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End.of the Year Report 

ONR Task Order No. N00014-67-A-0159-0015 
NR 031-750 

January 8, 1973 

A. Deformation Mechanisms in Beta Titanium Alloys  

1. This study is involved in determining the relationship between 

the microstructure of beta titanium alloys, as influenced by solute 

content, and the mechanical properties and deformation modes of the 

metastable alloys. The solute content influences the microstructure by 

its effect on: the martensitic transformation temperature (Ms and Md), 

the miscibility gap (or the relative shift in free energy that allows 

omega or beta phase separation to occur on quenching), and the twin fault 

probability. 

2. The mechanical behavior of beta Ti-V alloys containing vanadium. 

contents from 20 to 40 weight percent has been studied by hardness measurements, 

tensile tests, x-ray, optical and electron microscopy techniques. Single 

crystals with initial orientations of (110) [001) and (001)[110) and poly-

crystalline samples of approximately random texture were cold rolled to 

varying degrees. The deformed crystals, together with filings, were studied 

by x-ray line broadening techniques using Warren's Fourier analysis; the 

microstrain, particle size and twin fault probability developed during deforma-

tion being determined. The deformation textures of the deformed single and 

polycrystalline samples were also measured. 

3. Alloys containing 20, 24, and 28 w/o V were found to contain small 

amounts of omega in the as-quenched condition; the amount decreasing with 
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increasing solute content. The twin-fault probability, B, was found to 

vary with vandium content, being large for both the 20 and 40% V alloys 

and having a minimum at 36%V. Normally the twin fault probability in bcc 

alloys increases with increasing solute content and this general behavior 

is observed in Ti-V alloys when the complicating influence of as-quenched 

omega is absent. However, this study shows that a small amount of omega 

can provide an easy means of twin formation. Optical microscopy on the 

gauge sections of tensile samples strained from 3 to 5 percent showed 

very coarse twins in the 20% V alloy. The coarseness decreased with 

increasing vanadium content to 28% V. Slip markings on the surface also 

became finer with increasing vandium content up to 32% V. Slip became 

coarser with larger solute contents. 

These general observations were confirmed by transmission electron 

microscopy studies of foils prepared from the gauge sections of the tensile 

specimens. Extensive deformation twinning was observed in the 20% V alloy. 

Both primary and secondary twinning was found with primary twins varying 

in size from several microns to fractions of a micron. Trace analysis 

indicates that the twins are of the [1123 <111> type; however these 

results do not eliminate the possibility of [3321 twinning previously 

observed by Paton and Williams. The size and density of the deformation 

twins decreased with increasing vanadium content up to 32% V; the limit 

which has presently been studied by electron microscopy. These alloys 

contained well defined slip bands along with uniformly distributed dis-

locations. There was no evidence of any form of cell structure after the 

small amount of deformation given the tensile samples. 

4. The deformation textures of both the single and polycrystalline 
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samples were found to vary considerably with vanadium content except for 

the (001) [110] oriented crystals. (001) [110] was found to be a stable 

end orientation, in agreement with previous work on bcc crystals. The single 

crystals which had a high twin-fault probability also showed twined-related 

maxima in their pole figures. For polycrystalline samples, the rolling 

texture of the 20% V alloy can be described by a major component (111) [112] 

and a weak component (112) [110].The weak component increases in magnitude 

as the vanadium content increases and reaches a maximum wifh 28% V. Alloys 

containing 32% V to 40% V possessed the (001) [110] texture which is commonly 

found for bcc metals. This texture becomes sharper as the vanadium content 

increases to 40%. The (111) [112] and (001) [110] textures were also found 

to be stable orientations for some of the single crystal specimens. After 

90% reduction in thickness the polycrystalline samples were recrystallized 

at 900° C for one hour and water quenched. Regardless of the deformation 

texture, the recrystallized texture was the same for all alloys and can be 

described by (112) [311]. The recrystallized grain size did, however, vary 

with vanadium content; decreasing with increasing vanadium content. 

5. The yield strengths, work hardening coefficients, and hardness 

values for as-quenched alloys, and hardness values for alloys rolled 50% and 

90% have been measured. The variation of hardness with vanadium content 

is more or less proportional to that of the rms strain measured from filings, 

having its maximum value for 20 and 40% V and going through a minimum at 

approximately 36% V. There is a much higher increase in hardness with 

deformation for the 20% V alloy than for any of the others. This is due to 

a higher value of work hardening which can easily be correlated with the 

presence of a small amount of omega in the as-quenched sample of this alloy. 
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The yield strength was found to increase with increasinz vanadium content 

and the work-hardening coefficient was found to decrease. The low-work-

hardenin& of the 40% V alloy may be attributed .to dynamic recovery by a 

twinning mechanism. The 20% V alloy also has a high twin fault probability, 

but for this alloy the presence of a second phase has a greater influence 

on work hardening. 

B. Implication of ONR Contract Research in Terms of Applied Significance 

The research conducted thus far on this contract has shown that the 

deformation mechanisns of beta titanium alloys can be greatly influenced 

by variations in solute content and/or the.presence of small amounts of a 

second phase. Variations in deformation mechanisms result in 

variations in texture development during processing. The fundamental 

understanding obtained from correlations of structure, composition, deformation 

mechanisms and properties will aid in the design of processing parameters 

necessary for improved product control. In this regard, both workability 

during fabrication and property control'of the end product are considered. 

C. Publications and Reports  

1. *Fu-Wen Ling and E. A Starke, Jr. "Thermal Etching of 0 Ti-V 
Alloys", Metallography  5 (1972) 399-407. 

2. *Fu-Wen Ling, H. J. Rack, and E. A. Starke, Jr., "Deformation of 
Beta Ti-V Alloys", submitted to Metallurgical Trar.3actions. 

*Copies of these articles were submitted through Lockheed-Georgia Company 

to the Director, Metallurgy Programs, Material Sciences Division, Office of 

Naval Research on September 12, 1972 in lieu of a final report on Contract. 

No. N00014-71-C-0412. 
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B. Other Contracts • 

1. "Effects of Interface Phenomena on the Mechanical Behavior of 
Metals", Air Force Office of Scientific Research, Co-Principal 
Investigator with B. R. Livesay. 

2. "A Study of the Structure and Mechanical Properties of Ordered 
Alloys", Atomic Energy Commission, Co-principal Investigator with 
B. G. LeFevre. 

Respectfully submitted, 

Edgar A. Starke, Jr. 
Principal Investigator 
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A. Deformation Mechanisms in Beta Titanium Alloys  

1. This study is involved in determining the relationship between the 

microstructure of beta titanium alloys, as influenced by solute content, and 

the mechanical properties and deformation modes of the metastable alloys. 

The nature and crystallographic aspects of slip, twinning, and texture 

development, and the correlation of these features with mechanical property 

measurements are being considered. 

2. Single and polycrystalline beta titanium alloys, containing 20 to 

40 pct V have been studied. In our last "End of the Year Report" dated 

January 8, 1973, we described the results obtained from the single crystal 

studies. The rolling textures of the crystals were shown to vary considerably 

with vanadium content. The results were related to certain aspects of the 

microstructure, i.e. the presence of small amounts of quenched-in and/or 

stress-induced omega, and the twin fault probability. During the past year 

these studies were extended to include as-quenched, and quenched and aged 

polycrystalline specimens of compositions similar to those used in the single 

crystal work. 

3. Significant changes in the deformation characteristics were observed 

optically and by transmission electron microscopy for the as-quenched poly-

crystalline samples when the vanadium content was varied from 20 to 40 percent. 

These changes can be summarized as follows: 

(a) Twinning is the predominate deformation mode for the 20% V alloy. 



(b) There is a sharp drop in the ratio twinning to slip, followed by 

a slight rise as the vanadium content is increased. 

(c) There is a smooth transition to coarser slip bands and finer twins 

as the vanadium content is increased. 

4. Wide variations in properties-as a function of alloy content for the 

as-quenched polycrystalline alloys, were also found when the alloys were de-

formed at room temperature. These property changes, which include yield strength 

ultimate strength, work hardening rate, deformation texture and recrystalliza-

tion texture, may be related to variations in twinning probability and slip 

characteristics. Sheet textures in as-rolled and recrystallized materials 

display strongly anisotropic strength properties when measured parallel and 

45°  to the rolling direction. The extent of the anisotropy depends on the 

nature of the texture and can be qualitatively explained in terms of the Bishop-

Hill model for texture strengthening. The quantitative aspects of this study 

are presented in detail in the publications listed at the end of this report. 

5. Samples in the composition range 20 to 40 weight per cent vanadium 

were quenched and annealed for various intervals up to 10,000 minutes at 

temperatures of 300°C, 400°C and 450 °C. A doUble-hardeming effect was seen at 

the 400 °C anneal and was most pronounced in the 20 and 25% alloys. These 

materials were examined by thin-foil transmission electron microscopy a=1-1 

selected area diffraction and also by x-ray diffraction to determine the type 

and distribution of phases associated with aging. The following microstructural 

effects were observed: 

(a) A very dense distribution of cuboidal w phase particles preceded 

the formation Widmanstatten a (Burger's a on (110) 13  planes). 



(b) At the lower compositions (20 and 24% V) a formation began at 

prior w interfaces and coarsened with time into platelets; whereas, for higher 

V compositions it formed preferentially at grain boundaries. 

(c) The initial hardening is associated with the rapid formation of 

w. As coherence is lost and a begins,to form the hardness drops and then rises 

again with increasing volume fraction of a. 

(d) The most pronounced hardening is associated with the initial 

formation of w at the lower compositions. This is attributed to a large volume 

fraction of w phase particles. 

B. Implication of ONR Contract Research in Terms of Applied Significance  

The research conducted thus far on this contract has shown that the de-

formation mechanisms of beta titanium alloys can be greatly influenced by 

variations in solute content and/or the presence of small amounts of a second 

phase. Variations in deformation mechanisms result in variations in texture 

development during processing. The fundamental understanding obtained from 

correlations of structure, composition, deformation mechanisms and properties 

will aid in the design of processing parameteis necessary for improved product 

control. In this regard, both workability during fabrication and proprty 

control of the end product are considered. 

C. Publications, Reports, and Talks  

I. Fu Wen Ling, J. J. Rack, and E. A. Starke, Jr. "Deformation of 
Metastable Beta Ti-V Alloys" Met. Trans. 4, 1671-1676 (1973). 

2. Fu Wen Ling, E. A. Starke, Jr., and B. G. LeFevre, "Deformation 
Behavior and Texture Development in Beta Ti-V Alloys," Met. Trans.  
(in press). 



3. B. R. Livesay and E. A. Starke, Jr., "Interactions of Dislocations 
with Interfaces," Acta Met. 21, 247-254 (1973). 

4. E. A. Starke, Jr., G. Kralik and V. Gerold, "Plasticity of Al-Ge 
Single Crystals Containing Small Fractions of Precipitates," 
Mater. Sci and Eng. 11, 319-323 (1973). 

5. K, C. Chen, Fu-Wen Ling and E. A. Starke, Jr., "Structure and 
Mechanical Properties of Stress-Ordered Ni 4Mo," Mater. Sci. and Engr. 
(in press). 

6. "Short Range Order and the Development of Long Range Order in Ni,Mo," 
talk presented at the International Symposium on Ordered Alloys,' 
Tubingen, Germany, September, 1973. 

7. "Plastic Deformation and Strengths of Materials," talk presented 
at the Alloy Selection and Failure Analysis Short Course, Atlanta, 
Georgia, September, 1973. 

D. Degrees Granted 

1. Keh-Chang Chen, Master of Science in Metallurgy, Thesis - "Structure 
and Mechanical Properties of Stress Ordered Ni 4Mo". 

2. Shaven Chakravarti, Doctor of Philosophy, Thesis - "Short Range 
Order and the Development of Long Range Order in Nickel 20 Atomic 
Percent Molybdenum Alloy". 

E. Other Contracts  

"The Effect of Microstructural Features on'the Response of Aluminum 
Alloys to Cyclic Deformation," Air Force of Scientific Research. 

Respectfully submitted, 

Edgar A. Starke, Jr. 
Professor 
Principal Investigator 
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An X-ray Examination of Deformation 

in i3 Ti-V Alloys 

FU-WEN LING, H. J. RACK, AND E. A. STARKE, JR. 

The mechanical behavior of beta Ti-V alloys has been studied by X-ray diffraction techniques. 
Single crystals of two orientations, containing 20 to 40 wt pct V were cold rolled varying de-
grees. Fourier analysis techniques were then used to determine the microstrain. particle 
size, and twin fault probability developed during deformation. The deformation textures of 
the deformed crystals were also examined and found to vary considerably with vanadium con-
tent. These results have been correlated with the observed variations in deformation modes 
produced by changes in solute content and microstructure. 

RECENTLY there has been an increased interest in 
metastable /3 titanium alloys for structural applica-
tions. These alloys offer higher strengths and better 
reliability (in terms of stress-corrosion resistance 
and fracture toughness) than do a -p titanium alloys. 
Moreover, the metastable 13 alloys are more amenable 
to forming and shaping processes than are the a-3 al-
loys. A previous study' of the deformation behavior of 
as-quenched J3-III titanium (Ti-11.5 Mo-5.5 Zr-4.5 Sn) 
has suggested that the principal factors controlling the 
deformation nature in titanium alloys, as influenced 
by solute content, are: the martensitic transformation 
temperatures (.11 5  and .11d), the occurrence of a misci-
bility gap (or the relative shift in free energy that al-
lows co or /3 phase separation to occur on quenching) 
and the twin fault probability. The twin fault probabil-
ity, in the present context, is analogous to the stacking 
fault energy, i.e., it is a measure of the ability of a dis-
location to cross-slip when it meets an obstacle. As the 
twin fault probability increases the ability of a disloca-
tion to cross-slip decreases. 

This paper describes the results of a study utilizing 
p Ti-V alloys which was intended to more clearly de-
lineate the relationship between solute chemistry. mi-
crostructure, and the deformation behavior of these 
alloys. 

EXPERIMENTAL METHODS 

a) Sample Preparation 

Six Ti-V alloys, containing 20, 24, 28, 32, 36, and 40 
wt pct V, were prepared by arc-melting high purity 
components under an argon atmosphere. The titanium 
was iodide crystal bar obtained from Foote Mineral 
Company with a total impurity content of —1000 ppm. 
The vanadium had a total impurity level of —100 ppm. 
The as-cast 50g buttons were sealed in quartz under 
0.5 atm partial pressure of ultrahigh purity argon, 
homogenized for 60 days at 1100°C, and quenched by 
breaking the quartz tubes under water. Large grains 
were then spark cut from each alloy and spark ma-
chined parallel to {100} and {110} planes, after which 

FU-WEN LING and E. A. STARKE. JR. are Research Scientist and 
Professor, respectively. Metallurgy Program, School of Chemical Engi-
neering, Georgia Institute of Technology, Atlanta. Ga. 30332. H. J. 
RACK is Member of Technical Staff. Sandia Laboratories, Albuquerque. 
N. M. 87115. 

Manuscript submitted October 27, 1972. 

METALLURGICAL TRANSACTIONS 

they were mechanically polished through 0.1 
followed by electropolishing using the procedure de-
scribed by Rack et al.' 

b) Mechanical Deformation 

Deformation by rolling was carried out by placing 
the single crystals in close-fitting holes in a titanium 
plate of equal thickness, without top and bottom cover 
plates. 

Rolling was carried out in increments of 10 pc: re-
duction in thickness at room temperature. using 2.72 
in. diam rolls. Samples for texture studies were ini-
tially (110)[0011 and (001)[110] and the rolling direction 
was kept constant. Single crystals for line broadening 
studies were rolled in a random fashion in an effort to 
retain the (110) and (001) planes (which were to t e used 
for the analysis) parallel to the surface. This anempt 
was unsuccessful for the (110) crystals and rota:ions 
of the [110] pole of 20 to 30 deg were observed. Mea-
surements of the twin fault probability measurements 
were thus made using cold-worked powders prepared 
by filing at room temperature. 

c) Mechanical Tests 

Diamond pyramid hardness measurements were 
made on electropolished, solution heat treated and 
quenched samples using a 1 kg load. 

d) X-ray Measurements 

The (110)0 single crystals from each alloy were ex-
amined by X-ray diffraction for the presence of the :e-
phase using a General Electric XRD-6 diffractometer 
equipped with a Warren doubly-bent Li F nionochrorna-
tor and automated step scanning. The monochro mated 
CuK a  radiation, used in conjunction with pulse height 
discrimination against fluorescent radiation, and step 
scanning allowed the detection of less than 1 pct 
The (110)p crystals were oriented for diffraction from 
the (222)p planes and then examined by 29 scanning 
over the (0001),, and (0002)„ reflections which are par-
allel to the {222}p. The crystals were examine:: for 
in the as-quenched condition and for stress-inth:ced 
after each 10 pct increment in rolling up to 50 pct re-
duction in thickness, and finally after 80 pct red.:ction 
in thickness. The volume fraction of w, when detec- 
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table, was estimated using the method of Hickman 2  and 
the particle size was calculated from the Scherrer 
equation, assuming no strain broadening of the w re-
flections . 2*  

• Although extremely small amounts of s are detectable using this technique, 

Le., less than one volume percent, the experimental accuracy (± 1 vol-pct) ulti- 

mately limits the resolution of this X-ray technique. 

The rotation of the [110] pole away from the sample 
normal toward the rolling direction was measured for 
all alloys using a single crystal goniometer on the X-
ray diffractometer. This method can resolve a rotation 
angle of 0.1 deg after 50 pct reduction in thickness. The 
(110) and (200) pole figures were determined on alloys 
containing 28, 32, 36, and 40 wt pct V. after 50 and 80 
pct reduction by the Schulz technique utilizing a Siemens 
texture goniometer. At least three mils were removed 
from the surface of the as-rolled crystals by electro-
polishing prior to the texture measurements. 

The domain size and microstrains developed during 
rolling of the single crystals were measured after 50 
pct reduction in thickness by the X-ray line broadening 
method developed by Warren and Averbach and de-
scribed by Warren. 3  The peak profiles of the (110) and 
(220) reflections were determined by automated step 
scanning in 0.02 deg (29) increments using Culi, radi-
ation. Unfortunately, the long tails on the high angle 
side of the (400) reflection prevented its examination 
by CuK a  radiation. The intensity profiles were trans-
formed into a Fourier series using computer tech-
niques and corrected for the cr ia 2 doublet by the Hach-
inger 4  method. The diffraction profiles of the as-
quenched samples were used for the instrumental cor-
rection employing the method of Stokes. 5  Finally, the 
corrected Fourier coefficients were used to calculate 
the domain size and rms strains in the [110] direction. 

Normally, the faulting probability is determined from 
the asymmetry of the X-ray peak profiles. The asym-
metry of the reflections from single crystals is very 
sensitive to slight changes in crystal orientation and 
the change in orientation with deformation of the (110) 
crystals prevented this analysis from being made. 
Therefore, powders were prepared for this purpose. 
Quantitative values of the twin fault probability, 3 , were 
calculated using the method of Cohen and Wagner. 6  They 
have shown that the value of j3 can be calculated for bcc 
structures from 

20pm — 20pc:G = (14.6 Xhkl tan Opm)13 

where URI/is the 29 value of the peak minimum, 20pcG 
is the center of gravity and Xhkl is dependent on the 
particular reflection, having a value of 0.17 for (110) 
and — 0.17 for the (220). 7  Since the (110) reflections 

distort toward higher angles. i.e., 29 pm  > 29 pc c;  , and 
the (220) towards lower angles, utilization of both re-
flections minimize errors due to thermal scat:ering. 
instrumental effects, and so forth. It should be noted 
that for the present study, differences in ,3 val.:es as 
a function of alloy composition are more important 
than their absolute values. For the calculation of the 
S values from the powder samples, tungsten powder 
was used for the Stokes correction. The computational 
method also corrected for variations in the atomic scat-
tering factors as a function of diffracting angle. 

RESULTS AND DISCUSSION 

Of the alloys examined only the Ti-20 V alloy con-
tained more than 1 pct w with the amount decreasing 
with increasing vanadium. The as-quenched Ti-20 V 
alloy contained 20 vol. pct w with a particle size of 
—23A. The presence of this large amount of pre-
vented further analysis of the deformed samples of this 
alloy. No increase in w was observed in any of the other 
alloys with deformation up to 50 pct reduction in thick-

ness. However, after 80 pct reduction there was a sub-
stantial increase in the intensity of the (0001) w  and 
(0002) w  reflections for the 24 pct V alloy and to a much 
lesser degree for the 28 pct V alloy, thus indicating a 
stress induced transformation for these compositions. 

The values of hardness, domain size (D 110), rms 

strain (! \ 2110 ) 112), and twin fault probability, 3, are 
listed in Table I. The differences in domain size, and 

0 

Table I. Hardness, Domain Size, HMS Strain, and Twin Fault Probability 

• Values are invalid due to the presence of stress-induced w. 
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4, 
rms strain between the cold-rolled-single crystals and 
filings are due to the more extensive deformation of the 
filing process rather than  to any basic difference in the 
deformation mechanisms' involved. The influence of in-
creasing vanadium content on the hardness and rms 
strain is shown in Fig. 1. A similar change in the twin 
fault probability, as a function of vanadium content, has 
also been observed, Fig. 2. 

Figs. 3(a) and 3(b) are pole density stereograms of a 
Ti-32 V crystal (initial orientation was (001)[110]), after 
50 and 80 pct reduction in thickness, respectively. There 
is essentially no change from the original orientation, 
i.e., (001)[110] is a stable end orientation, in agreement 
with previous work on other bcc crystals. 8  These pole 
figures are typical of all of the Ti-V crystals examined 
whose initial orientation was (001)[110]. Fig. 4 shows 
the preferred orientation developed in a Ti-28 V crystal 
whose initial orientation was (110[001]. Both x and 0 
rotations occur simultaneously during the deforma-
tion. *  As the [110] rotates toward the rolling direction, 

*x is the rotation of the [110 pole from the surface normal toward the rolling 

direction and tb, the rotation around the surface normal in the surface plane. 

the [111] pole rotates towards the surface normal. The 
maximum rotation angles are 35 deg 15 min and 30 deg, 
after which the (111) plane is parallel to the surface. 
Three strong and three weak maxima are observed 
after 50 pct cold reduction which are twin related con-
sidering the [111] pole as the inversion center. The 
weak reflections are a result of deformation twinning. 
The rotation of (I) results in the [123] direction be-
ing parallel to the rolling direction instead of the [112] 
direction which is usually observed. 9  After 80 pct cold 
reduction, all six maxima have approximately equal in-
tensity. 

Fig. 5 shows the preferred orientation developed in 
the Ti-36 V alloy and should be compared with Fir. 4. 
The former contain very, very weak twin maxima and 
a very small rotation angle, 6. In addition, an in- 
crease in deformation from 50 to 80 pct did not result 
in an increase in the twin maxima as observed for the 
28 V alloy. The end orientation is (111 \ 1 112]. Finally. 
Fig. 6 shows the (110) pole figures for the Ti-40 V al-
loy after 50 and 80 pct deformation. No twin related 
maxima are observed after 50 pct reduction, but are 
seen in the 80 pct deformed crystal. For this alloy, 
large amounts of deformation increase the twin proba- 

R.D. 

(a) 

R.D. 

25 	30 	35 	40 	45 
VANADIUM CONTENT (wt. %) 

Fig. 2—Twin fault probability, r3, as a function of vanadium 
content.  

(b) 

Fig. 3—Rolling texture of (001)(1i0J Ti -32 V single crystal 
after (a) 50 pct reduction, (6) 60 pet reduction in thickness. 
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bility as illustrated by these texture measurements 
and confirmed by the line broadening studies of the fil-
ings. A summary of the rolling textures observed in 
this investigation is presented in Table II. 

The present results indicate the importance of solute 
COntent, microstructure and twin fault probability in 
determining the nature of the deformation process in 
metastable titanium alloys. Koul and Breedis i°  have 
shown that the principal deformation mode in as-
quenched Ti-22 V is twinning. The high hardness and 
rms strain in the Ti-24 V alloy used in this investiga-
tion should also be associated with this deformation 
mode. Thus the small amount of co present in the as- 

R.D. 

quenched condition must provide an easy means of twin 
formation. However further coarsening of the phase 
during aging does eventually suppress twin defDrma-
tion. 1°  The exact nature of this interaction is not clear 
at this time and is the subject of continuing research 
at this laboratory. 

Unfortunately, the presence of stress-induced did 
preclude the determination of the twin fault probability 
at least in the Ti-'24 V alloy. However, there is a dis-
tinct minimum in the twin fault probability, 2. at 
higher solute contents. Indeed, this minimum appears 
to coincide with the disappearance of as-quenched te. 
Table I also shows that increased hardness and rms 

R.D. 

(a) 
	

(a) 

(b) 
Fig. 4—Rolling texture of (110)(001] Ti-28 V single crystal 
after (a) 50 pct reduction, (b) 80 pct reduction in thickness. 
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(b) 
Fig. 5—Rolling texture of (11 .0)(001) Ti-36 V single crystal 
after (a) 50 pct reduction, (b) 80 pct reduction in thickness. 
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80 pct Rolling Texture 

New Orientation 	 x deg 	0 deg 

(111)1101] +(111)[101] 
twins 

(001)11101 

not measured 

(111)11121 + v.v.w. 
(111)1112] twins. 
note: (111)11121 twins are 
weaker than that of 50 pct roll. 

(110[20] +V,W, 

(111)12 -131 twins 
+v.w,(110)[I17] 

30 

0 	0 

35 

35 	10 

R.D. R. D. 

claim [ooi] 

250 
150 
103 
50 
20 

Table II. Rolling Textures of Ti - V Single Crystals 

Pet 
Vanadium 

Original 
Orientation 

50 pet Rolling Texture 

New Orientation x deg 0 deg 

28 (00)(001] (111)(13] +(111)[12j] 29.7 15 
twins+ v.w. 	(110)[1161 (24.3)* 

(000[110] (001)11101 0 
32 

(110[0011 lop 	+ v.w. 29.9 7 
(1 -10)[001] no twins (27.5) 

36 (110)10011 (111)111:21 + v.v.w. 31.2 4 
(111)Cri21 twins + (32.3) 
+ v.v.w. (110)(117] 

40 (110)1001] (111)[2131 no twins 32.2 10 
(31.7) 

*Value measured before polishing the rolled surface. 
v.w.-very weak. 
v.v.w.-very, very weak. 

(a) 	 (b) 
Fig. 6—Rolling texture of (110)[0011Ti - 40V single crystal after (a) 50 pct reduction, (b) 80 pct reduction in thickness. 

strain cannot be explained by a difference in cell size 
since the latter does not vary, at least in the [110] di-
rection ;  in the same manner. Finally, a twin textural 
component was observed in Ti-28 V but not in Ti-32V. 

Normally, the twin fault probability in bcc alloys in-
creases with increasing solute content. a  This general 
behavior is observed in Ti-V alloys when the compli-
cating influence of the as-quenched w phase is absent. 
compare Ti-36 V and Ti-40 V in Table I. The textural 
results also show that as the solute content increases 
from Ti-32 V to Ti-40 V twin component maxima are 
observed. 

CONCLUSIONS 

The to phase formed on quenching Ti-V alloys with 
vanadium contents up to but not including 36 wt pct V. 

Stress-induced co was formed in alloys containing up 
to 28 wt pet V. The principal features controlling the 
nature of deformation and the preferred orientaticn 
produced in 3  Ti-V alloys are: the amount of a, formed 
during quenching, the solute content, and the twin fault 
probability. 
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Thermal Etching of j Ti-V Alloys 

FU-WEN LING AND E. A. STARKE, JR. 
Metallurgy Program, School of Chemical Engineering, 

Georgia Institute of Technology, Atlanta, Georgia 30332 

This paper describes the thermal etching of a-Ti-V alloys by annealing in vacuum at 
900° C. The thermal-etch pits and facets are correlated with dislocations. Using crystals 
of known orientation it has been determined that the facets consist of either (100), 
or (112) planes and that the morphology of the pits depends on the surface orientation. 

Introduction 

The etch-pit technique has been widely used for studying dislocation arrange-
ments and plasticity in both nonmetallic and metallic crystals since Gevers et al. 
[1] first proved that dislocations could be revealed by etching methods. Various 
etching techniques have been used which include chemical etching [2], solution 
etching [3], preferential oxidation [4], electrolyte etching [5], and thermal etching 
[6]. Thermal etching techniques have been developed for revealing dislocations in 
silver [7], however, the evidence for their association with dislocation sites in 
most metals is not as conclusive as it is with chemical- and electrolytic-etch pits. 

The formation of etch pits by dissolution at dislocations can occur either 
because of a favorable chemical potential due to the presence of impurities along 
dislocations or because of the extra energy concentrated along the dislocation in 
the form of core and strain energy. In either case a successful etching technique 
to delineate dislocations must be able to differentiate between small potential 
and/or energy differences. The observations by Bennett [8] of thermal etching 
of pure titanium when annealed in vacuum above the sc- ie transus suggests that 
dislocations in titanium might be revealed by thermal etching if the «.-/3 trans-
formation could be suppressed on cooling. The martensite transformation which 
occurs in pure titanium rumples the surface and completely obliterates all but 
grain boundary etching [9]. 

This paper describes a study of thermal etching on beta Ti-V alloys. Beta 
titanium and vanadium form a complete series of solid solutions and a single-
phase body-centered cubic structure may be obtained in alloys containing 
greater than 20 wt. % vanadium by quenching from above 700°C. Consequently, 

Copyright © 1972 by American Elsevier Publishing Company, Inc. 
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a study of thermal etching can be made on these titanium alloys without the 
complications of the allotropic transformation present in pure titanium. 

Experimental Procedure 

Two Ti-V alloys, containing 20 and 28 wt. °Jo  vanadium, were prepared by 
arc-melting the high purity components under an argon atmosphere. The 
as-cast 50-g buttons were sealed in quartz under 0.5-atm partial pressure of 
argon and homogenized for 60 days at 1100°C. This extended heat treatment 
produced very large grains from which crystals of special orientations could be 
prepared. Samples were abrasive- and spark-cut from the large grained buttons 
and mechanically polished through 0.1-f/ alumina followed by electropolishing 
using the procedure described by Rack et al. [10]. The polished samples were 
encapsulated in vycor under a vacuum of 4 x 10 -6  Torr and annealed for two 
hours at 900°C. Some samples were quenched by breaking the capsules in ice 
water and some were allowed to cool inside the unbroken capsule immersed in 
ice water. 

After removing the annealed samples from the furnace it was evident that 
extensive evaporation of the alloy had occurred during heat treatment since the 
inside of the vycor tube was coated with a metallic film. Electron microprobe 
studies confirmed that the film was primarily titanium with little or no vanadium 
present. 

The orientations of the various grains, which were subsequently examined by 
optical microscopy, were determined from x-ray diffraction Laue patterns. 
A slight tarnishing occurred on samples which came in contact with the water 
during quenching. The color of the tarnished grains could be used to distinguish 
between {100}, {110}, and {112} planes and was later used in conjunction with 
stereographic analysis for the determination of the orientation of the crystallo-
graphic facets of the thermal etch pits. Figure 1 is a stereographic projection 
showing the directions of the normals to the crystal surfaces examined. 

FIG. 1. Stereographic projection showing the directions of the normals to the unetched 
crystal surfaces. 
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Results and Discussion 

All the surfaces examined showed the effects of thermal etching. This did not 
result in general evaporation from the surface, but produced a number of local 
attacks which showed interesting features. Figure 2(a) is an optical micrograph 
of surface 4 and shows triangular pits which are bounded by {100} planes. 
The relationship of the pit topology with the surface normal is illustrated in 
Fig. 2(b). The orientation of the planes, which comprise the pits, was determined 

(b) 
FIG. 2. (a) Thermal etch pits on surface number 4 after annealing in vacuum for two 

hours at 900 °C. Mag. 600 x . (b) Schematic showing the relationship of the pit topology 
and the orientation of the etched surface. The triple point of the small triangle corre-
sponds to the surface normal. 
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by stereographic analysis from the angle of tilt from the surface (40 °-601 and 
confirmed by color metallography. Triangular pits on this surface could also 
be bounded by {110} planes; however, none of that orientation were observed. 
They were observed, however, on surface 3, as shown in Fig. 3(a). The relation-
ship of pit topology with the surface normal is illustrated in Fig. 3(b). Figure 3(a) 
confirms that the pits are associated with dislocations since their density is high 

along scratches and greatly increases as the abrasivecut edge of this specimen is 
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FIG. 3. (a) Thermal etch pits on surface number 3. AA', BB', and CC' are scratches. 
DD' is the abrasivecut edge. Mag. 600 x . (6) Schematic showing the relationship of the 
pit topology, whose surfaces are bounded by 0101 planes, and the surface normal, 
represented by the triple point of the small triangle. 
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approached. Although it is difficult to prove that all pits correspond to disloca-
tions, the present results certainly indicate that the emergence points of disloca-
tions can cause selective thermal etching. This is expected since the strain 
energy is reduced by evaporation of the deformed material in the immediate 
vicinity of the dislocation. 

The pits (or facets) which developed on the surface oriented near {100} 
planes are shown in Figs. 4(a) and (b). The original surface normal' was 2°-4' 

' 	 }t■ 
-A" 	• -- f 	 •  

• 

(a) 

_ 	 g ' 
(b) 

Flo. 4. (a) Thermal facets on surface number I whose normal is 2'--4 °  from the 
<100). Mag. 600 x . (b) Thermal facets on the same crystal but a different region as 
that shown in (a). 3.1ag. 600 x . 
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from the 000;'. The facets are bounded by three {100} planes. Since thermal 
faceting may he caused by a rearrangement of the surface atoms to produce a 
surface of minimum energy [6], it is not certain that these facets correspond to 
dislocation-surface interactions. However, Fig. 5 shows scratches across the 
boundary of surfaces 1 and 4. Triangular etch pits are associated with the 
scratches in grain 4 and facets similar to those of Fig. 4 are associated with the 
scratches in grain 1. In addition, a high density of the facets are present along 
the grain boundary. Consequently, their origin may be associated with the 
immerging point from the surface of .  a dislocation. However, further growth 
of the facets may also be associated with surface energy effects. 

Figure 6 illustrates the relationship between grain orientation and etch pit 
topography. The darker grain, number 8, has triangular etch pits different from 
those of the lighter grain, number 9. Prior to the final anneal, the grain boundary 
was along AA', which is extensively pitted. During annealing secondary re-
crystallization occurred and the boundary migrated to BB'. Careful examination 
shows that as one goes from AA' to BB' the topography of the pits gradually 
changes from that of grain 8 to that of grain 9. The curvature, between pits, of 
various segments of the boundary BB' suggests that the dislocations are inhibiting 
grain boundary migration. 

Surface 7 contained four different types of etch pits and/or facets. Figure 7(a) 
is an optical micrograph showing these features and Fig. 7(b) is a schematic 
illustration of the relationship between pit morphology and the crystallographic 
planes which bound their surfaces. The large angle (55') pits might have 
developed from ones similar to the small needle-shaped pits by the replacing of 
one of the (1I2} facets by two {110} facets. It is not clear whether the different 
kinds of pits are associated with: (a) different types of dislocations; (b) disloca-
tions lying on different glide planes; or (c) surface energy effects. 

  

  

  

• 

 

Summary and Conclusions 

The results of this study show that thermal etching can be used to study the 
dislocation structure of /3 Ti-V alloys containing low dislocation densities. 
The etching mechanism appears to be involved with preferential evaporation of 
titanium atoms at the immergence points of dislocations from surfaces, although 
the surface energy may play an important role as the pits and facets are developed. 
In addition, the role of absorbed gases is unclear since the vacuum obtained, 
4 x 10-6  Torr, doesn't exclude the possibility of impurity adsorption. 

We would like to acknowledge financial support by the Office of Naval Research 
under Contract N0001=1-71-C-0412 and helpful discussions with Dr. Helen Grenga. 
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FIG. 5. Thermal pits and facets along scratches AA' and BB' across surfaces 1 (light 
area) and 4 (dark area). Magnification: 300 x . 

FIG. 6. Relationship between pit topology and grain orientation. AA' represents the 
original grain boundary and BB' the boundary after the secondary recrystallization. 
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(b)  

FIG. 7. (a) Four types of thermal pits anclfor facets on surface 7. Mag. 600 x . 
(b) Schematic representing the crystallographic relationships with the pit morphology. 
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SUMMARY OF RESEARCH 

The mechanical behavior of crystalline materials is primarily explainable 

in terms of the dynamics of dislocations. A number of factors are known to 

influence dislocation dynamics in the neighborhood of an interface. The goals 

of this research program are to determine the relative importance of various 

interface parameters such as differential modulus, lattice misfit, crystallo-

graphic orientation, structure, etc. on the mechanical behavior of materials 

which contain interfaces, either on surfaces or internally. 

Differential Modulus Effects  

Our initial studies were concerned with the effect on mechanical behavior 

of a differential elastic modulus across an interface using single crystal 

composite specimens prepared in configurations which minimize the influence 

of other factors. Tensile specimens were prepared from thin copper single 

crystals and epitaxial metal films were grown on the surfaces by vapor deposi-

tion to provide desired interfaces. The principal material combinations studied 

were copper-nickel and copper-cobalt. In addition, copper films grown onto 

copper tensile specimens substrates were used to evaluate the influence of 

certain imperfections. The elastic modulus difference was found to provide 

the primary strengthening mechanism for Cu-Ni and Cu-Co interfaces. Surface 

and interfacial energy terms were also evaluated and found not significant 

compared to contributions from other interface factors. Crystal structure 

changes induced in cobalt coatings with deformation resulted in high work-harden-

ing compared to that of the Cu-Ni systems. The major results of these studies 

have been published in Acta Metallurgica (1), and sixteen copies of this 

article are attached. 
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An interface model which more closely matches the modulus gradient expected 

for extended interfaces has been developed. The interface is partitioned into 

a sequence of discrete lamella to which specific elastic modulus values can be 

assigned. The number of lamella, their thickness and the individual modulus 

values are selected to approximate a desired interface configuration. The 

multiple image contributions to the force on a single screw dislocation parallel 

to the interface are then calculated by numerical summation procedures on the 

Georgia Tech Univac 1108 computer. A linearly decreasing, stepped variation 

of elastic modulus centered at the interface has been assumed. The systems for 

which these computations have been carried out correspond to Cu-Ni, Cu-Pt, 

Cu-Fe, Cu-Co and Cu-Re. 

Composite specimens containing 30 to 50 layers have been prepared by the 

evaporation of alternate metal layers onto NaCl crystals. Individual layer 

0 	 0 
thickness values were selected between 200 A and 300 A for all the specimens 

studied. Films of pure copper and of pure nickel were deposited so that each 

had a thickness corresponding to the accumulated Cu and Ni content of the 

composite structure. This allowed a direct comparison of the strength of films 

of the pure metals with that of the composite. The films were produced in the 

shape of our standard necked tensile specimens by depositing through photo-

machined stainless steel masks onto the NaCl. The specimens were subsequently 

removed by floating them from the NaC1 surface in distilled water. A 

strengthening effect of about 100% is found to occur for the composite speci-

mens as compared to the combined strengths of the pure copper and pure 

nickel specimens. 

The experiments mentioned above have been extended to include a new sample 

configuration and a different coating technique. The cylindrical sample 

design now being used permits sectioning along selected planes after tensile 

tests so that electron microscope examinations of the sli_a planes may be made. 
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This will allow direct observations of the dislocation-interface interactions. 

Interfaces produced by ion-plating onto single crystal substrates are being 

studied and compared with those produced previously by vapor deposition. 

Ion plated films are quite different from those produced by vapor deposi-

tion. 	The plating atoms strike the surface with significant energy to travel 

some distance into the material before coming to rest. This produces a film 

of unusually good adherence. 

The penetration of the film atoms in vapor deposition is extremely small 

since they possess only thermal energy, thus the interface is quite sharp. 

In ion plating the penetration is significant with the result that there is a 

gradual interface which consists of a zone of substrate, sputtering and plating 

atoms. The physical status of this zone is unknown but may be any of a variety 

of forms from simply injected interstitial atoms to alloys of previously 

- unobserved phases. The initial study in the ion plating effort is being directed 

to the characterization of this interface zone. The state and depth of the 

zone should be sensibly dependent on the sputtering and plating atoms, the 

accelerating voltage, and the temperature. Our first experiments will 

separate the parameters to determine their individual effects. We have done 

some preliminary sputtering experiments with argon gas and evaluated the strain 

using x-ray line broadening methods. The calculated strain was very small 

(3x10-4), which may be real, but is likely due to the very thin zone relative 

to the x-ray penetration. 

Mechanical properties such as critical resolved shear stress, extent of 

easy glide, and work hardening coefficient are being measured on the metal-

metal single crystal systems which contain interfaces of various materials 

produced by ion plating. In addition, low cycle fatigue behavi o r is being 
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studied since fatigue life is very sensitive to the surface condition. The 

deformation modes in both the primary and secondary slip systems of the sub-

strate are being characterized by transmission electron microscopy and the inter-

action of the dislocations with the various interfaces are being examined. 

Twin Interfaces in Single Crystals of Cu3Au 

Four flat (110) Cu
3
Au single crystals were heat treated to various degrees 

of order; 0, 0.5, 0.8, and 1. These crystals were deformed at room tempera-

ture under plain-strain compression with the [110] as the flow direction. 

discontinuity, i.e., a sudden reduction, in work hardening rate was observed 

at certain points on the stress-strain curves. Concurrently, deformation bands 

were observed on the surface of the crystals. By comparison with optical 

micrographs of similar work on iron-cobalt alloys (2), it was concluded that 

these bands contained deformation twins. The stress levels associated with 

this deformation behavior increased rapidly with degree of order for high 

degrees of order; however, no such increase was noted when the degree of order 

was low. Assuming 1/6 [112] (110) shear for mechanical twin formation for 

all degrees of order, changes in neighbor relationships during twinning are 

significant only for high degrees of order. The observed increase in twinning 

stress is attributed to this factor. The influence of stacking fault energy 

on the twinning stress was not as significant. However, a small decrease in 

twinning stress during the early stage of ordering is associated with a 

large decrease in stacking fault energy during this period. 

The Effect of Interface Parameters on Friction and Wear Behavior 

The surface of a bearing is subjected to complex combinations of mechani-

cal stress modes. in the most simple cases, a volume of material near the sur-

face alternately experiences stresses corresponding to tension, shear and 

compression. The usual situation is even more complicated with the introd--c- 
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tion of other factors such as environmental effects and fatigue. The interface 

strengthening processes investigated in this program can be applied to the 

design of improved bearing materials using properly selected coating systems. 

A few simple experiments were carried out here to verify the validity of 

extending these concepts to friction and wear problems. A simple accelerated 

wear test was carried out on two copper crystals with regions coated with a 

1500 A Co-2.5% Fe film. A 25 micron diamond stylus was loaded normal to the 

flat specimen surface and the specimen was vibrated at 30 Hz with an 

amplitude of about 8mm. Wear tracks were made in both coated and uncoated 

regions of the crystals at loads ranging from 1-50 dyne and from 1800 to about 

9000 cycles. SEM observations of the resulting wear tracks revealed that the 

cobalt alloy coating provided significantly greater wear resistance over that 

of the free surface. 

Investigations of the Effect of Stable Crystal Structure of Coating on 
Mechanical Behavior 

The Co-Fe alloys ranging from 0-6% Fe provide a useful system for 

investigations of the effect of the stable crystal structure of a coating on 

dislocation interactions at an interface since the stable structure of cobalt 

varies from hcp to double hcp to fcc in this alloy range. Preparation condi-

tions identical to those employed for coatings of pure cobalt resulted in 

single crystal films for certain alloy compositions in this range. Mechanical 

0 
tests conducted on copper crystals having 2000 A coatings of alloys in this 

range have indicated the surprising result that a crystal specimen with a Co-

2.5% Fe coating has a significantly lower yield stress than do crystals with 

either no coating or with the Co-6% Fe alloy coating. Analysis of the slip 

lines on low cycle fatigue specimens of copper crystals having these three 

surface configurations were consistent with the observed mechanical behavior. 
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Single slip systems were activated in crystals having either a free surface 

or coated with the Co-2.5% Fe alloy. The slip lines on the free surface were 

coarse whereas fine slip is found for a specimen coated with the Co-2.5% Fe 

alloy. A secondary slip system was activated with a Co-6% Fe coating indicating 

that the back stress of the 6% Fe alloy inhibited the operation of the primary 

slip system. 

Effects of Microstructural Features on the Response of Aluminum Alloys to 
Cyclic Deformation  

Four alloys based on the composition developed for 7050 by Alcoa for 

the Air Force have been prepared. These alloys include the commercial 

7050 alloy, an alloy of identical composition with the exclusion of Zr, an 

alloy of identical composition with the exclusion of Zr and half of the Cu 

and an alloy of identical composition with the exclusion of Zr and all of the 

copper. This sequence of alloys will allow the isolation of various interface 

parameters, which is necessary for a theoretical analysis of the interaction 

of dislocations with the interfaces in an age hardening alloy such as 7050. 

Our initial studies have been concerned with the kinetics of the de-

composition of the super-saturated solid solid solution and the character-

ization of the microstructure developed. In addition techniques for growing 

single crystal, electron microscopy, small-anle x-ray scattering, and mechanical 

testing (both monotonic and cyclic) have been established. 

Improvements in Facilities  

A significant improvement was made in thc. Micromechanics Laboratory by 

rebuilding one of our devices into a highly versatile mechanical testing system. 

It is currently being used for the low cycle -atigue studies of 1-2mm thick 

coated copper crystals. Specimen mounting f:- lures provide for tests 

either in air or in corrosion te s t cells. 	hmidt trigger circuit and other 
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electronic devices provide for completely automatic cycling and recording of 

data. Low-cycle fatigue facilities (a modified Instron Machine) have also been 

established for testing of bulk single and polycrystalline samples. 
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End of the Year Report 
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A.  Deformation Mechanisms in Beta Titanium Alloys  

This research program deals with the microstructures and mechanical 

properties of beta titanium alloys as influenced by solute content and 

thermal processing. Emphasis has been on the relationship between strength c 

deformation modes, texture development and ductility with studies being made 

on both single and polycrystalline specimans of binary Ti-V. During the past 

year attention has been focused on the influence of the metastable w phase, 

(formed during quenching or aging) qt deformation twinning and embrittlement. 

There has been considerable attention given in the literature to the 

formation of the w phase in Beta titanium alloys and the ensuing embrittlement 

that occurs in certain compositions and volume fractions. In the present 

study we have found that the presence of w phase (athermal or isothermal) 

also induces {112}, a/6 [110] twinning as a deformation mode in Ti-V. We 

have further found that there is a distinct slip-to-twin transition at the 

point of w embrittlement (if the volume fraction is high enough) or at the 

point during aging where the w phase loses coherency and non-burgers a begins 

to form. It appears that the ability of the material to twin is a critical 

factor in retaining ductility while aging in the B-w region. These observations 

have led to electron microscopy (TEM) studies aimed at understanding the 

twinning mechanism in two-phase w-B systems as affected by size, shape, misfit 

and volume fraction of w. Mechanisms have been considered in a current paper 



(manuscript in preparation) recently presented at the Fall 1974 TMS meeting 

in Detroit. The key points are: 

a) $ matrix slip modes are not compatable with the hexagonal symmetry 

of the w phase hence slip requires either reversion of m or deforma-

tion confined to the matrix. At high volume fractions of isothermal 

w the latter situation prevails with ensuing macro-brittleness and 

micro-ductility. 

b) At moderate volume fractions of coherent w, the reduced symmetry and 

internal strains produced during w formation, i.e. contraction 

perpendicular to {111} planes, favor twinning. Since the dilations are 

reversible, (deFontaine, Paton and. Williams) it is proposed that w 

reverts in advance of the twin interface and reforms afterward. 

Consideration of atomic movements indicate that if this were not 

true, w would not exist as it does within the twins. 

c) Differences in twin mode with lattice misfit (e.g. {332} twins in 

aIII) are not explained at this point. 

B. Implication of ONR Contract Research in Terms of Applied Significance  

The research conducted thus far on this contract has shown that the de-

formation mechanisms of beta titanium alloys can be greatly influenced by 

variations in solute content and/or the presence of small amounts of a second 

phase. Variations in deformation mechanisms result in variations in texture 

development during processing. The fundamental understanding obtained from 

correlations of structure, composition, deformation mechanisms and properties 



will aid in the design of processing parameters necessary for improved product 

control. In this regard, both workability during fabrication and property 

control of the end product are considered. 
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Titanium-Vanadium Alloys", H. G. Paris, B. G. LeFevre and E. A. 
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on Mechanical Behavior. 

1. Fu-Wen Ling, E. A. Starke, Jr., and B. G. LeFevre, "Deformation 
Behavior and Texture Development in Beta Ti-V Alloys." Met. Trans. 
5, Jan. 1974, 179. 

2. H. G. Paris, B. G. LeFevre and E. A. Starke, Jr., "The Mechanical 
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Submitted to Met. Trans. 
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