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energy determinations indicate that creep mechanisms are dependent on a
creep rate/temperature relationship. Above 778K the activation energy
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diffusion-controlled dislocation mechanisms are the rate-controlling
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propagating along G.B.a/matrix interfaces in the equiaxed
microstructures. /-'Sliding along alpha/beta interfaces, colony 4
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the creep strain and rupture process.
-- Cyclic creep with a loading-unloading sequence was performed at

room temperature and cyclic creep acceleration was observed. The
reduction of internal stress in the unloading period enhanced the creep
rate in subsequent loading.
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CHAPTER I

INTRODUCTION

6Development of the Kroll and Hunter processes in the

1950's thrust titanium to the forefront of advanced tech-

nology materials (12) . Applications were restricted to gas

turbines(1), structural air frame members and other com-

ponents requiring superior performance in order to justify

lTa-0.SMo 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 alloys ( 1 ,3 '4 °5 '6 ). The alloy's resistance

to general corrosion and stress corrosion cracking in salt

water coupled with good weldability make Ti-6211 an attrac-tive candidate for modern marine applications ( 3 ) .

Since Ti-6211 is a weldable a + P titanium alloy and

its microstructure is strongly dependent on the processing

history and thermal treatments ( ' 
"  1  various

microstructures can be generated in the heat-affected zone

of the weld ( S) . Imam and Gilmore ( 9 ) point out that

microstructure 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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Many titanium alloys have been shown to exhibit

appreciable amounts of creep at ambient temperatures and at

stress levels far below the tensile yield strength of the

material (3,6 " I011) . Room temperature creep in Ti-SAl-

2.5Sn and Ti-6A1-4V has been studied extensively by several

authors (9,2 114 h(15-18)
•1213,14). Chu previously measured

various creep properties and stress relaxation values at

room temperature for Ti-6A1-2Nb-ITa-0.8Mo. Mechanistic

studies related to microstructure and deformation behavior,~1
however, have not been made.

Creep of Ti-6211 tested at ambient temperature is of

- the transient type ( 6 ,1 5 - 1$ ) .  Steady-state creep with a

minimum creep rate is generally achieved at elevated tem-

peratures following primary creep. The contribution of

diffusion to creep strains and the amount of sliding at

grain boundaries, colony boundaries, alpha/beta interfaces

and slip traces becomes more significant at high

temperature(3,6) .  Investigating creep behavior of Ti-6211

at elevated temperatures serves as a comparison for ambient

temperature effects and aids in the determination of basic

creep deformation mechanisms. .2

Cyclic loading may enhance or reduce the creep rate

depending on material properties and testing

conditions ( 1 5 ) . Odegard and Thompson (12,14) have shown

that prestrains can accelerate or diminish subsequent creep

in the Ti-6AI-4V system depending upon the amount of

prestrain and the associated change in internal stress.

Imam and Gilmore 9 ) have reported that stress reversals can

-L



Page 3

accelerate creep in Ti-6Al-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 cyclic 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.

%-**-2

","

. .1
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CHAPTER II

a°

LITERATURE REVIEW

Ti-6211 Phase Relations

1

The objective of this research is to investigate the

, effect of microstructural parameters and test conditions on

the creep behavior of Ti-6A1-2Nb-lTa-0.8Mo. In order for a

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 heat-

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

ing between ambient temperatures and temperatures approach-

* ing the melting 1 int. the FZ and HAZ regions of the weld

undergo allotropic phase transformation (6)•

!t

Pure titanium consists of a high temperature body-

centered cubic beta phase which transforms by diffusionless

shear ( 7 ) during cooling at 1155K to a low temperature

hexagonal close-packed alpha phase. Titanium alloying

additions can be divided into groups of either alpha

stabilizers, beta stabilizers ( 1 ) , or neutral additions.

Alpha stabilizers consist of 'pure" alpha stabilizing
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elements which raise the beta transus temperature (Al and

interstitials 02, N2  and C) and "alpha strengthening

elements which have high alpha soluability (Sn, Si and Zr)

but do not raise the beta transus ( 19) . The amount of alpha

stabilizer which can be added is restricted by the forma-

Stion of a2, a coherent ordered phase based on Ti 3 A1. a 2

precipitation has been found to increase the colony or pac-

ket size in Ti-6211, thus increasing the effective slip

length (4 ) . Ti 3 A1 may also precipitate in the alpha phase 3

and cause embrittlement in some alloy systems during ageing

at 773K ( l.4) The effect of Ti 3 Al depends upon the alloy

system in question. Embrittlement may be avoided if a 9 wt

% limit is placed on the Aluminum Equivalent as given by

equation 1(19).

Aluminum Equivalent Al + l/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

metal ( 7 ) . Beta stabilizers fall into two distinct

categories(1 ): beta isomorphous additions (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 eutectoid reactions(1). Certain beta

stabilizers, when added to alloys such as Ti-6A1-4V. simul-

tancously raise resistance to deformation at room tern-

-"

. .. . . . . . .. . . . . .- ..
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perature while drastically lowering resistance to deforma- I
tion at elevated temperatures. Superplasticity( 2 0 21) is

desirable in many cases because of the ease of formability 8

at high temperature and resulting high strength upon

cool ing.

Commercial titanium alloys are generally classified as

alpha, alpha + beta, or beta alloys according to the

dominant phase present 1 1 9 ) . Due to the complexity of

multi-component phase diagrams, alpha + beta titanium

alloys are often represented by psuedo-binary diagrams

containing a fixed amount of alpha-stabilizer as shown in

Figure (l). The most practical creep-resistant titanium

alloys are the near-alpha alloys( 1 9 ).

Mechanical properties of titanium alloys depend not

only on the phases present but also on the morphology of

each phase. By altering processing techniques ( 1 "4 ) and

annealing temperatures along with subsequent cooling rates,i

microstructures can be developed displaying equiaxed,

platelet, or grain boundary alpha in a retained beta or

martensite matrix. Either phase may be coarse or fine, I
continuous or discontinuous, blocky or elongated ( 5 ).

Crystallographic texture of Ti-6211 can be varied greatly'1

by an appropriate ITMT below the beta transus(1,4). Common

textures include basal texture where the basal planes are

parallel to the rolling plane and transverse texture where

basal planes are perpendicular to the rolling plane and

parallel to the rolling direction. Such texture variations

have been found to significantly alter mechanical

S'
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properties.

Widmanstitten Al2hA_±_Beta-

Processing involving excursions above the 0-transus

followed by slow cooling results in a Widmanstatten alpha +

beta colony structure( 4 ,5 ,1 9 ). The P-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 O

orientation relationship between a and P phases of the type

(0 00 2 )1 a/ (110o and (1110)aL (1/ )0(1,5). This Burgers

orientation relationship is crucial in deformation studies

due to slip length considerations. The Widmanstitten a +

microstructure can be annealed high in the a + P 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 transus ( 5 ) . 1
Primary alpha forms by nucleation and growth in alloys

where the final hot working operation is completely below

the A-transus temperature. The resulting morphology may

range from elongated platelets to equiaxed grains ( 19). 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 (19,22)

S o
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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 incrementally loading

individual specimens and is represented as a fraction of

the yield stess of the particular microstructure.

Creep at High Temperature

Temperature considerations during creep testing often

refer to the homologeous temperature (T/Tm)(3 0 ). High tem-

perature creep mechanisms differ significantly from those

active at temperatures below Tm/2. Significant mechanistic

changes in Ti-6211 creep occur between 0.3Tm and 0.5Tm mak-

ing this region 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 hardening effects, allowing a balance to

occur between competing factors. Steady state creep rates
I

display both temperature and stress dependencies as given %

by the following equations (3 0 ,3 4 )

Tempe~ruael D f n denc e:

M, •xp ( -01RT) (4)--
s

S tressVependenc~e.

t1

-~ -~-A.. -- A~- ". -
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prehensive than, and includes, Andrade creep( 3 0,34,35)-

Andrade initially proposed the equation:

a = 1 + At1 /3 )e (kt) (3)

which represented the components of transient creep +

viscous creep and was based on a compilation of curves to

obtain Figure 2. A similar equation to Andrade's but

obtaining a better f~t was proposed by Garofalo (3 0 ,3 5 )

With Cottrell's equation several distinct types of creep

(30,34).may be satisfactorally represented

n' 0 & constant .......... Steady state creep -

n' = 1 - alnt ........ Logarithmic creep

1/3n' 2/3 a = ..Andrade's transient creep

n' (n - 113) a At n ......... .General low 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 5

eventually occurs. It is interesting to note that low tem-

perature logarithmic creep obeys a mechanical equation of

state(15.30) In such a case the strain at a given time l

• .' ." .- ' -' ' ." " ,"'-" -: ' -", " -- ' '.'- - -- .•- .'--" --.'- -'- -'- -.. -. ... --.-.'- ... - ... , i i--
- . -t
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(30,31)

avoid tertiary creep. Stress rupture testing

intentionally enters the tertiary creep regime where higher

loads are necessitated and the test is carried out to the

failure of the material. The information obtained from

this type of test is the time to cause failure at a given

nominal stress and constant temperature. The general O

procedures for creep testing may be found in several ASTM

specifications:

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

Creep at Ambient Temperatures

Tertiary creep is rarely experienced at ambient tem-

peratures since creep saturation generally occurs due to

lack of recovery. The driving force for creep and the

overcoming of deformation obstacles (Peierls Stress) is a

result of the combined actions of thermal fluctuations and

stress ( 3 1 ) . At low temperatures processes such as dynamic

recovery and cross slip may play important roles in the

creep scenario since they are not dependent upon tem-

perature enhanced diffusion. .O

Cottrell proposed a significant equation for a general

time law for creep 0-34).

= pt-n' (2)

where and n' are experimentally determined 'i1
constants. Differing creep behaviors are represented by

varying values of n'. Cottrell's equation is more com-

"'.% :'* " " '" " "" '-"' " :" " . " .: ' "' -' ' - . " - - .-I " ," "
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at high stress levels, high temperatures or a combination

of the two under constant load conditions where a reduction

in cross-sectional area (A0 ) occurs due to necking or void S

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 applications(30) .  Constant stress tests

avoid this type of curve since the load is reduced in order

to keep the stress constant prior to necking. In addition

to elastic and plastic deformation experienced after a load

is applied there exists an anelastic component( 1 2 ,14) to

creep 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 information is facilitated

in most applications to yield a creep strength" (15,30),

which is traditionally defined as the stress at a given

temperature required to give either a creep rate of 0.0001

S per hour (1 % /10,000 hr) or 0.00001 % per hour (1 %

/100,000 hr).

It is permissible to assign a creep strength to a

particular material for an arbitrary strain percentage/hour

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

m ay .,
long time frames are unrealistic for actual testing, s may

be based on creep curves of shorter duration. The value of

minimum creep rate is then larger than the true value,

sie(30) Odnrthus, the error is on the conservat've side . Ordinary

creep tests are carried out at relatively low stresses to

S

. . . . . . . . . . . . . . . . . . . . .. . . . . .
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positive aspect of creep, as McVetty points out, might

involve highly localized stresses which may be

redistributed by creep deformation, thus preventing

failure. In some cases the load-carrying capacity of a

structural member may be increased by virtue of

deformations resulting from creep. Creep in the majority

of cases, however, must be viewed as detrimental.

A basic creep curve may be plotted as strain versus

time and includes the three distinct regions labelled in

Figure 2 as ( 3 0 ' 3 1 ) .

I Transient Creep (Primary Creep)

II Steady State Creep (Secondary Creep) ."Z

III Tertiary Creep

eo represents the elastic component of strain observed

upon loading. The transient region of the curve, also

known as primary creep, exhibits a continuously increasing

creep resistance due to strain hardening in the material as

a result of deformation.* The steady state or secondary

creep regime exhibits a nearly constant creep rate given by

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

competing processes of strain hardening and

recovery( 3 0 ,3 1 ,3 3) 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

i * .. *. 1 1..
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partially martensitic heat-affected and near-fusion

zones ( 2 5 ) . Several authors suggest post-weld annealing to

increase ductility and toughness in the weld zone when

possible(14,2 5)

Creep Overview 4

Creep is defined as a time-dependent plastic strain

- experienced under either monotonic constant load or

constant stress conditions( 3 0 ,3 1). Many materials undergo

limited creep in the ambient temperature range as has been

- shown to be the case with titanium (3 6 "I 0 'I I) . Creep

rates, creep resistance and rupture times have been found

to be dependent on microstructure, stress level and texture

to varying degrees 19 1 3 - 1 8 1. In general, the strength of a

metal decreases with increasing temperature due to an

increase in the mobility of individual atoms and the

enhanced role of diffusion at elevated temperatures.

P Increased deformation along grain boundaries as well as the

interaction of additional slip systems at higher tem-

peratures enhance creep rates and overall creep deformation

leading to a more rapid failure.

McVetty clearly states that creep may be viewed as

beneficial or detrimental depending on individual

applications and material tolerances(32) Extended

deformation, exceeding permissible tolerances, might well

render a machine inoperative. Likewise, some machine parts

tend to become unstable with excessive deformation. A£ --

S I* .. -' ._-'.-* ... --.
• ..,. ...:... -. :... . ... .. :.- ,.• - . ....:." ...-.....- ,. ,. ,.= ..-..,..... . . . . . .. ...... .-.....-. .... . . .'.. . . . . . .... . -...... " *
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side of the boundary which does not have the Burgers

orientation with the adjacent beta phase (2 9 )  The degree

of ductility depends on the rate of void growth. If the

rate is large, the void reaches a critical size for frac-

ture at a lower applied stress and strain and hence, the

a 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 crack (2 9 ) •

!S

Whittenberger and Moore stated that weld interfaces

have no measureable affect on the overall creep deformationm0

of Ti-6211 which has been diffusion welded (2 0 ). The

• authors produced diffusion welds without external

p constraints and with little overall deformation through the

use of a soft interlayer between faying surfaces of the

harder material. These results, however, do not correllate

well with the rapid temperature fluctuations and recrystal-

lization associated with phase transformations in typical

Ti weld regions. Bowden found severe ductility losses to

occur due to cracking in simulated weldments in Ti-6211 and

(7)similar alloys (
. Odegard and Thompson found that welds

do significantly reduce creep rates in Ti-6AI-4V 1 4 ) .

Beeslack and Mahajan found weldments in highly-alloyed a +

titanium alloys such as Ti-4.SAl-5Mo-l.5Cr to contain

:- *-- --- .

,--F---

._ ,"" 3 '3 f/ " " - .• .,< , ,-, , , ",* • : - , ' " "' . . . , € . -
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30 % to 50 % of the CRSS. Starke and Lin ( 5 ) found tensile

dislocation structures in Ti-6211 to be predominantly

straight and primarily screw type with only a few edges

seen. Screw dilocations in hexagonal networks are commonly

observed in hop metals(27,28 ) .

Deformation twins were observed, both on the surface .9

and by TEN, in Ti-6211 tensile tested in the TD

direction" ) . 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

i where twinning was associated with moderate volume frac-

tions of the w phase as a result of high beta stabilizer

content(7 9 ".

g Several authors have shown that thick G.B.o formation

during post-weld heat treatments can promote intergranular,

low-ductility failure 1 23 '2 9 ). Baeslack and Mahajan 12 3 )  -

found that fracture occurred due to slip incompatibility

where voids initiated at G.B.a/transformed-P interfaces and

grew into G.B.u and transformed-P regions in the alloys U
tested (Ti-6AI-2Sn-4Zr-6Mo and Ti-5A1-5Sn-ZZr-4Mo). Green-

field and Margolin ( 2 9 ) note that void nucleation increases

with strain and is shown to depend upon 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 Widmanst'tten 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

I |

-L -. . . . ... . -+ - -. - - .. - - ,. . .. - , ...•, .. - ,.'. - - % - +. - . .+ . .. -. ,-, • + . .. ' .' . . .. .
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including stress axis, slip plane and sl ip direction as

well as orientation of the a/P interface in Ti-8A1-lMo-IV.

Their results indicate that the macroscopic flow behavior

of colonies comprised of ductile lamellae depends on the

ability of a slip system, once activated in the softer a

AL phase, to shear through the harder P phase. The authors

obser,%d a variation of more than 21 in CRSS for yielding

of individual colonies and the a of a similar colony was
ys

found to increase as the slip direction of the dominant

macroscopic slip plane approached normality to the a./P

interface 12 4 ) . Neither the alignment of the slip system in

the alpha phase with a potential slip system in the beta

phase lamellae 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 ( 2 4 ) . 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 a colony has been witnessed by many

authors and slip bands occaisionally pass through colony

boundaries(1.5 6,16)

Ankem and Margolin 2 6  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 400 incline to the 0001 direction. The

authors found elastic interaction stresses to be as low as

. . ........ ...
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structures l) Despite the small slip distance associated

with individual platelets, the large number of platelets

accounts for reasonable ductility in the overall

structure 1  
D.4).

Bowden (7 ) spent considerable time studying the subject

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

the hot ductility dip (approx. 750-850 0 C). Strain

localization within the grain boundary regions results in

intergranular fracture along prior beta grain boundaries.

Ductile rupture occurs by void formation and coalescence

along beta grain boundaries. This phenomenon has been

found to be microstructure controlled. Beta grain shape

along with alpha phase morphology are the critical factors

involved in producing low hot ductility, rather than rapid

thermal cycling experienced during the welding process(7).

p

Several authors have conducted studies on the deforms-at "
tion behavior of colony structures in beta-processed a +
titanium Baeslack and ahaJa(25) stated

that if a zxha....o2un4axx is oriented properly with respect I
to the stress distribution, intense slip will occur in the

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

'-" shares a semi-coherent boundary. A slightly different "-

orientation, however, can prevent macroscopic slip and

promote grain boundary sliding and corresponding interphase

separation. Chan and co-workers (2 4 )  correllated

experimental behavior to o oXietaionD parameters

[ 0.
. . . .

-. . . .' ... : . . .. 'F ' -. - , , .. . . .. . . .,.,, - , . . . - . . . .- . . . .. ,.. . ., . -. ,,. ,:
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ments. Borradaile and Jeal (1 9 ) state that for a comparable

duplex microstructure, smaller mean free slip paths improve

the tensile properties as predicted by a Hall-Petch

relationship. Lin and Starke stated that increases in

strength are associated with a decrease in deformation

J6 barrier spacing in the Ti-6211 alloy ( 4 "5 ). It has been

found that excursions above the 0-transus for strengthening

purposes are always accompanied by a loss in ductility (5 ) •

Similarly, the incidence of facets appears to be inversely :

proportional to the ductility. These two conditions are

obviousely related due to the equiaxed nature of the beta

grains that form above the A-transus. During subsequent

cooling, soft alpha forms at the beta grain boundaries and

because of the equiaxed nature of the beta grains, the a'

phase is always favorably oriented for slip, resulting in

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

5524. Baeslack and Mahajan(2 3 ) 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

alpha (G.B.a).

Lin. Starke, et al have successfully shown that by

quenching Ti-6211 high in the a + 0 phase field some of the

A may be transformed to martensite, resulting in an

increase in yield strength of approximately 25 % with no

accompanying loss in ductility 5 ). Shih verified that the

slip length is equivalent to phase size. The accicular

alpha acts as the slip length in these duplex

....- ..........- 7...,....... . ,..,



rPage 10

cyclic creep and crack

propagation.

The choice of material for a particular application is

dependent on an optimum combination of several competing

characteristics Material performance during

mechanical testing is dependent upon alloy composition,

processing history and heat treatment schedule. There are

several microstructural parameters which may affect the

mechanical properties of + titanium alloys; some of the

more dominant are ( s ) "

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

2.) Size of accicular alpha.

3.) Size and shape of prior beta grains.

4.) Widmanstitten colony size.

5.) Shape of the alpha phase.

Shih, Lin, Spooner and Starke have previously

correlated microstructure and texture to the mechanical

properties of the a + f titanium alloy Ti-6211 4" . They

found that high strength, high ductility and high strain

life combinations are achieved by developing equiaxed-a

microstructures completely surrounded by a strong alpha +

martensite deformation barrier. This is achieved through

appropriate ITMT processing and recrystallization treat-
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ing upon critical alloy composition and both are super-

saturated in A-stabilizing elements( 7 ). Tempering hcp

martensite leads to heterogeneous A-phase precipitation

along martensite plate boundaries with little resultant

age-hardening in Ti-62111 7 1. This is similar to a

,P. heterogeneous alpha phase nucleation along beta grain boun-

daries in the primary alpha structure. Such boundary

nucleation and growth significantly alters mechanical

properties of a + A titanium alloys.

Shih, Bowden, and Starke and co-workers have

previously discussed alternative Ti-6211

microstructures(1 3 ,4 ,5 7 )•

Deformation Characteristics

Before discussing in detail the concept of creep it is

important to understand the deformation of titanium in

relation to microstructure.

Titanium has been used in structural alloy form in the

aerospace industry for over 30 years (12) The properties

of prime concern in mechanical testing can be broken down

into three major categories
( 1 9 )

1.) Zero time mechanical properties: tensile strength,
ductility, fracture
t oughne s s.

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

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

,,1

• •°

". " " " " " '. "- ' ° , -" . ' . .. ... - - - - - - - - - ----,-.6' " ." ,." *".,"* , . . " " . *". r ,, , ...
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Recrystallized equiaxed a + , variation of the hot

worked and slow cooled Widmanstitten colony structure, is

obtained by cooling from above the 0-transus at increased

rates. The Basket-weave" (22) microstructure favors the

nucleation of additional 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 relationship (22). When this type

of microstructure is formed only very small colonies remain

interspersed among larger a-platelets thus reducing

deformation barrier spacings. Large blocky alpha plates

form as a result of even slower controlled cooling rates or

.3 step-cooling(22)"

A martensitic structure is formed by suppression of

nucleation and growth mechanisms when rapidly quenched from

above the P-transus. 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 martensitic

regions can be varied by quenching from different tem-

peratures below the P-transus but above 973[(5 ) . Either a'

(hcp) or a'' (orthorhombic) martensite will form depend-
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o4. [sinh(a)n...at high stress. (5)
reA

a a.. a. n ................ at low stress. (6)

These equations generally reduce to a combination of 6;

effects given by an Arrhenius-type of equation (3 0 ):

= kMexp (-Q/RT) (7)

At high temperature metals take on a viscoelastic"

(14,30,35) effect and the strength of the metal decreases

as diffusive effects increase. Dislocation climb becomes

an important mechanism due to the greater dislocation

mobilities. At elevated temperature creep strength becomes

dependent on s and time of exposure. The Monkman-

Grant ( 3 0 ' 3 4 ) relationship becomes valid for high tem-

perature low stress tests where intergranular fracture

takes place.

q

a X tf = const. tf = time to fracture (8)

Another important temperature in the high temperature

creep regime is the Equicohesive Temperature. The ECT (3 4 )

is the temperature at which the fracture mode shifts from

transgranular to intergranular fracture.

Several mechanistic models ( 3 5 - 3 8 ) exist for high tem-

perature creep. The dislocation-climb model is given by:

4. D o4 "5 /kT (9)
S s

.-o. . . . .
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where the rate-controlling process is the climb of

dislocations having an edge component. The Jog-Dragging

Screw Dislocation model considers the movement of jogged

screw dislocations and is represented by:

aS5 ( DsPsinh ob2 l/kT (10)

The Recovery-Creep model previously discussed is given

by:

is =  -ol/ atMl aail as) =r/h 11"""':

where: a i  internal stress due to strain-hardening, r

rate of recovery and h - rate of strain hardening.

Nabarro-Herring Creep is another diffusion controlled

creep process given by:

.-,c Dia/kTL 2  (12)

a and dependent upon a fine grain size and high temperature.

Coble Creep is similar to Nabarro-Herring but depends on

grain boundary diffusion as opposed to lattice diffusion:

-ft
O(D a/kTL3  (13)

: .-. ..- \

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 series or

parallel(
3 1)

• ~~.......... ..-.. .-. ...... "..... .,,.....•"--:'. A . _. -
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Imnession CreD

Stress relaxation tests have frequently been used to

describe time dependent strain phenomena ( 3 3 ,34). More

recently, however, a new creep test known as impression

creep has been gaining popularity ( 3 9 - 4 4 ). Several authors

have described the advantages of the new test. Chu and

Li ( 3 9 ) have recently explained the concept which uses a

circular cylinder with a flat end as an indenter. The

-X indenter reaches a steady state velocity after a short

- transient period in which the circular end makes a shallow

impression in the specimen surface. This test is useful

4 I" since the same dependencies exist (a and T) as in con-

ventional unidirectional creep. The three basic

mechanisms: bulk diffusion, surface diffusion and disloca-

3 ition creep have three different stress and indenter size

(radius) dependencies( 3 9 *4 0). Only a small amount of test-

ing material is necessary for impression creep. Stress and

temperature tests may be performed on the same crystal and

no tertiary creep is experienced. A punch radius vs.

*- impressing velocity curve yields immediate evidence of

dislocation creep if it exists; this due to the separation

of mechanisms by punch size effects.

Titanium Creep Overview

I "

Titanium in general has a relatively high melting

* point (approx. 20851) but creep resistance at even

mep
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to other elements
( 4 5 ). The notion of room temperature 

-.-

creep in titanium goes back to Adenstedt in 1949(10) (for

pure u titanium). Titanium and its alloys have been shown

to be subject to creep at ambient temperatures and at

stress levels far below the tensile yield

strength(3 ,6,10,11).

Of the common titanium alloys Reimann found~1 0 ) Ti-6A1-4V

to show the least amount of room temperature creep. Creep

in Ti-6AI-4V is sensitive to microstructural variables such

as grain size, microchemistry, phase morphology and

preferred orientation. Some authors have shown creep to

U exist at around 25 % ys at room temperature during initial

forward loading(9). The determination of a proportional

limit and is highly subjective. This value is based at

least partially on the precision( 12) of the strain measur-

ing instrument. Imam and Gilmore found the proportional

limit to be a strict function of microstructure in Ti-6A1-

4V 1 9 1 . Reimann found that no creep was experienced in Ti-

6A1-4V if the applied stress was less than 85 % a (10)
ys

Proportional limits have consistently dropped in recent .1

years since measurement sophistication has improved and

Reimann's findings have since been disputed.

Odegard and Thompson 1 1 2 ) have suggested that proof

testing or prestraining Ti-SAl-2.SSn exhausts the most

easily operated dislocation sources and work-hardens the

material to a considerably more creep-resistant state.

These pre-strains are beneficial for design criterion

especially if the operating range of the material will fall

o. 

- - - - -. 4-tl t. -A 
t Lt .a
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below 80 S 14 Reimann(10) also states that stress

relief after forming a component may be beneficial.

3Reimann as well as Imam and Gilmore ( 9 ) found that 77

the creep strain observed during reverse loading was smal-

ler than that observed during initial forward loading", for

creep stresses well below the yield stress. This has been

attributed to the Bausinger Effect. Chu(1 8 ) 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 fatigue damage in Ti-62111 18 ). Creep tests

with long durations, on the order of 10.000 hours, are

generally preferred. Chakrabarti and Nichols(1 3) 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 hours from loading. Creep rupture tests

require longer periods of time since they are dependent

upon the onset of tertiary creep and fracture.

The two primary approaches to increasing creep 4 p

resistance in titanium involve either the reduction of slip

lengths in the microstructure (4 ) or the addition of Si and

Zr to the alloy. Winstone et al (46) found Zr to be the

most effective strengthener in terms of creep resistance in

several titanium alloys investigated. Similarly, Paton and

Mahoney(45) found some of the highest creep strengths to be

p_ .
-.- ... ,.,... - . ~~~~~... ... .- .. ,.-.... -.. . ...... .. ..... .. ,.,. . ... . .-. .... -... .... .-.. ,,,..,/-.-,,.
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associated with silicon in solution in alloys subject to

their investigation (46 ) . Creep resistance of Si alloys is -

improved by Si precipitation on mobile dislocations result-

ing in a pinning of these dislocations and an inhibition of

their further movement (4 5 ). Essentially a strong dynamic

strain ageing (DSA) (4 6 ) arises from a silicon-interstitial -.

atom interaction. These considerations along with the

ability of silicon to make 02 play a more significant role

in creep resistance make Si a viable strengthener(46)

Precipitation of Si into Ti5 Si 3 , on the other hand, has

been found to substantially reduce creep resistance due to

the depletion of Si from the matrix (4 6 ) . Despite these

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

pletely identify with certainty the mechanisms by which

creep resistance is imparted by alloying (43 ) •

Chu ( 1 7 ) stated that the strength of Ti-6211 a + P rol-

, led or beta rolled material is increased by approximately

10 ksi when 02 content rises from 0.05 % to 0.13 %. The

effect of oxygen on the creep strength is similar to the

effect on a of the alloy(1 7 ). Rosen and Rottem ( 4 7 ) have

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

reduction of ductility is only slight with €onolle 02

penetration. These authors have attributed mechanical

property changes to oxygen penetration into the matrix dur-

ing high temperature exposure. Oxygen has a dual effect on

titanium ( 4 7 ,4 8 ) .

- *
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Oxygen may act as a very powerful a-stabilizer thus

reducing the beta phase, as well as entering the material

as an interstitial in solid solution. Hall (4 8 ) found that

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

when exposed to air at 900 0 C for 30 minutes prior to

testing. There is danger, however, in Ug.XA2oju._Su, where

02 causes the formation of a brittle surface layer known as

" alpha case (47). Rosen (4 7 ) found that exposure at 900 0 C for

3 hours resulted in heavy penetration of 02 leading to -.

extreme brittleness and hardness while decreasing the

toughness and strength of the alloy. The removal of a-case

from exposed specimens changes neither the properties nor

the mechanism of plastic deformation ( 4 7 ) .  Hall found

increased creep resistances at short exposure times (30

minutes or less) to be due to the rise of coplanar slip

which promotes well-defined slip bands. Many dislocations

of the same sign are closely spaced in these slip bands

leading to an increase in the internal stress and opposi-

tion to dislocation motion(48). Rosen and Rottem speculate

that exposure at 900 0 C for 30 min causes a slight increase

of oxygen in solid solution in the bulk and creation of

very fine, perhaps coherent oxides which can be very effec-

tive in pinning dislocations (4 7 ). Further exposure results

in more homogeneous dislocation distributions and large _

amounts of dislocation debris yielding a reduced creep

resistance. Above approx. 758 0 C 02, N2  and H diffuse

(47,48)rapidly into titanium alloys ( 48) Hydrogen is always

detrimental and has been experimentally shown to increase

. . ...
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creep rates in Ti-SA1-2.Sn through the formation of

hydrides( 1 4 49)

. A-

Studies concerning room temperature creep in tough

4 materials such as titanium are important since design

stresses for ambient temperature applications are often

large fractions of the yield stress(3). The creep satura-

tion values obtained are largely dependent on applied

stresses and microstructure at low temperatures. The

presence of a weld, which is an integral element of large

scale titanium fabrication, necessitates high stress level

creep testing of equiaxed weld zone microstructures.

In a study involving Ti-SAl-2.5Sn ( 1 2 ) . Thompson and

Odegard found the ambient temperature proportional limit

for creep to be approximately 80 S a with some indication
ys

of small creep strains below this value in certain

microstructures. Creep was of the transient variety fit-

tins the empirical equation: a - At(12,1 5 -18). No steady

state creep was observed and the magnitude of creep strain

was attributed to the case of dislocation source

exhaustion( 1 2 ). Thompson and Odegard proposed that the

creep process in both Ti-6A1-4V and in Ti-5AI-2.SSn is

based on thermally activated overcoming of interstitial

solute atoms and that the exhaustion of the easiest

dislocation sources ( 1 2 ,1 4 1 at each stress level could be

the reason for creep saturation. Dislocation studies and

related studies give strong evidence to support this
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theory 1 .14.5 0)

In the 40 to 90 S a y s test range for Ti-5Al-2.5Sn at

room temperature, activation energies (Q) were found to be

in the range of 37 ][3/mole which is approximately 1/4 of

the 150 ][/mole value for self-diffusion in titanium(1 2 ).

£ 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 % a at room tem-

perature and found that dislocation loops were common near .

triple points where local accomodation stresses are

greatest. This agrees with the Ti-6A1-4V study conducted

|- by Chakrabarti and Nichols(1 3 ) who found that creep strains p

in the first 50 hours of testing were 2.5X greater in fine

grained microstructures than in coarse grained

, microstructures"" . Imam and Gilmore further found that

0-annealed equiaxed microstructures exhibit the smallest a
C

for Ti-6A1-4V ( 9 ) . Chu (1 5 ). who has previously studied

creep in Ti-6211, shows that creep strains follow the

relationship: a - At0 .152 .  Chu ( 2 0 1 discusses a more

general case where:

a = aSmtn (14)

where S = stress (ksi) and a, m. and n are determined '1
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)( 1 6). Unlike

studies on Ti-SA1-2.5Sn where no phase relationship was

found 1 2 ), a Burgers orientation relationship does exist
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between a and in Ti-6211. Chu finally states that

approx. 314a y s may be used in applications of the material

if some creep is tolerable( 16 ) *

Ti t nu [_ atH~ e~~r -

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

content results in a reduction in creep rate. In general a N

or alloys have higher flow and lower a sensitivity values

than the dual phase alloy Ti-6AI-4V. Indeed, the authors

state(36):
,,77
to obtain a suitable constituative equation for high tem-

perature flow of titanium alloys, the effects of alloy com-

position, grain size, volume fractions of phases and tex-

ture, on temperature and strain and strain rate depen-

dencies of the flow stress must be known . The rule of

mixtures was found to be inadequate for describing the high

U temperature flow of the two phase Ti-6AI-4V alloy. Fine

grained microstructures exhibit greater creep due to slid- "1

ing at high temperature (3 6 ). Dislocation substructures in

Ti-6A1-4V show networks formed by cross slip and climb.

Rosen and Rottem ( 4 7 ) state that creep in Ti-6A1-4V above

400 0 C is controlled by dislocation climb while other

authors have have stated that deformation mechanisms in Ti-

6A1-4V change from dislocation climb at 8S0-900 0 C to

dislocation glide at 700°C(3 6 ). Sastry and Sankaran do,

however, find dislocation climb at 450-6000 C and at low

+'+ '.,. + . . 'i -' • -• - + . + . " - ' " .i + ' : ' '- "+ " . ". . .i . - " i . -- ' 9 -
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stress levels with the apparent activation energy for creep

at Q = 188 K./mole ( 3 6 ) . This is significant since the

value for self-diffusion in titanium is close to 150

KI/mole. Winstone, Rawlings and West found activation

energies in the range of 280 KJ/mole(46) due to increased

silicon in solution. These values are much greater 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 mechanism ( 4 5 ) . While Ti-6211 was not developed

for high temperature applications, contributions of

diffusion to creep deformation and sliding at Q/0 inter-

faces, colony boundaries and prior beta grain boundaries

are more significant in the high temperature, steady state

creep regime(3,6)-

Grain Boundary Sliding

It is a well established fact that grain boundary

sliding may contribute substantially to the overall

deformation 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 (2 5 "4 5 "5 1' 5 2 ) . Edward and Ashby have shown that

grain boundary sliding concentrates stress on boundaries

which lie normal to the tensile stress axis ( )  This
U

sliding 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 ( 5 4 - 5 7 ) . Grain boun-

dary sliding has been noted as a principle source of creep

deformation at elevated temperatures Baik and Raj ( 58 )  0

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 3

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

of a shear stress and relieves strain concentrations(S 0)

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

individual grains plus the strain due to grain boundary

sl iding.

There is a close relationship between crystallographic

slip and grain boundary sliding. Slip is not uniform along

all boundaries. At higher temperatures, a shear process is

activated in the direction of the grain boundary brought on

by the elevated temperature state or by a low strain

rate (30) Many authors have attempted to place high

resolution grid networks on specimen surfaces prior to

te tn (13,25,45,51,52.59,60) S c
deformation testing Such

markers are used to yield quantitative data on interface

sliding. Paton and Mahoney used electron beam lithography

to place lpm wide gold grid lines onto titanium-silicon

specimen surfaces prior to creep (4 5 ) . The authors

. . I.. ... 4
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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-A grain boundaries in Ti-SZr-0.SSi and contributions

in all three microstructures tested were less than 10%,

not a major creep mechanism for the test conditions ( 4 5 ) . .

Anken and Margolin discuss a/P interface sliding in several

microstructures of a Ti-Mn alloy(5 2 ). Deformed grid

networks after compression testing showed sliding to occur A

on one side of an a/P interface but not on the other due to

phase incompatibilities.

Baeslack and Mahajan tensile tested the titanium alloy

CORONA 5 in an investigation concerned with room tem-

perature a/O interface sliding(25) Substantial grid

marker offsets were seen at G.B.a/ transformed beta inter-

faces. Sliding, however, was not observed at Widmanstitten

alpha/transformed beta interfaces. Long time tensile load-

ing did not result in observable creep deformation, which
U

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 ( 5 9 ,61 - 67). Stevens reviewed many of the * -

flaws contained in early attempts at calculating boutdary

offsets ( 6 4 ). Ihe method of calculating such values from Al

observable marker offsets on specimen surfaces has been a

matter of much dispute in recent times. Parameters for

A
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calculating ,gbs values generally include specimen surface

vs. specimen interior(61) sliding compatibility and

whether a specimen is cut (specimen surface polished prior

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

heat treatment anneal but not polished prior to testing). %

Langdon ( 6 1 6 2 ) summarized that bulk material sliding is -O

roughly equivalent to surface sliding for low total strains

in specimens having cut surfaces. Figure 3 illustrates the

parameters considered in grain boundary sliding 9

calculations ( 6 1 .6 2 ) . Langdon concluded that:

9gbs 2nl(;/tanO)l (1 5)

where:

n, number 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.

0 angle between surface trace of the boundary and the
stress axis.

This may be simplified to:

gbs kn (16)

where: k' - constant of approximately 1.5 determined

experimentally from dependencies of ; on 0.

The value of egbs divided by eT gives a rough 5

approximation of the percentage of total deformation that

is due to boundary sliding.

-ure 4 shows relative grid offsets associated with grain

.S
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ROUND TENSILE CREEP SPECIMENS

.0

R

- - Z. 5",-'

Threaded Ends: 3/8--24

G: Gage Length ......................... C - 0.787"

D: Diameter (Cage Section) .............. D - 0.197"

R: Radius of Fillet ..................... R - 11/64"

A: Length of Reduced Section ............ A - 0.945"

d: Diameter of Crip Section ............. d - 3/8"

Total Length: 2.5"

LOW CYCLE FATIGUE SPECIMEN

4 A

R D

2.0"

G: .............................. 0.4"

D: .............................. 0.18" Not Threaded

R: .............................. 1/4" Total Length: 2.0"

A: .............................. 0.5"
d: .............................. 0.25"

L: .............................. 3/4"

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 extenso-

meter jaws.

9

• " - " " ? '. ." ' - .i
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STANDARD TENSILE SPECIMEN

A* - . NtTrae

L

R

G: Gage Length ........................G - 0.630"

D: Diameter (Gage Section) ........... D - 0. 156"

R: Radius of Fillet .................. R - 0.15611

A: Length of Reduced Section ......... A - 0.787"0

d: Grip Section Diameter ............. d - 0.276"

L: Grip Section Lengths .............. L - .7"

Total Length.... 2.5"

HIGH TEMPERATURE TENSILE SPECIMEN

-3.00

V 3.0, - - -1 Threaded .
R:. . . . .. . ... 5/16"

A: .............. 1 5/16" Total Length: 3. 0"

d: ... ... ... ... ... 5/16"

Fi gur e 5. Dimensions Of tensile specimens used in
Ti-6A1-2Nb-1Ta-O.8Mo study..

777
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After a final bake-out for hardening, gold was pulse-plated

onto exposed specimen surfaces (cathodes) from a

proprietary plating bath known as Autronics-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 0

solution. This approach yielded clean microstructural

features coupled with highly delineated markers (Figure

9c)

-71

.-- •
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Various techniques have been employed to conduct sur-

face deformation studies. Surface scratches were inscribed

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

nickel 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

examined with TEN to detect offsets at interfaces such as: --

grain boundaries, colony boundaries and a/ phase boun-

daries.

GridDep.j.j on

The most successful attempts at quantitatively

determining surface offsets involved a grid depostion tech-

nique facilitating photolithography. Grid networks of Spm

wide and lm wide gold lines with 30m and llIm

separations, respectively, were electroplated onto polished

and etched titanium surfaces prior to deformation. The

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

positive photoresist onto meticulously clean flat deforma-

tion specimens at 3000 RPM's. The resist was pre-baked and

the specimens were brought into intimite contact with the

glass-backed chrome grid network by a mechanical mounting

press and air pressure. The surface was exposed to intense

ultraviolet light with the grid network in place. Only the

photoresist squares remained after the chrome grid was I
removed and the photoresist was developed (Figure 9b).

A f" 0

-~- ~ A h ~ L



Page 43

applied hydraulically by the weight and pan method. Creep

strains during ambient temperature testing were monitored
-O

and recorded with Micro-Measurements Series EA precision

foil strain gages( 6 8 ) , Fisher strip chart recorders and

V/E-20A Digital strain Indicators. High temperature creep

was accomplished in an argon atmosphere purified with a "

Centorr 2B-20-Q Gettering Furnace. Creep strains were

measured using an LVDT in unison with a high temperature

extensometer enclosed in an inconel retort assembly. A

three-zone resistance-type furnace and temperature control-

ler enabled temperatures to remain uniform to within 21

along specimen gage lengths (Figure 8)(68)

Micro_~~

Tensile fracture surfaces and creep rupture specimens

were coated with a layer of gold and examined using a JEOL

JSM 35 SEX operating at 25KV. TEM thin foils cut from

various tensile and creep specimen orientations were

prepared using a Tenupol twin jet polishing apparatus and

an electrolyte consisting of 6% Perchloric acid, 35%

N-Butanol and 59% Methanol operating at -30 0 C and 19 volts.

Hydride formation was kept to a minimum by operting at tem-

peratures below -25 0 C (thus eliminating preferential alpha

phase attack)(4 9 ). Thin foils were examined using a
S

Philips 400 transmission electron microscope operating at

an accelerating voltage of 120 IV.

". . .".. .

_- "- - ' -. -. . . . . . . . ....... -. .wmImv~u s m t s H s m m u
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specimens were machined and tested in the LS and LT

orientations for surface deformation studies. Specimen

dimensions and shapes are listed and illustrated in Figures

5 through 7. LCF samples were employed in cyclic creep

testing.

Tensile, cyclic creep and LCF tests were conducted on

a closed-loop servohydraulic MTS machine equiped with an

8mm clip-on extensometer at room temperature and a 12mm

water-cooled extensometer at elevated temperatures.

Tensile tests were performed at a constant strain rate of -

10-3s - 1. Precision deformation tests were carried out at

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

10 - 3 sec- 1 . 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

stress ratios of R=0.1 or 0.9 through a two minute period.

Test specimens were mechanically polished prior to testing 2
through either the 0.25pm diamond stage or with O.05±m

alumina dependent upon application. High resolution

specimens were subsequently cooled cryogenically and elec-

tropol ished.

Static creep tests were performed on Tinius-Olsen

lever-arm-loading type creep machines. Creep loads were 9

.". . " . .



r Page 41

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 0 C.

fMicrostructures 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 H2 0 + 10 ml HNO3 + 5 ml HF

V was used as the etchant on all of the microstructures of

interest.

Texture1
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.

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 transverse

plane. This provided better delineation of grain boun-

1. daries in the Wll structure. Flat tensile and creep

AS

-1°
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CHAPTER III

EXPERIMENTAL PROCEDURE

Material

Two heats of the Ti-6AI-2Nb-lTa-O.8Mo alloy were cast

and rolled in the form of one-inch-thick plates. The first

plate was received from the David Taylor Naval Ship

Research and Development Center (DTNSRDC), Annapolis,

Maryland and was designated as Heat I. Heat II was

0 received from the RMI Company, Niles, Ohio. The chemical

compositions of both heats are listed in Table 1.

He&j Treatments

Several heat treatments were selected in order to

simulate the heat affected zone (HAZ) of a Ti-6211 weld

region. Each of four distinct simulated HAZ microstruc-

tures were obtained by heating above the 1010 0 C beta

transus and cooling at different rates. The as-received

condition (Wll) displayed a Widmanstitten alpha + beta

colony structure which is common among beta-processed a +

titanium alloys. The four HAZ microstructures exhibited

large equiaxed grains typical of recrystallized beta-

wS
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- TOP SURFACE

STRESS AXISj

in grain boundary sliding calculations.

Stress Stress

Cryta ACryta A Engraved

-Boundary

Crystal 8 Crystal 8

Stress

Figure 4. Relative grid offsets associated with
grain boundary sliding and shear.
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z

C de
U) Minimum Creep Rate

TIMEt

Figure 2. Regions of x general creep curve plotted
as *train versus time.
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Ti-62 11

-aa+

U-U

\ %

Ti-6AI Nb, Ta, Mo (W t. %)

Figure 1. Pseudo-binary phase diagram for Ti-6A1-lTa--O.8Mo
alloy system showing fixed amount of Al and
varying percentages of beta-stabilizing
alloying elements.
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boundary sliding and iear(3l). It should be noted that

boundary sliding determinations are only approximations and

3 that standards in the field have not yet been developed due

to the complexity of the problem.



Page 50

SURFACE DEFORMATION SPECIMENJ

aK

2.01

G: Gage Length ......................... 0.550"

D: Diameter (Gage Section) ............. 0. 175" Total Length: 2.20"

K: Specimen Pin Length ................. 1. 630"

h: Hole Diameter (Pia) ................. 1/4" Specimen Thru-
Thickness: 1/ 16"

1: Specimen Grip Width ................ 0.60"

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

............hrmocouple

o wer a#7 rof

3pff9' '-oler

Figure 8. Diagram of general high temperature
retort assembly. A similar device was
used for creep testing in a controlled
environment for extended periods of time.

5d
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-7-A

-4S

tr 4,A .- r-%~ L j- I . - -, P

-~ V
2

JI~. 7d

(9~ C)I

.1 9B) -ht r s s q a e n s e i e

surface prior patoerd exposutio
(115 Structure).

9C) 5im gold grid network in place
after electroplating and removal

30PM of remaining photoresist
* (W12 Structure).

-Figure 9. Grid deposition sequence for sur-face 76-
deformation studies.
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a CHAPTER IV A

RESULTS AND DISCUSSION

Mi.UcrostrucIl~xe

4.1.1 Microstructural Cha ra cteIristic s

The heat treatment schedule and resulting microstruc-

tures of interest were previously summarized in Table 2.

Representative features of each microstructure can be seen

in the optical micrographs shown in Figures 10 and 11. TEM
S

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,

W from Heat I as shown in Fig. 10a, has a large colony

type Widmanstitten alpha + beta structure due to hot work-

ing in the beta-field followed by slow cooling. Figure lla

indicates the presence of large pancake shaped grains and 7]
wavy grain boundaries common to the as-received structure

p.

- ..- ,........................... . ... :
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as a result of the rolling process. Figures 12a and 13a

show the presence of light hcp alpha platelets interspersed

among a matrix composed of thin dark bcc beta platelets.

The parallel platelet array gives rise to a Burgers

orientation relationship between alpha and beta plates

located in the same colony. The (0001)(1110) slip system I

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 one-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

U of the decrease in beta phase during transformation that

occurs with decreasing temperature.

All four of the simulated weld zone microstructures

exhibited equiaxed grain structures due to recrystalliza-

tion occurring during heat treatment above the P-transus.

The P-transus temperature was found to be approximately

12781 for both heats. The f-annealed W2, W8 and W12

microstructures consist of a basket-weave type Widmanstit-

ten alpha in a beta matrix. Figures 10c and lib show the

presence of thick grain boundar, alpha in W8 and W12

[ -.
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attributed to tempering in the alpha + beta phase field.

Small colonies are present in the basket-weave structures

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

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 than in the

as-received structures.

Long straight prior beta grain boundaries are evident

in the equiaxed martensitic microstructures (Figures 10d,

10a and lc). The W3 structure consists of martensitic

plates due to quenching from above the A-transus. Small

martensitic platelets are randomly distributed without 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 13c). 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 W1l

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.a is non-

uniform in W9 and W15 (Figures l0e and 11c).

/ b °o

'1

°1

%° " " ." -
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TYPICAL MICROSTRUCTURAL FEATURES OF Ti-6211

411

.,~s ';' 0 wi

(C)T~~
N- 1

a! A

3 (e) h

01.I

~~'~~-4 {v 40 pm

Fig. 10. Optical micrographis showing typical features of
(a) Wli (b) W2, (c) W8, (d) W3, (e) W9.
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TYPICAL MICROSTRUCTURAL FEATURES

b' Z

(a) --I I -3L
- ~ '4

~t- - 4

icyialfeurso ()Wl

~ZZ4:~ f,
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TEN MICROGRAPHS OF FEATURES IN Ti-6211

7
(a)()

ILS

T 2Wf

24 V-1I

Fig. 12. TEN micrographs showing typical features in
(a) Wl. (b) W2. (c) W8, (d) W3, (e) W9.



Page 58

TEN XICROGRAPIS OF FEATURES IN Ti-6211

a(a)

2p 21

Fiure 13.
S TEM micrographs showing

typical features in (a) Wll.

(b) W2, (c W15

.2 p~m

%s-
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-IJ.

U .Vt-

AS

ON

Fiue1.Mcosrcueo h T-A 2N-l *-...I-

as-received plate after etching.

Figure 15. TEN micrograph exhibiting a dislocation network
formed as a result of stress concentrations at
the end of a P-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 Wll W12

and 115 structures or some combination of these. These

three microstructures, all from Heat II, adequately

represent 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

structures exhibited a random texture due to recrystal-

lization. Heat II pole figures (1011) and (0002) from Wll

and W12 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 Wll structure. This was done primarily for

the purpose of testing grain size variation and not to

account for texture differences. Texture of the Wll as- p

received structure taken from a region 8mm below the plate

surface is illustrated 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 )  Wll texture

was found to be similar to the W1 structure where a weak

°S
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(1120) (1010] texture was seen~5

TEXTURE OF THE HEAT II ALLOY

RD

TO T

(a) (b)

Fig. 16. Computer-assisted plots Of a (1011) pole figure
for the W11 microstructure (a) and a (0002) pole
figure for the W12 microstructure (b).

4.2 iLa.2iJ".2tIIa'1

The room temperature tensile properties of the selec-

ted microstructures are listed in Table 3. The variation

in yield strength for microstructures produced by thermal

modifications is Tmall, the difference being less than 15

B. eat II yield strength and ultimate tensile strength
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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 grain boundaries are

much more likely to be favorably oriented for slip. The

strain localization that occurs in the G.B.a leads to early -

crack formation ( 5 ) . Grain boundaries in the rolled

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 ultimate tensile strength versus temperature in - :

the range of 2981 to 873K for the W1l, W12 and W15 struc-

tures are included in Appendix I. Figure 17a shows

dislocation substructures of the Wll microstructure after

tensile fracture 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.

<'1

-9-
I
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Determination of Activation Energy Q. a

850 K 800 K 750 K 700 K
-5

O" 400 MPa

-6

7 -7 -:

- •W

S-8 0 -~143 KJ/mole

0 53 KJ/mole

b-..
Wil STRUCTURE

-10 L
1.1 1.2 1.3 1.4 1.5

IO00/T (°K- 1 )

Fig. 25. Arrhenius plot of steady state creep rate showing
apparent activation energy determinations (Q) for
the W11 structure.

Dislocations produced during high temperature creep

are typically arranged in complex three-dimensional O

networks )  These high temperature dislocation networks

are generally tangled and more homogeneously distributed I
than the parallel arrays of straight dislocations found at

low temperature which are indicative of planar slip.

..
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to be relatively close to the findings of several other

authors for oxygen diffusion in alpha titanium (16.2(71)'

26( 7 2) and 33.5(8) kcal/mole). The Ti-6211 value of 53 .

[3/mole (13 kcal/mole) is also roughly equivalent to the

lower range of values mentioned above and may relate to

oxygen diffusion in alpha due to moderate temperature range S

exposure for relatively long periods of time. At higher

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.

V

• • ,

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

. .•. .. .
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state creep rate, is found to vary with stress y and

temperature T, according to the Arrhenius type equation:

= ka m e xp(-Q/RT) (18)3

where k is a constant, m is the stress exponent and Q

is the apparent activation energy for creep. The stress 9

exponent m was calculated for the W11 structure at 823K. A

value of m = 11 was calculated from the slope of Log a vs

Log s data. The apparent activation energy Q for creep
5

can be estimated from a Log 3 vs I/T Arrhenius plot. One

such plot for the WlI structure at a=400 XPa can be found

in Fig. 25. Two distinct regions were found to exist at

a-400 MPa between approximately 673K and 873K. The region

of the curve above approximately 778K yields an activation

energy "of 143 13/mole while the lower temperature regions

yields Q values of approximately 53 KJ/mole. The activa-
0

tion'energy estimated for the higher temperature regime was

very close to that of self-diffusion in titanium (150 45

IJ/mole)(69). 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. -1

The creep mechanisms associated with the 53 K/mole

region of the Arrhenius plot of steady state creep are
S

somewhat harder to discern. Bania and Hall(7 0 ) found a

similar dual slope Arrhenius 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

2

- ;. .; ..-...-. . . . . ...-....... -.-. .. -. .---.. '-.... '..... . --...... :.-..-.,-.:, - -



Page 74

DISLOCATION SUBSTRUCTURES OF CREEP AT 453 K

- '4 '4

j~ - Occurrence of cross slip in:

*(a) W1/608 MPa
(b) T8/601 MPa
(c) W9/627 MPa

4 .4 Creep Aj~tZlevjed ToMnix.Ijuxi

Creep tests of specimens with W11, 112 and W15

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 strain rate creep tests, a steady
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Lin, Starke and co-workers 1 5 ) showed that no cross slip was

observed for tensile tested specimens which had experienced

stresses much higher than the yield strength. Therefore.

it is suggested that the occurrence of cross slip is most

likely due to a thermally activated process. In comparison

to creep at 298K. increased creep strains to saturation

must be attributed to the occurrences of thermally

activated cross slip and dynamic recovery.

CREEP AT 453 K

Cree0 at 4530 K

0 = 80% (,

6.-

Wl 1298° K. 80% 0,) :

0 20 40 60 80 100 120""
Ti11e (hrs) "-'

0:

' '" Fig. 23. Creep curves for the Wl, W8 and W9 micro--."
ii- structures tested at T = 453K and a = 80 %."

(a is the yield strength at 298K).

Creep data was interrupted due to limit of

strain gage at point 1.

.........................................................'.-.,-.....,-.......-.-..-'.
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that of a tensile test. The likelihood of a slip band

breaking a deformation barrier is small and, consequently,

slip length is the limiting factor in creep deformation of 0

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 CZ._1..j..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

titanium. 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-6AI-4V 1 3 ). 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 a is lower at 453K than at 298K, ays.-.

hence, the load becomes a much larger percentage of yield.

Figure 24 shows the occurrence of cross-slip in the W1, W8

and W9 microstructures. Although a stress level of 608 MPa

is a larger fraction of the yield strength at 453K, the

occurrence of cross slip is not entirely due to stress.

.'S

..................................................................
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creep rates. Figure 22a shows evidence of slip traces con-

fined to alpha platelets in the W15 structure. Figure 22b

shows lack of compatibility across an a/p/a interfacial

region.

w oC

* **

115 (664 MPaI298K) 115 (664 MPa/298K)

Fig. 22. Lack of slip compatibility across a/P and
a/martensite interfaces results in short slip

W .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

usually below the yield strength and is low compared to

-... .. . . . . . . . . . . . . . .

.- - .

- ..- ,+ '. + m - , " " L .. ' . - ' -" -I
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low creep strains relative to the as-received structures.

dt i. Po 0,,o

WS (684 MPa/298K) W12 (668 MPa/298K)

Fig. 21. Slip confined to the alpha phase of the W8 structure
K (a) and a parallel array of dislocations in a large

W12 alpha 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 complex sub- 7
structures due to quenching hinder dislocation movement").

As a result, the W3 microstructure exhibits the lowest

creep strains at 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 low

S
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• (b) . .

(a)

• ': "0.5i PMAl 0.5 PM

Wl (684 MPa/298K) W11 (632 MPa/298K)

Fig. 20. Parallel arrays of dislocations in the Wl structure
(a) and long slip lengths associated with widely
spaced deformation barriers in Wll (b).

Sliding along colony boundaries and a/0 interfaces

also contributes to high creep rates in the W1 and Wll

structures. These contributions will be addressed later in

a separate section.

Creep dislocation structures for WS and 112 are shown

in Figure 21. Small colonies interspersed among large

alpha platelets result in short slip lengths and many a/0

interfaces without a Burgers orientation relationship.

Figure 21a shows slip confined to within the alpha phase in

the V8 structure. Figure 21b similarly shows parallel

arrays of dislocations confined to the alpha phase in the

W12 structure. The overall lack of slip compatibility in

the basket-weave Widmanstittten 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

the typical features in the alpha phase where cross slip

was only rarely observed. Lin, Stark, et al observed

similar deformation substructures in a previous Ti-6211

tensile studys). Dislocation features for the W1 and W11

microstructures are shown in Fig. 20. Figure 20a shows an • -

array of straight dislocations in parallel alignment and

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. Continuous 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

rates and greatest deformation occurring in the Wl and W1L

microstructures at room temperature.

IC

,H!!i:
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'IC IIA
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1019

Log of creep strain vs. log
of time plot for static creep
at room temperature. (a) W1
(b) V11, (c) Wi2.

The onset o f creep (proportional limit) was

experimentally determined for both the Wii and W12

microstructures and is shown in Appendix III. Creep strain -

is evident in the Wll structure between 55 c and 65

yss

between 50 % and 60 % of yield.

As previously stated, no jA.X2.jL texture was observed

for any of the microstructures of interes t. The

variations in phase morphology or slip length which is

determined by the spacing of potential slip barriers.

Creep-deformed specimens examined under TEM show a
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creep stress and n is the time exponent.

4- Static Creep
C,-684MPa

-~ 1l

I.-

W9

I - W2 W3

-. 0 ,50 IOU i16O 20U 25

Time (hrs)

Fig. 18. Room temperature creep curves for various micro-
structures at a stress level of 684 MPa.

A least squares fit method was used to determine the

time exponent n for the W1, W11 and W12 microstructures and

these results are shown in Figure 19. Ti-6211 n values

vary with microstructure and stress level but generally

fall below 0.3. The dependence of creep strain on creep

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

19 are normalized to percentages of yield for each

' individual microstructure as opposed to Fig. 18 where an.I
absolute stress value was used to generate all of the cur-

ves. Increases in creep rates are proportionally much

."higher between 90 % and 100 % a than they are between 80
d 9ys

Iand 90% 0Iys .

U"
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equivalent to 90 % of W1, are shown in Figure 18.

These curves are typical of low temperature titanium creep

testing where creep is initially rapid and decreases

gradually at high stress levels or quickly at lower stress

levels. All of the creep 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

authors ( 9 '1 3 1 8 ). Heat II structures Wll, W12 and W15

exhibit similar trends to the respective Heat I microstruc-

tures W1, W8 and W9. Heat II microstructures creep sligh-

tly more at an 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 % a ) at room temperature than the microstructures - -ys ...

from the as-received rolled plate, W1 and Wll. Structural

integrity, therefore, is not sacrificed for good wel-

dability in Ti-6211. A summary of room temperature creep

data may be found in Appendix II.

Creep of Ti-6A1-2Nb-lTa-0.8Mo at low temperature is of

the transient type where the creep-strain/time relationship

agrees with the previous findings of Chu ( 1 5 - 1 8 ) and can be

fit to the following empirical power function:

=Atn (Eq. 17)

C
wher e c a = creep strain (total strain minus elastic 1"

IS strain), A is a constant dependent upon microstructure and

* -
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U TENSILE DEFORMATION SUBSTRUCTURES AT ROOM TEMPERATURE

16

-Ir

0. m05P

- .(a) Dislocation structure in W11

J. platelets at colony boundary.

VIA- (b)112 dislocation structure.

* (c) Relatively high density of planar
dislocations crossing large
a-platelets in W15 microstructure.

4.3. CorIr~rre Crcenhl-IIt2qlluZ0

Creep curves for the Wl, W2, W3, 18 and W9 microstruc-

tures tested at a stress level of- 684 MPa. which is
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Dislocation dipoles and loops were frequently observed in

the samples subjected to high temperature creep while 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

Hall ( 4 8 ) . 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 a colony in the W1l structure while Fig. 26b

exhibits high dislocation densities in the Wll 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 phase 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

previously tied into the thicker beta regions. Attempts at

determining changes in elemental compositions in and near

beta platelets due to elevated creep temperatures were

unsuccessful due to the small percentages of beta stabiliz-

ing elements present.

p.
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!(a)

.. I 0 :'. . ,

, . (,

*. 0.5 pm 0.5

W11 structure (723K/400 MPa) W11 structure (823K/400 NPa)

Fig. 26 High temperature dislocation structures in the
W11 microstructure at 7231 (a) and 823K (b).

The variation 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 annealing 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 low 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 a W12 specimen crept at 873K where the

high rate of dislocation generation (as discussed for Wll)

overcomes the annihilation evident at 723K. Thinned beta

platelets once again indicate phase transformation at high

test temperatures and high stress levels.

(a)

0.5. ,,m

W12 structure (723K/400 MPa) W12 structure (873K/400 MPa)

Fig. 27. W12 dislocation substructures showing hexagonal

networks at 723K (a) and a high density of
dislocation loops at 873K (b).

Figure 28 shows representative micrographs of the W15

microstructure. Fig. 28a shows an overview of the high

density of dislocations present in the W15 structure. At

823K and 400 MPa this micrograph would indicate higher

densities than found in either the Wll or W12 microstruc-

tures, this is probably due to residual effects of the

',

. . .. . . .. . . . . . .
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quench experienced during heat treatment. High dislocation

densities may also account for low creep strains comparedI P
to other microstructures at high temperature. Fig. 28b

shows dislocations associated with a beta platelet.

, tIiip.'- 4. " 4/'-;l

.'

£..* .o,\ . ;,.

1pm 0.5 pm

W15 structure (8231/400 MPa) W15 structure (8231/400 MPa)

Fig. 28 Highest densities of dislocations are present in

the 115 structure.

U
4,4 .3 ._i~.TeM.2e Cu~_..ee gu. urg .a-l

The 11 structure exhibits a longer life at high tem-

peratures than either the W12 or the W15 beta-annealed

microstructures. This is mainly due to differences in

microstructure and crack initiation mechanisms. The Ill

structure has a much higher ductility than the recrystal-

lized structures and can withstand greater necking prior to

fracture. The equiaxed grain shapes of W12 and W15 allow

for grain boundary sliding and strain localization in the

K

, .''_-......"........'...."...-. .........".- .."...,........""...,..".. " , 2,', ,"-,"- .- " "- .,..., , , ,,
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grain boundary alpha phase (particularly along the thick

G.B.a of W12). Figure 29 shows fracture surfaces of rup-

tured W1l and W12 structures.

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

Fig. 29. Creep rupture of the 11 structure (a) and
intergranular fracture of W12 (b).

lThe 11 structure has an elongated grain structure in

the rolling direction with the longer edge parallel to the

loading axis and, consequently, a small percentage of the

grain boundaries are subjected to high shear stress. In

fact, creep rupture occurred in the W11 structure by

microvoid formation and coalescence at colony boundaries.

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 authors (7 ). Void growth by

diffusion and interfacial sliding, however, plays a more

.."
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significant role in creep rupture since they are time-

dependent processes. Since the diffusional growth of

cavities is driven by tensile stresses across the

boundary 1 5 5 ) , the voids nucleated at transverse boundaries

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

ture in W12 samples occurred by intergranular fracture

through microvoid formation. Fig. 30 shows cross-sections

of ruptured W12 and W15 specimens after polishing and

etching. Fracture paths were found to follow the

G.B.a/matrix interface.

-. .. .. ,...Xr_

M.. m*r

,"?.., .O1 mm 0.1 mm

W12 structure (8731/400 MPa) W15 structure (8231/400 MPa)

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

structure (b) at a grain boundary triple point.

All three microstructures exhibit large dimples on

fracture surfaces due to extensive void growth prior to

rupture. Figure 31 shows a W11 creep rupture specimen and

rS
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secondary cracks along short colony boundaries perpen-

dicular to the stress axis.

_0

,,V

0 .5mnm

Wll structure (823K/400 MPa)

Fig. 31. SEM micrograph displaying microcracks perpendicular
to the stress axis in a W11 creep rupture specimen.

U Cyclic creep tests of the W, W2. W3, W8 and W9 r

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

co-workers ( 7 3 )  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

(74)rearrangements during unloading allowing a further

strain increment to accumulate upon reloading. This

explanation appears to be applicable to the Ti-6211 alloy

* .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 load. A square wave loading spectrum with an R

ratio of 0.9 and a period of two minutes was applied to the

11 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 % ays" The cyclic creep curve is,

however, lower than the static curve with the same peak

stress, i.e., 90 S a Cyclic creep acceleration,/. ~ys •
.- ,

therefore, did not occur when compared to static creep with

the same peak stress, although this type of cyclic creep
,' 1. %

acceleration has been observed in many metals (7 3 - 7 5 )  The

end result is that the static creep curve generated at the

same stress level as the peak stress on the cyclic curves

can be used as a guideline for the Ti-6211 alloy whenever

cyclic creep is of concern in structural design.

TEM examinations did not reveal a noticeable -

difference in dislocation substructures between static and

cyclic crept samples. Odegard and Thompson studied the

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

LH

. . o ..
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(14)temperature and found that small degrees of prestrain

could enhance subsequent creep. 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 cyclic creep of Ti-6211. The

mechanisms involved in the reduction of internal stress,

however, are not clear.

2.0°

o•oo•••*yclic Cried

1.5

* W2 J8• we

i,-m..(hr* W22
1.0 ",3 WO

W2 W3 '"

Fig. 32. Comparison of cyclic creep with static creep at
room temperature. (a = 684 MPa for static creep.
Aa 304 MPa, I = 0.11 for cyclic creep.)

...........................................................*.
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W111

90% G, Stati Cree

4 -0

101

rune (ftrs)

5 111structure at 2981

Fig. 33. Creep curves for static creep and cyclic creep
with 8, small fluctuating load.

4.6 zj.ntdrf. ace Sn rIAP-RIGSM112

Sliding at grain boundaries and other such interfaces

has been found to contribute to0 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.
-S

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 Sidinl al_Roo-mTemera tn""ture

An investigation concerned with characterizing and

quantifying the sliding deformation of the Wll, W12 and W15

structures has been conducted for tensile and creep 0

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 Ipm) wide gold

grid lines illustrate the magnitude and origin of sliding

contributions to creep strain and tensile ductility.

Relating surface deformation characteristics to deformation A
substructure is difficult due to a lack of internal

markers. In some cases, however, a comparison of disloca-

tion structures may yield valuable information regarding

the nature of interfacial sliding. In several cases the

contributions of grain boundary or surface sliding (egbs)

have been calculated as a percentage of the total strain I%

)(61). The results of room temperature creep and ."-

tensile sliding contribution 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 egbs/BT calculations possible but not precise.

Thermally processed dual phase titanium structures are

susceptible to interface sliding due to the complexity of

the microstructures and variety of sub-grain boundaries.

p

4.6.2.1 VIII Microstructure

Creep Deformation

Grid deformation specimens were crept to saturation

for the as-received structure at 80 %, 90 % and 95 % "ys-

evidence of surface deformation during creepBelow 80 % ys..

was tenuous. At 80 % (y s with a creep saturation of

S=0.47% (480 hrs) no noticeable grid distortions were

seen across either the 5pm gold grid lines or smaller 0.5pm

to 1.0prm residual polishing scratches. Very small deforma-

tion ridges were occaisionally witnessed along favorably

oriented (450 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 % . indicate, by

surface observation, no obvious slip traces within

individual colonies and no grain boundary deformation.

Alpha/bets interface sliding was not seen for specimens S

",.

*.. . . . . . . . . . . . . . . . ..
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crept at 190 hours and e =1.6 % but was evident at satura-

tion and 1010 hours (2.6 % aC). 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 450 to

the stress axis. Offsets generally appear to be less than

0.51m as can be seen in Fig. 34a. Figure 34b is a TEM

micrograph of a colony boundary in the Wll structure crept

at 298K and 90 % ays' 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 O

some of these dislocations may be residual dislocations

from heat treatment it is likely that the more dense

networks are, in part, a result of interfacial sliding dur-

ing creap.

A significant amount of deformation becomes evident in

specimens loaded to 95 % y s .  Fig. 35a shows a Wll

specimen tested at 210 hours (2.8 % tc . Slip bands become

evident within individual colonies shearing P-platelets due

to the Burgers orientation relationship. These slip lines

generally initiate at one colony bSoundary and terminate at -

the opposite colony. Most deformation 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/ interfaces or colony

boundaries, passing through all boundaries at approx. 450

to the stress axis after 700 hours (3.7 % ) Grain boun-c . -

-. -- ~ - - - -~ .'. -.. 1..
* . .- - -- - - -
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daries are not thought to play a significant role during

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

factors but calculations are shown in Appendix V for W11 at

95 S (210 hrs/2.8 % s). Approximately 60 % of the

overall plastic deformation was attributed to interfacial

sliding.
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Figure 34. Small deformation ridge at 90 S ov and 298K
1.(1010 hrs /2.6 % a g in (a) and TEN dislocation

network in same specimen at colony boundary (b).

(b)

Figure 35. Sliding at colony boundaries and slip traces
(298K) within colony structure (a) at 95 %a

(210hrs2.8 C) and massive deformation
distort ing grid network (b) 95 % r S
(740 hrs/3.7 % e C).y

Tens ile D ef orma tion
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Room temperature tensile tests were performed on W11

grid-deposited specimens to plastic strains of 2.0 %, 5.0

%, 9.0 S and 12.3 %. These tests were run to compare --

results to the low temperature creep investigation. The

fundamental differences between surface deformation during

tensile and creep testing are based on (1) strain rate

dependencies and (2) magnitudes of deformation which might

be unobtainable with standard creep procedures. The depen-

dence of deformation on strain rate is addressed for

titanium( 7 6 )  and other systems by many authors ( 7 7 ,7 8 ) .

Almost all of the boundary sliding occurred along colony

boundaries for the low strain specimens (2 5a p) with some

a/P offsets evident (Fig. 36a). At higher strains, from 5

Sap and up, grain boundary sliding becomes evident as well

as frequent deformation ridges (Fig. 36b). Sliding along

the various interfaces in the W11 structure is not

homogeneous throughout the microstructure, especially at

higher strains where deformation banding leads to cracking.

.,I

".T0

~~~~~.. ........ ......-....o. ...-..-......... ....... .--. . ,-. ., .. . . --.. . .. . '¢ .'-
.o - ... ..... . .... -,.. ... ... ..- ... . . . .-.. , .. . ..-, ... .... .' •. , .. ' . .. '. . . - ' . ..- . ? , ,?e'. ;. , .



Page 96 -0

oil

W11 (298K/2.0 % ep) W11 (298K/5.0 % e 0

Figure 36a. Figure 36b.

Sliding occurring almost entirely Colony and grain boundary

i along colony boundaries at low sliding with some deforma-

plastic strains. tion bands at higher
strain.

4.6.2.2 W12 Mic rostruc t ure

Creep Deformation

Grid networks were placed on W12 specimen surfaces

crept at 90 % and 95 % cys since below approx. 85 % ys no

surface deformation was visible. In general, the grid
S

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 -

I •

---------------
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interface sliding contributions at low temperature and

moderately high stress levels are small. Figure 37a shows
.0

a very small sliding component to deformation along a prior

beta grain boundary at 90 ay and 750 hours (1.5 % ac) of
ys

creep. Fig. 37b shows a W12 grid structure after satura-

AL tion (ac=l.7 %) at 1780 hours of creep where the grid

network is very slightly offset across a prior-n grain

boundary approaching G.B. triple point. Similar effects

were seen at 95 % and in neither case was deformation
wY$

visible along Widmanstitten basket-weave platelets at such

low strains. Fig. 38 illustrates the appearance of

dislocation elbows indicating the presence of cross slip in

large scattered a-platelets. Planar slip in a single

operative slip system. as seen in Fig. 22, is expected at

95 % Oy s and 298K. It is suggested that the second slip

system may be activated by limited sliding along large

a-platelet/beta interfaces as commonly observed during

tensile testing of the same structure. Cross slip,

therefore, may indicate the presence of platelet sliding as

a result of creep strains.

-------.-- - -- . ." . . - .. . .. . . -" -"""''" "" "" " " "" '"' " " "" " """ " " " " """" - " -" " ". " ": "" """ '""' .".. .". .".. ." ' '"":
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W12 (750 hrs/1.5 cce ) 112 (1780 hrs/ 1.7 a

Fig. 37. Insignificant sliding contributions as illustrated
by minor grid distortions at room temperature
in 112 structure at a stress level of 90 a after
(a) 750 hrs, (b) 1780 hrs and saturation.

.4.

10.5 pm

Fig. 38. TEN micrograph showing presence of cross slip in W12

specimen crept at 95 1% cy (298K). Crass slip may
indicate alpha lath slidTng.

Tensile Deformation
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Grid deposited tensile deformation specimens were

strained to 1 %. 3.7 % and 5.2 % e Slip bands were
P" ;0 :

observed in regions of small colony structures aud were

oriented at 450 to the stress axis. Deformation was fairly

localized in the specimen deformed to 1 % ep• The 5.2 % p

specimen characteristics were identical to those of the 3.7

% a specimen only more pronounced. Fig. 39a shows slid-

ing along a large a-platelet/matrix interface after 3.7 %

ep- 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. 6

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.

A - - . . .. . . . . . - . . . . . . . .

. . - .......
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(a)

• --

• t5 m 30 pm

W12 (2981/3.7 S ep) W12 (298K/3.7 V ep) ,

Fig. 39. Evidence of sliding at alpha lath/matrix interfaces
in (a) the W12 structure as well as bending along
grain boundaries (b).

4.6.2.3 W15 Microstructure

Creep Deformation

Deformation of W15 grid deposition specimens crept at

90 V. ys and 100 .ys was, in many respects, similar to

the 112 structure. Fig. 40a 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 -

S
S After 950 hours and creep saturation this

microstructure exhibits very small amounts of G.B. sliding

and faceting at straight grain boundaries. As in the W12

structure, sliding occurs preferentially at large G-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 a specimen crept for 940 hours to exhaustion

(2.2 % cc ) at a stress level just below the 100 % ay$

level. Deformation along grain boundaries is

proportionally less at this stress level than at the 90 %

ay s limit.

17'

15 pm 15 pm

115 (950 hrs/1.5 % e) W15 (940 hrs/2.2 % e ) 0 ]
Fig. 40. Evidence of slight bending of fiducial network at

90% along a-lath interfaces (a) and more
substaxiial sliding occurring at higher stresses,
100 % a (b). Both specimens tested at room
temperaure.

S
Tensile Deformation

Tensile specimens strained to 4.1 % r in the W15
p -

structure exhibit heavy surface deformation along a-lath

S
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boundaries as shown in Fig. 41.. Some grain boundary slid-

ing is evident but is only a small contribution when corn-

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- O

granularly as in the W12 structure due to the continuous

soft alpha along the grain boundaries.

I m- m "

25 PM

W15 Structure (298K/4.1% e

F ir 41.z4 1

Heavy sliding occurring along a-lath/

martensitic boundaries during tensile
strains in the W15 microstructure.

4.6.3 Interfacial Slidinj a Elevated Temveratures

9

High temperature tensile specimens for all three

microstructures were strained to prescribed strain per-

centages at temperatures ranging from 453K to 823K with

grid networks in place. Crept specimens experienced a

• -. °o
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~/~8 interfaces while the beta-annealed equiazed structures

experience grain boundary sliding and a/a, a/uartensite

~-0.-
sliding.
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4. Cyclic creep with a loading-unloading spectrum exhibits

cyclic creep acceleration. Reduction of internal stress

due to the accumulated creep strain accounts for this acceler-

ation. Cyclic creep acceleration did not occur when compared

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

peak stress on the cyclic curve. Therefore, the static creep

curve with a stress level equivalent to the peak stress on the

cyclic curve can be used as a guideline for the Ti-6211 alloy

whenever cyclic creep is of concern for structural design.

5. For creep at high temperatures, the temperature dependence

of steady-state creep rate indicates that diffusion

controllqd dislocation movement is the rate-controlling

process for creep.

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

occurs by microvoid formation and coalescence along colony

boundaries while the beta-annealed structures experience

intergranular fracture prompted by microvoid formation and

coalescence. The colony structures exhibit a longer creep 7
life at high temperature while crack paths in the recrystal-

lized microstructures follow the G.B.matrix interface.

7. Sliding along grain boundaries, colony boundaries and phase

boundaries contributes substantially to the creep and tensile

strains experienced by the Ti-6211 alloy under certain test

conditions. The colony type Widmanstitten structures exhibit

appreciable amounts of sliding along colony boundaries and-T.

~~~.r. .... . . . . . . . .. .-o.- o-. . . .oo .- . o . .. -.. . . . •-o--.o



- - . . . - • . , - . . • • . . . .-- J - - - . - i ' ,- - i -I-- .i--- r

Page 108

CHAPTER V

CONCLUSIONS

1 . The Ti-6211 alloy shows transient type low temperature creep

with work hardening and a lack of recovery resulting in creep ...

saturation. Planar arrays of straight dislocations and a

single operative slip system were observed after creep at room

temperature. Dynamic recovery and thermally-activated cross S

slip enhance the creep processes at 453K.

2. Creep strain at ambient temperatures is strongly dependent

upon creep stress and microstructure. Colony type Widman-

stitten structures exhibit the highest creep rates due to a

Burgers orientation relationship and associated long slip

lengths. Sliding at colony boundaries or alpha/beta iner-

faces also contributes to the enhanced creep rates. 1
3. Microstructures simulating the HAZ of a weld display good

creep resistance characteristics at both high and low temper-

atures and actually 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 at high temperature than in the room temperature

specimens but more laths appear to become active. It

should be noted that much more bending and l ess 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.

(a) -

10 PM

W15 structure (673K/4.1 % e W) 15 structure (823K/400 MPa)

Fig.45. Many a-lath/martensite interfaces serve as
sources for sliding at elevated temperature (a). High
densities of dislocations along a-lath/martensite
interfaces (b).
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LI

~ E High temperature deformation
of W12 microstructure with:

(a) creep at 8731/400 MPa.

(b) creep at 173X/400 XPa.

(c) tensile at 673K/3.7 % a

Ip .
~64~.W15Miroj 1rctur

High temperature deformation of the 115 structure

closely resembles deformation behavior of the W12 struc-

ture, the primary difference being a-lath/beta (112) vs

a-lath/martensite (11) sliding. Creep deformation is

favored along grain boundaries while tensile deformation is

active along grain boundaries, alpha-laths and generates

occaisional large deformation bands. Figure 45a

illustrates sliding occurring along a-lath/martensite
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4.6.3.2 W12 Microstructure

3 Fig. 44 illustrates the effects of temperature on W12

creep. Slight cracking and heavy sliding were observed

along the G.B.a/matrix interfaces (Fig. 44a). Little G.B.

_3 deformation was experienced at room temperature. Fig. 44b -.

shows crack path following G.B.a/matrix interface and bend-

ing the surrounding matrix as shown by the fiducial

- scratch. Time-dependent diffusional effects tend to

enhance grain boundary deformation in the equiaxed struc-

tures while short term tensile testing also activates

deformation along favorably oriented lath structures (Fig.

44c).

U o7

- -. . - -- - . . . - .o" -
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a) "or-

4tte ;Ai

W11 (8231/425 Pa) W11 (873K/400 MPa)

Fig. 42. Dislocation structures at elevated temperature
during creep of W11 (a) and surface deformation
showing a/ interface cracking (b).

1.5 PM"

Wll (673K/5.0 % p

Fig. 43. Surface deformation during high temperature tensile
testing.
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variety of stress levels and temperatures up to 873K

without the benefit of surface grid networks.U

4.6.3_.1 Wl Microstructure

A. 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 in Fig. 42a

shows a large a platelet and adjacent colony. The disloca-

tion density in the platelet is much higher than in the

Fsurrounding 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

Wll 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 (0.25pm) within colonies

becomes pronounced at high temperatures (Fig. 43). This

finding is interesting since very little slip was found

during creep testing at elevated temperatures where inter-

facial sliding seemed to contribute most heavily to the

deformation.

I.
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APPENDIX V

A Sample Calculation for Determination of agbs Contribution
to Creep Strain

6. Wil St s it _r

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

sb, ksnl-l

L where:
k' 1.5

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

Approximately every third colony in the W1 structure is
favorably oriented for creep deformation or sliding so:

Colony linear intercept length -45pm. or:

DeLormation barrier spacing 3 z 45pm, so:

,- n1 - 1/3(45pm) - 1/13Spm

- I = Average value of measured grid offsets at
active deformation barriers in direction
perpendicular to the tress axis and in the
plane of the surface.

therefore:

I = 1.5pm

"gbs - (1.5)(11135 x 10-6 m)(1.5 x 10- 6 m)

egbs = 0.0167

Total creep strain was approximately 2.8 S. therefore:

gbs - 0.0167/0.028 or 60 l

The contribution of colony sliding to creep deformation
was approximately 60 1b.

- ~ *.*..*--:,-
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