of temperature on W12

¥

P S

creep. Slight cracking and bheavy sliding were observed ;ii‘
along the G.B.a/matrix interfaces (Fig. 44a). Little G.B. Qﬁ%
;’ deformation was experienced at room temperature. Fig. 440 724
Eﬂ shows crack path following G.B.a/matrix interface and bend- .3;3
:) ing the surrounding matrix as shown by the fiducial ?i{j
- scratch. Time—-dependent diffusional effects tend to :;f

o
‘ .

enhance grain boundary deformation in the equiaxed struc~
tures while short term tensile testing also activates

deformation along favorably oriented lath structures (Fig.

-

44¢).
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. W1l (823K/425 MPa) W1l (873K/400 MPa) - .

Fig. 42. Dislocation structures at elevated temperature -
during creep of W1l (a) and surface deformation T
showing a/f interface cracking (b).

e
)] ;

. .

- F11 (673K/5.0 % ¢,) ..

Fig. 43. Surface deformation during high temperature temsile ' ?

testing. -
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variety of stress levels and temperatures up to 873K

without the benefit of surface grid networks,

4.6.3.1 W11l Microstructure

Creep strains experienced at elevated temperatures are
enhanced due to time dependent diffusional effects.
Heaviest deformation occurs along colony boundaries as in
the room temperature testing. TEM micrograph im Fig. 42
shows a large a platelet and adjaceat colony. The disloca-
tion density in the platelet is much higher than in the
surrounding platelets and may indicate sliding at the
platelet/colony interface. Fig. 42b shows the increased
role of alpha/beta interface sliding and <cracking in the
W1l structure at 873K. Deformation during high temperature
tensile testing focuses on the colony structures. While
the colony boundaries deform heavily at room temperature,
the activation of heavy slip (0.25pum) within colonies
becomes pronounced at high temperatures (Fig. 43). This
finding is interesting since very little siip was found
during creep testing at elevated temperatures where inter-
facial sliding seemed to contribute most heavily to the

deformation.
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=
v
o APPENDIX V
L
A Sample Calculation for Determination of e;y, Contribution
" to Creep Strain
| -
| _: ¥11 _Structure
3

Expression for grain boundary sliding (Equatiom No. 16):

.,ﬁ;,

tgbs = k')

e

where:
k' = 1.5

n, = Number of grasins or deformation barriers per unit
length in the undeformed specimen measured
parallel to the stress axis.

.I Approximately every third colony in the Wil structure is
) favorably oriented for creep deformation or sliding so:

Colony linear intercept length = 45um, or:

De:.ormation barrier spacing = 3 x 45um, so:

o B, = 1/3(45um) = 1/135um
L wy = Average value of measured grid offsets at
.i active deformation barriers in direction

perpendicular to the .tress axis and in the
plane of the surface.

therefore:
Wy = 1.5pum

&ﬁ Sgbs = (1.5)(1/135 x 10°5n) (1.5 z 10 6m)

. 'gbs = 0.0167

:? Total creep strain was approximately 2.8 %, therefore:
. eghl/'T = 0.0267/0.028 or 60 %

b The contribution of colony sliding to creep deformation

was approximately 60 %.

el

y v
R
a2t

v e
oy

‘v v
s

e e

e

.”'ﬁ‘
f
PARENER

r",;."_ ‘,, .

e
l't'l.'
'-'...’l
AP

!

55 | AP,

. LA} l“ﬂ‘

:
¥

el

'

oA 4

R L]

]

v

LIS §
(R

AN

}1‘

- -
»
£et ," LAl

-

@
[}

| SO ARA
"I .'l /l (.l "

ot

P Lo RN R R . L BN P U -‘- Y 1‘.-... ~‘k RO UL R T "'f‘ "~
l_'._ Bt T S W S \~J_\ N T I N SR .-',\":."‘_ R " ,_\ \J;\f\-.\.- 's.):\ S

P WY,

R
ORI OISR D UORB AR 8, DA, W, S, S5, S TR UL VAL o WL VIS B g B i




Gl Sl Atd A B N g

10.

11.

12.

- T Y T g T Tl T @ WTW T

Page 119

BIBLIOGRAPHY

D. S. Shih, "Investigation of the Effect of Microstructure
and Texture on the Fatigue Properties and Deformation
Modes of an Alpha + Beta Titanium Alloy, Ti-6211", Thesis,
Georgia Tech., 1983. ’

M. J. Donachie, Jr., ed., "Titanium and Titanium Alloys
Source Book", ASM, Metals Park, Ohio, 1982.

R. T. Chen, Original project proposal for Ti~6211 creep study
and background research. Unpublished (1981).

§. Shih, F. S. Lin, S. Spooner and E. A. Starke, Jr.,

"The Effect of Microstructure and Texture on the Mechanical
Properties of an Alpha-Beta Titanium Alloy"™, ASM, Nov. 3-4,
1981.

F. 8. Lin, E. A. Starke, Jr., S. B. Chakrabortty and A.
Gysler, "Investigation of the Effect of Microstructure on
the Deformation Modes and Mechanical Properties of Ti-6211",
Submitted to Met. Trans.

R. T. Chen, W. H., Miller and E. A. Starke, Jr., "Effects of
Microstructure on Creep Behavior of Ti-6211", Titanium "84,
Proc. Fifth Int. Conf. on Titanium, AIME, Warrendale, PA,
in press.

D. M. Bowden, "Hot Ductility Loss in Synthetic Weld Heat-
Affected Zones in the Alloy Titanium 6211", Thesis,
Georgia Tech., 1981.

W. P. Roe, H. R. Palmer and W. R. Opie, "Diffusion of

Oxygen in Alpha and Beta Titanium", Trans. ASM, Vol.
No. 52, 191 (1960).

M. A, Imam and C. M. Gilmore, "Room Temperature Creep of
Ti-6A1-4V", Met. Trans., Vol. No. 10A, 419 (1979).

W. H. Reimann, "Room Temperature Creep in Ti-6A1-4V",
J. of Mater., JMLSA, Vol. 6, No. 4, 926 (1971).

A. J. Hatch, J. M. Partridge and R. G. Broadwell, "Room
Temperature Creep and Fatigue Properties of Titanium
Alloys", J. Materials, Vol. No. 2, 111 (1967).

A. W. Thompson and B. C. Odegard, "The Influence of Micro-
structure on Low Temperature Creep of Ti-5A1-2.5Sn", Met.
Trans., Vol. No. 4A, 899 (1973).

()
x

\
Ea"' e

'
[ Sl
RIS

‘o
‘c: ';/ )




e A A D 3% A A ol an A i b DA n g e d wB s e A e gt Mt Jaage ath et St ghan Saac it e dhee die<ro it ligrs g it St g iag i L s et BN AP Set ¥ AS s Ll By

13.

14.

15.

lé.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

Page 120

A. K. Chakrabarti and E. S. Nichols, "Creep Behavior of Cast
Ti-6A1-4V Alloy"™, Titanium ‘80 Proc. Fourth Int. Conf. on
Titanium, AIME, Warrendale, PA, 1081 (1981).

B. C. Odegard and A. W. Thompson, "Low Temperature Creep
of Ti-6A1-4V"™, Met. Trams., Vol. No. 5A, 1207 (1974).

H. P. Chu, "Room Temperature Creep and Stress Relaxation
of a Titanium Alloy"™, J. of Mater., JMLSA, Vol. 5, No. 3,
633 (1970).

H. P. Chu, "Room Temperature Creep of a Ti-6211 Alloy
Weldment", DTNSRDC Report 28-175 (April 1972).

H. P. Chu, "Effect of Yield Strength on Room-Temperature
Creep of Ti-6A1-2Cb-1Ta-1Mo Alloy", DINSRDC Report
28-898 (February 1974).

B. P. Chu, "Second Progress Report on the Investigation of
Creep-Fatigue of Titanium Alloy Ti-6A1-2Cb-1Ta-0.8Mo",
Progress Report, DINSRDC (December 1981).

J. B. Borradaile and R. H. Jeal, "Mechamical Properties of
Titanium Alloys"™, Titanium “80, Proc. Fourth Int. Conf. on
Titanium, AIME, Warrendale, PA, 141 (1980).

J. D. Whittenberger and T. J. Moore, "Elevated Temperature
Flow Strength, Creep Resistance and Diffusion Welding
Characteristics of Ti-6A1-2Nb-1Ta~0.8 Mo", Met. Tranmns.,
Vol. No. 10A, 1597 (1979).

J. A. Wert and N. E. Paton, "Enhanced Superplasticity and
Strength in Modified Ti-6Al-4V Alloys", in press.

J. C. Chesnutt, C. G. Rhodes and J. C. Williams,
"Relationship Between Mechanical Properties, Micro-
structure and Fracture Topography in @+ g Titanium
Alloys"™, ASTM, Phila., PA, 99 (1976).

W. A. Baeslack III and Y. Mahajan, "Intergranular Fracture
of Heat-Treated Weldments in a High-Strength Alpha-Beta
Titanium Alloy", Scripta. Met., Vol. No. 13, 959 (1979).

K. S. Chan, C. C. Wojcik and D. A. Koss, "Deformation of amn
Alloy with a Lamellar Microstructure: Experimental Behavior
of Individual Widmanstatten Colonies of an -8 Titanium
Alloy", Met. Trans., Vol. No. 12A, 1899 (1981).

W. A. Baeslack III and Y. Mahajan, "Observation of Alpha-Beta
Interface Sliding in a Titanium Alloy Weld Metal", Met.
Trans., Vol. No. 11A, 1234 (1980).

S. Ankem and H. Margolin, "The Role of Elastic Interaction
Stresses on the Onset of Plastic Flow for Oriented Two
Ductile Phase Structures", Met. Trans., Vol. No. 1llA,




B T T T W R R T L T W TV L N U R DLW U WO Ty T M U T TG TR TR T FL L B T e i A S S Y

= e
J %
Page i2l .;nﬁ

. 963 (1980). i
27. 1. P. Jones and W. B. Hutchinson, "Stress-State Dependence ';fj

of Slip in Titanium-6A1-4V and Other H.C.P. Metals”, ‘7;4

i Acta. Met., Vol. No. 29, 951 (1981). =

28. S. P. Agrawal, G. A. Sargent and H. Conrad, "Hexagonal
Dislocation Networks in Titanium", Met. Trans., Vol. No. 35,

[ 2415 (1974).

a 29. M. A. Greenfield and H. Margolin, "The Mechanism of Void

o Formation, Void Growth, and Tensile Fracture in an Alloy -
Consisting of Two Ductile Phases”, Met. Trams., Vol. No. 3, N

\ 2649 (1972). T

i; 30. G. E. Dieter, "Mechanical Metallurgy", 2°nd ed., McGraw-Hill

Book Company, New York, N.Y., 1976.

. 31. R. E. Reed-Hill, "Physical Metallurgical Principles", D. Van
' Nostrand Co., New York, N.Y., 1973.

32. P. G. McVetty, "Interpretation of Creep Test Data", ASTM
Proceedings, Vol. No. 43, 707 (1943).

L g0

33. 0Oding, "Stress Relaxation in Metals", Oliver and Boyd, ed.,
London, England, 1965.

Led

34. R. T. Chen, "Creep of Metals", Unpublished lecture notes on
creep, University of Virginia, 1983.

3 g

35. J. Gittus, "Creep, Viscoelasticity and Creep Fracture in
Solids"; Applied Science Publishers LTD, London, England,
1975.

:

'r’;T' -
i

36. S. M. L. Sastry, P. S. Pao and K. K. Sankaran, "High Temper-
ature Deformation of Ti-6A1-4V", Titanium “80, Proc. Fourth
: Int. Conf. on Titanium. AIME, Warrendale, PA, 873 (1981).

iy 37. G. Malakondaiah and P. Rama Rao, "Creep of Alpha-Titanium 3':'.":'
o at Low Stresses", Acta. Met., Vol. No. 29, 1263 (1981). oo
’ 2
38. Rune Lagneborg, Int. Metall. Rev., Vol. No. 17, 130 (1972). “Q1

‘. ) " :- -'..-|
;:. 39. S. N. G. Chu and J. C. M. Li, "Impression Creep; a New ]
- Creep Test", J. of Mat. Sci., Vol. No. 12, 2200 (1977). o
Ty

o 40. H. Yu and J. C. M. Li, "Computer Simulation of Impression L
e Creep by the Finite Element Method", J. of Mat. Sci., ®
Vol. No. 12, 2214 (1977). =

- 41. S. N. G. Chu and J. C. M. Li, "Impression Creep of 8-Tin ?3:
- Single Crystals", Mat. Sci. and Engr., Vol. No. 39, 1 (1979). H:ﬁ
. ’»-._".vs'

42. S. N. G. Chu and J. C. M, Li, "Pencil Slip in 8-Tin LY
'3 Single Crystals”", J. of Mat. Sci., Vol. No. 15, 2733 ';!4

(1980).

........
vt . B T L PR
PRSI WAL NN ST WRISY T - N GADILD S0 & 6 P ¥ . |

)
‘
T a
-
W)




T T Y Y ——y R e A=t and ore a~d ar & - ot s AT R MY LRI At R S 4 B R A P T T S PR I

Page 122

- 43. E. C. Yu and J. C. M. Li, "Impression Creep of LiF
Single Crystals", Philo. Mag., Vol. 36, No. 4, 811

F‘ (1977).

\

- 44, S, N. G. Chu and J. C. M. Li, "Photoelastic Studies of
Three-Dimensional Stress Field Caused by a Cylindrical

e Punch", J. of App. Phys., Vol. 51. No. 6, 3338 (1980).

0

45. N, E, Paton and M. W. Mahoney, "Creep of Titanium=-Silicon
Alloys", Met. Trans., Vol. No. 74, 1685 (1976).

.
- 46. M. R. Winstone, R. D. Rawlings and D. R. F. West, "The

A Creep Behavior of Some Silicon-Containing Titanium Alloys",
b J. of Less Common Metals, VYol. No. 39, 205 (1975).

47. A. Rosen and A. Rottem, "The Effect of High Temperature
o Exposure on the Creep Resistamce of Ti-6A1-4V", Mat. Sci.
) and Engr., Vol. No. 22, 23 (1976).

48. 1. W. Hall, "The Effect of Oxygen on the Creep Properties
- and Dislocation Configurations in Ti-6A1-4V", Scand. J.
E Metallurgy, Vol. No. 6, 45 (1976).

‘ 49. J. Blackburm and J. C. Williams, "The Preparation of
o Thin Foils of Titanium Alloys", Trans. AIME, Vol. No.

4 239, 287 (1967).
. 50. R. Zeyfang, R. Martin and H. Conrad, "Low Temperature
_ Creep of Titanium"”, Mat. Sci. and Engr., Vol. No. 8,

134 (1971).

51. D. G. Attwvood and P. M. Hazzledine, "A Fiducial Grid for
High-Resolution Metallography", Metallography 3, 483
(1976).

e~ -
PR

’! 52. S. Ankem and H. Margolin, "Alpha-Beta Interface Slidimg in
: Ti-Mn Alloys", Met. Trams., Vol. No. 144, 500 (1983).

53. G. H. Edvard and M. F., Ashby, "Intergranular Fracture During
Power-Law Creep", Acta. Met., Vol. No. 27, 1505 (1979).

o ot

A

e S4. A. J. Perry, "Review: Cavitation in Creep", J. of Mat. Sci.,
e Vol. No. 9, 1016 (1974).

R. Raj and M. F. Ashby, "Grain Boundary Sliding and
Diffusional Creep”, Met. Trams., Vol. No. 24, 1113 (1971).

T. J. Chuang and J. R, Rice, Acta. Met., Vol. No. 21,
1625 (1973).

J. R. Hancock, Met. Sci. J., Vol. No. 10, 319.

S. Baik and R. Raj, "Mechanisms of Creep-Fatigue Inter-
action", Met. Trams., Vol. No. 13A, 1215 (1982).




L 2 2N R AR anc Ae S Nanc I Rnic st Y ° Bama ™y e Tl “atlae Vi ~ebian et~ S b the “it S iy "Sint Wit *Bnt i - Sna SRl "3 P “Shie ST e R i e A e S S S N AR A P

Page 123

{l 59. E. H. Aigeltinger, "A Technique for the Measurement of
Diffusion Creep from Marker Line Displacements", J. of
Mat. Sci., Vol. No. 9, 644 (1974).

l. 60. W. A. Rachinger, "Relative Grain Tramnslations in the
Plastic Flov of Aluminum", J. Inst. of Metals, Vol.
No. 81, 33 (1952).

;: 6l. T. G. Langdon, "The Effect of Surface Configuration on
Grain Boundary Sliding", Met. Trans., Vol. No. 34, 797
= | (1972).

62. R. L. Bell, C. Graeme-Barber and T. G. Langdon, "The Contri-
bution of Grain Boundary Sliding to the Overall Strain of
a Polycrystal", Trans. AIME, Vol. No. 239, 1821 (1967).

63. R. N. Stevens, "Calculation of the Deformation
Caused by Grain Boundary Sliding During the Creep of
Polycrystalline Solids", Trans. AIME, Vol. No. 236,
1762 (1966).

i 94. R. N. Stevens "Grain Boundary Sliding in Metals", Met.
( Rev., Vol. No. 11, 129 (1966).

. et T, - e e
@ s
L R ‘ s . N
N PR = C e e

4

65. R. N. Stevens, "Discussion of “The Contribution of Grain
i Boundary Sliding to the Overall Strain of a Polycrystal”",
- Trans. AIME, Vol. No. 242, 2238 (1968).

4

"_'.'.'."'1‘.:
: - e 42"
' AT .
' LA -'V T '
falalia

S
ST
P IACIPRIN 4

66. T. G. Langdon, "Grain Boundary Sliding as a Deformation
. Mechanism During Creep"”, Phil. Mag., Vol. No. 22, 689 -
(1970). .

" 67. A. Gittins, "Discussion of “Calculation of the Deformation .
Ce Caused by Grain Boundary Sliding During the Creep of Poly- e
N

crystalline Solids“", Trans. AIME, Vol. No. 239, 922
(1967).

D
.

149.4

r -

B
) %id[[

68. HB. E. Davis, G. E. Troxell and C. E. Wiskocil, "The NN
Testing and Inspection of Engineering Materials", McGraw- SAOK
~ Hill Book Company, Inc., New York, N.Y., 1941. RN

- -y

69. F. Dyment and C. M. Libarrati, J. of Mat. Sci., Vol. No. 5,
- 434 (1970).

~

g 70. P. J. Bania and J. A. Hall, "Creep Studies of Ti-6242-Si
Alloy", Titanpium ‘84, Proc. Fifth Int. Conf. on Titanium,

tﬁ AIME, Warrendale, PA, in press.
" -
71. R. P, Elliot, "Diffusion in Titanium and Titanium
. Alloys", ASD-TDR, Vol. No. 62, 561 (October 1962).
E 72. E. A. Gulbransen and K. F. Andrev, "Kinetics of the L
; Reactions of Titamium with O and 32 , - SN
v Trans. AIME, Vol. No. 185, 7%1 (%94 bl
b -
73. D. K. Shetty and M. Meshii, "Plastic Deformation of s;ﬁ
J B*I
2 e
' Y
4 -2
’ .." o
A

el .-_ o R ;.:-'...‘ X .:‘. P X __: -_;- -“.r‘_ ."”._“ ,- * ,‘ $ .‘(.-,,.: .‘- \- \{\- \_- ,‘. ~ .. :- g




o

. o9
r; =
Page 124 !ﬁ

- "
o Aluminum Under Repeated Loading", Met. Trans., Vol. No. 64, ii
o 349 (1975). ]
= 74. J. T. Evans and R. N. Parkins, "Creep Induced by Load ;%
. Cycling in 8 C-Mn Steel", Acta. Met., Vol. No. 24, L
' 511 (1976). R
oo 75. C. E. Feltner, Trans. AIME, Vol. No. 227, 798 (1963). R
) 76. E., W. Lee, E. A. Starke, Jr., and C. J. Beevers, "The ]
g Effect of Strain Rate on the Monotonic and Cyclic .1
L. Properties of Beta Ti~V Alloys"™, in press. S
\ 77. J. E. Dorn, J. Micchell and F. Hauser, "Dislocation :;
o Dynamics", Experimental Mechanie¢s, Vol. No. 5, 353 ]
o (1965). ‘.“
R 78. H. Mughrabi, K. Herz and X. Stark, "The Effect of T
v Strain~Rate on the Cyclic Deformation Properties R
. of ®-Iron Single Crystals", Acta. Met., Vol. No. 24, o
\ 659 (1976). : o
I3 v 4
t
r 79. H. G. Paris, B. G. LeFevre and E. A. Starke, Jr., i%
‘ "Deformation Behavior in Quenched and Aged Beta Ti-V —

Alloys", Met. Trans., Vol. No. 7A, 273 (1976).

.
®

g
o

ARSI
PR
h‘l"l ‘l ‘L‘l »

T
. AT AT
o a

Pl
v e

- -~
'.l.".
Py B B 4
v Oy
M)

L
al
v ;":’E
a0 L

Axte bt

.

r
*

N -




Page 125

PROFESSIONAL PERSONNEL

Dr. Edgar A. Starke, Jr., Principal Investigator
Or. Fu-Shiong Lin

Dr. Wolfgang Ruch

Dr. R.T. Chen

GRADUATE STUDENTS

William H. Miller, M.S., University of Virginia, January, 1985
Donald Shengduen Shih, Ph.D., Georgia Institute of Technology, June, 1983.
David M. Bowden, M.S., Georgia Institute of Technology, September, 1982.

PRESENTATIONS

1. R.T. Chen and E.A. Starke, Jr., "Low Temperature Creep of Ti-6Al1-2Nb-
1Ta-0.8Mo," paper presented at TMS-AIME Annual Meeting, Atlanta, Georgia,
March, 1983,

2. E.A. Starke, Jr., "Deformation and Creep Behavior," presentation
at ONR-DTNSRCC Ti-100 Workshop Review, Annapolis, June, 1983.

3. W.H. Miller, Jr., R.T. Chen and E.A. Starke, Jr., "The Effect of
Microstructure on Creep Behavior of Ti-6211, presented at the Fall AIME
Meeting, Detroit, Michigan, September, 1984.

4. D.S. Shih, F.S. Lin and E.A. Starke, Jr., "Effect of Texture on the
Fatigue Properties of a Near-Alpha Ti Alloy," presented at the AIME Meeting,
Detroit, Michigan, September, 1984.

5. Donald S. Shih, Fu-Shiong Lin, and E.A. Starke, Jr., "The Effect

of Microstructure and Texture on the Low Cycle Fatigue Properties of Ti-6Al-
2Nb-1Ta-0.8Mo," presented at the Fifth International Conference on Titanium,
Munich, West Germany, September, 1984.

6. R.T. Chen and E.A. Starke, Jr., "Effects of Microstructure on Creep
Behavior of Ti-6211," presented at the Fifth International Conference
on Titanium, Munich, West Germany, September, 1984.

7. Donald S. Shih, F.S. Lin and E.A. Starke, Jr., "The Effect of Micro-
structure and Texture on the Fatigue Crack Propagation of an Alpha + Beta
Titanium Alloy," presented at the Fifth International Conference on Titanium,
Munich, West Germany, September, 1984.

8. D.M. Bowden and E.A. Starke, Jr., "Hot Crack Susceptibility in Titanium
6211," presented at the Fifth International Conference on Titanium, Munich,
West Germany, September, 1984.




S

BT S S S

Page 126

PUBLICATIONS

1. David M. Bowden and E.A. Starke, Jr., "The Effect of Microstructure
and Deformation Behavior on the Hot Ductility of Ti-6A1-2Nb-1Ta-0.8Mo,"
Met. Trans. A 15A, 1984, p. 1687.

2. F.S. Lin, E.A. Starke, Jr., S.B. Chakrabortty and A. Gysler, "the
Effect of Microstructure on the Deformation Modes and Mechanical Properties
of Ti-6A1-2Nb-1Ta-0.8Mo: Part I. Widmanstatten Structures," Met. Trans.

A 15A, 1984, p. 1229.

3. Fu-Shiong Lin, E.A. Starke, Jr., and A. Gysler, "The Effect of Micro-
structure on the Deformation Modes and Mechani_.al Properties of Ti-6A1-2Nb-
1Ta-0.8Mo: Part II. Equiaxed Structures," Met. Trans. A 15A, 1984, p.

1873.

4. D.M. Bowden and E.A. Starke, Jr., "Hot Cracking Susceptibility in
Titanium 6211," Proceedings of the Fifth International Conference on Titanium,
Munich, West Germany, September, 1984 (in press].

5. Donald S. Shih, F.S. Lin and E.A. Starke, Jr., "The Effect of Micro-
structure and Texture on the Fatigue Crack Propagation of an Alpha + Beta
Titanium Alloy," Proceedings of the Fifth International Conference on
Titanium, Munich, West Germany, September, 1984 {in press).

6. Donald S. Shih, Fu-Shiong Lin and E.A. Starke, Jr., "The Effect of
Microstructure and Texture on the Low Cycle Fatigue Properties of Ti-6Al-
2Nb-0.8Mo," Proceedings of the Fifth International Conference on Titanium,
Munich, West Germany, September, 1984 {(in press).

7. R.T. Chen, W.H. Miller, Jr., and E.A. Starke, Jr., "Effects of Micro-
structure on Creep Behavior of Ti-6211," Proceedings of the Fifth Interna-
tional Conference on Titanium, Munich, West Germany, September, 1984 {in

press). -8

8. E.W. Lee, S.B. Chakrabortty and E.A. Starke, Jr., "The Effect of T
Overload on the Fatigue Crack Propagation in Metastable Beta Ti-V Alloys," A
Met. Trans. A 15A, 1984, p. 511.

9. R.T. Chen and E.A. Starke, Jr., "TEM Studies of Microstructures in
IM, PM, Mechanically Alloyed and Rapidly Solidified Al-Li Base Alloys,"
Proceedings of the 1984 Metallography Symposium/Metals Congress, Detroit,
Michigan, September, T98% {in press}.

10. E.W. Lee, E.A. Starke, Jr., and C.J. Beevers, "The Effect of Strain
Rate on the Monotonic and Cyclic Properties of Beta Ti-V Alloys," Mater.
Sci. & Engr. (in press).

THESES

1. David M, Bowden, "Hot Ductility Loss in Synthetic Weld Heat-Affected
Zones in the Alloy Titanium 6211," Ph.D. Thesis, Georgia Institute of
Technology, September, 1982.

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




2. Donald Shengduen Shih, "Investigation of the Effect of Microstructure T
and Texture on the Fatigue Properties and Deformation Modes of an Alpha ‘“i;#
+ Beta Titanium Alloy, Ti-6A1-2Nb-1Ta-0.8Mo," Ph.D. Thesis, Georgia Institute ??%fq
of Technology, June, 1983. L

Page 127 =‘-“—‘=~‘i
T

4

4

s e
¢ A
P

3. William H. Miller, Jr., "The Effect of Microstructure on the Creep
Behavior of Ti-6A1-2Nb-1Ta-0.8Mo," M.S. Thesis, University of Virginia, SRR
January, 1985, —




LAt A" e ok Rl aeuic e e ol ¥ oA e et bamt e Jagt e/ et et il S SUhai S Mhal St Shelh S il S Y
DISTRIBUTION LIST
Copy No.
1 Office of Naval Research
800 North Quincy Street
Arlington, Virginia 22217
Attention: Dr. Bruce MacDonald
Program Manager
2 ONR Resident Representative
Joseph Henry Building, Room 623
2100 Pennsylvania Avenue, NW
Washington, DC 20037
3-8 Director
Naval Research Laboratory
Attention: Code 2627
Washington, DC 20375
9 - 20 Defense Technical Information Center
Building 5, Cameron Station
Alexandria, Virginia 22314
21 - 22 E. A. Starke, Jr.
23 W. H. Miller, Jr.
24 R. T. Chen
25 - 26 E. H. Pancake
Sci/Tech Library
27 SEAS Publications Files
JO 6562:cms




UNIVERSITY OF VIRGINIA
School of Engineering and Applied Science

The University of Virginia’s School of Engineering and Applied Science has an undergraduate
enroliment of approximately 1,500 students with a graduate enrollment of approximately 500. There are
125 faculty members, a majority of whom conduct research in addition to teaching.

Research is a vital part of the educational program and interests paraliel academic speciaities. These
range from the classical engineering disciplines of Chemical, Civil, Electrical, and Mechanical and
Aerospace to newer, more specialized fields of Biomedical Engineering, Systems Engineering, Materials
Science, Nuclear Engineering and Engineering Physics, Applied Mathematics and Computer Science.
Within these disciphines there are well equipped laboratories for conducting highly specialized research.
All departments offer the doctorate; Biomedical and Materials Science grant only graduate degrees. In
addition, courses 1n the humanities are offered within the School.

The Unwversity of Virginia (which includes approximately 1,500 full-time faculty and a total full-time
student enroliment of about 16,000), also offers professional degrees under the schools of Architecture,
Law, Medicine, Nursing, Commerce, Business Administration, and Education. In addition, the College of
Arts and Scrences houses departments of Mathematics, Physics, Chemistry and others relevant to the
engineering research program. The School of Engineering and Applied Science is an integral part of this
University community which provides opportunities for interdisciplinary work in pursuit of the basic goals
of education, research, and public service.
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